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Abstract— The purpose of this work is to suggest the
conception of a supercapacitor using environment-friendly
materials, in addition to exhibiting good electrochemical
performances. In order to lower the environmental footprint of
supercapacitors, one current attempt in the literature is to
replace efficient but toxic organic electrolytes by harmless, bio-
friendly electrolytes such as a mixture of sodium salt with a
hydrogel. However, those bio-friendly electrolytes have not been
demonstrated yet to be a relevant alternative, as they are still not
able of similar performances as toxic organic electrolytes. The
work reported in this paper demonstrates, as a different
approach, that the capacitance of a bio-friendly, hydrogel-based
electrolyte combined with sodium salt can be significantly
increased by adding carbon nanotubes (CNTs) to the gel. As a
result, the supercapacitor using the CNT-loaded bio-friendly
electrolyte has registered not only an enhanced capacitance, but
also better energy and power densities compared to both the
same but CNT-free electrolyte, and a toxic DMSO-based organic
electrolyte.
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1. INTRODUCTION

WO of the most important characteristics to enhance

electrochemical properties on supercapacitors are the
surface area of the electrodes-electrolyte interface and the
electrolyte itself.

To increase the surface area, porous materials have been
widely used; particular attention has been dedicated on carbon
nanostructures; besides their high surface area (up to
1300 m?/g), their covalent sp” bond between individual carbon
atoms provides high electrical conductivity [1].

Concerning the electrolytes, they could have a strong
influence on the energy density (i.e. the energy density is
proportional to the square of the cell voltage).

In general, aqueous electrolytes have high conductivity and
capacitance but their working voltage is limited, whereas
organic electrolytes can operate at higher voltages, but they
normally suffer from lower ionic conductivity.

Aqueous based electrolytes have an operational potential
window of about 1 to 1.3V, whereas organic electrolyte-based
and ionic liquids respectively have potential windows of 2.5—
2.7V and 3.5-4.0 V [2]; these higher potential windows
directly influence on the increase of the capacitance. These
electrolytes are generally composed of hazardous materials,
such as strong acids or alkalines, or organic solvents like the
dimethylsulfoxide (DMSO) [3].

Furthermore, concerning the ionic liquids, the commonly
used anions contain halogen fluoro-complex salts are not only
expensive, but they can be hydrolyzed to generate hydrogen
fluoride in the presence of a trace of water [4].

Likewise, the use of liquids makes the supercapacitor
heavier and there exists the possibility of electrolyte leakages,
so the use of gel electrolytes could be interesting to avoid
these drawbacks. Additionally, the surface of solid or
semisolid systems can improve the ionic transport ability [5],
and the specific capacitance augments when viscosity of the
electrolyte increases [6].

Taking into account the drawbacks previously mentioned,
the use of gel electrolytes with harmless materials is an
interesting field to explore. In particular hydrogels can present
advantages like ease of processing, larger electrochemically
surface area, shortened pathways for mass transport and lower



cost compared with “traditional” devices [6-8].

The supercapacitor device here used was then inspired by
previous works cited. A polysaccharide-based hydrogel,in
particular sodium alginate was chosen because some
properties such as flexibility and high cycling performance
[9]. The alginates are a family of water-soluble polymers
extracted from brown seaweed, like sargassum. The Caribbean
region has seen an explosion in Sargassum densities with
unusually high extent; some scientists have linked this disaster
with global climate change [10]. From these facts, the use of
alginate to assemble supercapacitors could provide an
additional advantage such as low cost of raw material.
Furthermore, the sodium alginate with conductive particles,
such as CNT, has good mechanical strength attributed to the
intermolecular and intramolecular hydrogen bonding between
SA chains, and to the attractive electrostatic force inside the
entanglement among SA chains and the carbon nanostructure
[71.

In particular, in this work the neutral aqueous electrolyte
NacCl, was suggested because it could improve performance of
carbon nanoparticulates in supercapacitors. The size of its
hydrous cation Na' is small and combined with its small
monoion CI, could improve capacitances, mostly at high
potential scan rate. Additionally, the effect of nanoparticulates
with those electrolytes at relatively high temperatures (i.e 30-
60°C) could also increase capacitance [11].

The necessity of using innocuous materials and, at the same
time, having good electronic properties such as shorts times of
charge/discharge and high capacitance are qualities of ideal
supercapacitors. In this work we intend to combine those
characteristics; specifically, a biohydrogel mixed with carbon
nanotubes (CNT) in a micromembrane to augment the
superficial area; the influence different electrolytes will be
also studied in order to determine the best electrolyte for the
supercapacitor configuration.

II. EXPERIMENTAL

A. Supercapacitor device assembly

The supercapacitor device is formed by 2 copper foils of
I.5cm x 1.5cm acting as electrodes and two types of
separators, the first one made with a micromembrane
impregnate with sodium alginate, dimethylsulfoxide (DMSO)
and ethanol (SA), and the second one made with a
micromembrane impregnate with sodium alginate and sodium
chloride (NaCl).

In order to increase the capacitance for all configurations
carbon nanotubes (CNT) were added; they could increase the
conductive properties and the surface area of the
supercapacitor. In order to provide an approach of the bonding
between the different compounds used, a Fourier Transform
Infrared (FTIR) analysis was realized.

B. Electrolytic gel preparation

For the Configuration 1, 1.002 g of CNT are mixed with the
SA solution (1ml); the micromembrane is then deposited and
it is posteriorly placed in an ultrasonic bath for 2 hours. For
Configuration 2 and Configuration 3, the electrolytic solutions
are added to the previous mixture; those solutions respectively
were 0.5ml DMSO/0.5ml Ethanol and 1ml of NaCl 0.1M. In
particular, NaCl was chosen because neutral electrolytes have
advantages such as larger working potential windows, less
corrosion and greater safety [2]. Finally, 1 ml of calcium
chloride (CaCl) is added to the imbibed membrane in order to
form the biohydrogel.

A schema of the supercapacitor assembly is represented in
Fig. 1. CNT used are mostly singlewalled nanotubes (Fig. 2a).
Those nanotubes were obtained from electric arc technique
using the method described in [12] using a mixture of nickel
and yttrium as catalysts.
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Fig. 1. Schematic representation of the supercapacitor assembly. When the
solutions of DMSO+Ethanol+SA+NT and NaCl+water+SA+NT enter in
contact with CaCl the gel is formed. The micromembrane impregnated with
the gel is placed between two Cu electrodes.

Alginate gel is formed when SA solution is in contact with
calcium chloride solution. The SA becomes alginate of
calcium and sodium ions are then released, following the
chemical reaction described in Eq. (1) [13].

2NaAlg+Ca"™ —> CaAlg+ 2Na" (1)

Initially the center is constituted of unreacted sodium
alginate (NaAlg), and over a period of time the calcium ion
(Ca™) will diffuse into the center and form a complete
calcium structure (CaAlg) and sodium ions (Na") [14].

The different configurations of membranes (Fig. 2b) are
placed between the cupper electrodes, this system is then
placed in a container (yellow box in Fig. 2b) allowing a
uniform distance between electrodes to obtain a correct
measurement.

C. Electrochemical characterization of the supercapacitor
device

In this study all the experiments were realized in the
potenciostat/galvanostat with a two cell electrode
configuration. It has been studied that three-electrode cells
differ from two-electrode measurements; the amplified
sensitivity of the first one can lead to large errors when



projecting the energy storage capability of an electrode
material for supercapacitor use [15].

The electrochemical characterization was realized using
cyclic voltammetry, galvanostatic charge-discharge and
electrochemical impedance spectroscopy. To obtain current-
voltage (C-V) tests a potential window of 0 to 1V was used at
two scan rates 0.05Vs" and 0.1 Vs at 10mA. Impedance data
were collected from 100kHz to 0.1Hz.

III. THEORY

From the C-V graphs, the specific capacitance (Cg,) could
be obtained following the Eq (2) [14]:

2 [idv
SPT AV v.m Q)

Where:
Csp : mass specific capacitance (Fg")

idV
f : Surface area of the C-V graph (VA)
UV :Scanrate (Vs™)

AV : Potential window (V)
m : Weight of the carbon material in the electrode layer

(2).

In a symmetrical two-electrode cell the potential differences
applied to each electrode are equal to each other and are one
half of the values shown on the X-axis of the C-V diagram
[16]. Therefore, the factor of 2 accounts for the two-electrode
setup, assuming a homogeneous distribution of the charge.

The energy density (Ey,) and the power density (Py,) of the
supercapacitor, could respectively be obtained with Eq. (3)
and Eq.(4)

1
Eg, =5 CsV2
2 3)
1
P, = 2
P 4mR ey 4)

Where:

V: cell voltaje (V).

R..: is the equivalent series resistance of the supercapacitor
cell (Q).

The equivalent series resistance of the supercapacitor cell
(Reen) 1s also known as the internal resistance defined as the
sum of the resistances of the electrolyte including the
separator, the current collector, and the contact resistance
between the electrode and the current collector (porous layer)
[17].

The calculus of R could be made from circuit models
obtained from the fitting of Nyquist plots; however, those
models have some limitations because one unique value of
Reen can be founded with two or more circuit models using
different configurations of ideal capacitors and resistors [18].

In addition, those circuit models do not take into account
neither the ion diffusion nor the heterogeneity of ion
concentrations in the electrolyte [19].

To overcome these drawbacks, some researchers [20] have
developed a physicochemical transport model considering the
electric double layer, the charge transport in the electrode and
the ion electro-diffusion. From this model it is possible to
obtain the internal resistance in the Nyquist plot and
corresponds to the value of the real part of the electrochemical
impedance at the end of the semicircle, normally formed at
high frequencies, just before the steep slope corresponding to
diffuse layer resistance at intermediate frequencies, as
schematized in Fig. 2.
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Fig. 2 Typical Nyquist plot where the equivalent series resistance
corresponds to value at the end of the semicircle, according to [20].

The differential capacitance Cp;¢s at a scan rate (v) constant
could be expressed as follows:

do _ i)

Cpifr = v v (5)
Where:

Q : Electric charge

Differential capacitance was computed with Simulink® by
supposing that the supercapacitor is totally charged. The
power source is then, cut off, and the capacitor is discharged
by help of an electronic load at a constant current.

IV. RESULTS AND DISCUSSION.

A. FTIR and XPS Spectra

The results of the FTIR analysis are shown in Fig. 3c. It
could be seen that for the three cases, there is a broad
absorption band at around 3200cm’, corresponding to
stretching vibrations of O-H, since the alginate is mainly
composed of this type of strong bonds. Likewise, there is an
absorption band between 2800cm™ and 3000cm™, where C-
OH stretching vibrations are found, that could indicate strong
bonds between the carbon structures and the alginate.
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Fig. 3. Different CNT membranes of the supercapacitor and their respective FTIR spectra and XPS analysis. a Single walled nanotubes used in all

configurations, bi Membrane with alginate + CNT + NacCl,

bii Membrane with Alginate + CNT + DMSO/Ethanol, biii Membrane with Alginate

+ CNT + NaCl, biv Supercapacitor container, ¢ FTIR Spectra, d to g XPS spectra.

There are also absorption bands ranging from 1600cm™ to
875 cm™', which indicate deformations, stretches and torsions
in the carbonyl groups. Among them asymmetric O-C-O
(carboxylate) vibrations with a peak at around 1580cm™, a
peak near to 1410cm™ corresponding to O-C-O symmetric
vibrations, and C-Cl and C-O links at around 1000cm™ and at
1100cm™. Similar results were obtained by [10] there have
obtained similar deformations and stretching, so it can be said
that, for the three electrolytes, most of the bonds are due to
alginate and carbon nanostructures; although in the case of C3
the links are mostly due to the O-H bond, while in C1 and C2
there is a combination between O-H and C-OH bonds.

A comparison of Ci; and Oy XPS spectra could be seen
respectively in Fig 3.b and in Fig 3.e. From these figures we
can deduce that CNT have influence on electrolytes because
some links between carbon and oxygen were obtained. The
bonds are mainly with hydrogen, carbon and oxygen, which
are attributed to the composition of alginate [9] and alginate in
combination with the CNT. Interaction of the biohydrogel and
the sodium electrolyte could be deduced from Fig. 3.f, where
links of Ca;s and Cl,, can be seen. The interaction of C with
Cu from the electrodes when DMSO is used as electrolyte is
observed in Fig. 3 g.

B. Cyclic voltammetry measurements

The CV curves obtained for three configurations at 0.1Vs™
and 0.05Vs™ could be respectively observed in Fig. 4a and
Fig. 4b. From these figures larger areas of the C-V curves are
obtained with Alginate + CNT + NaCl. Furthermore, at lower
scan rates (i.e 0.05Vs™) higher capacitances are obtained for
three configurations. However, it is important to note that the
diminution of scan rates does not necessarily implies the
increase of the C-V curve area; as example, opposing results
have been obtained in [21] and in [22]. In those cases, the C-
V area was directly proportional to the scan rate. So, in the
conditions here presented, the scan rate of 0.05Vs™ is enough
to facilitate a correct transit of ions between both electrodes.

C. Galvanostatic charge-discharge and stability studies

The curve of charge and discharge time is shown in Fig. 3c;
similar behavior was obtained for three configurations.

Galvanostatic curves present symmetrical shapes indicating
capacitive characteristics nearly to ideal behavior. The use of
NaCl certainly allows a free diffusion, and then, a faster
diffusion of hydrated Na" and CI ions inside the biopolymer
matrix, as reported by [23]. In particular, they used NaCl as a
dopant to improve the supercapacitor properties.

For the Configuration 1 (Alginate + CNT) 900 cycles were
reached during 4.8h, the Configuration 2 (Alginate +CNT+
DMSO/Ethanol) reached 1000 cycles through 6.9h and the
Configuration 3 (Alginate + CNT + NaCl) attain around 800
cycles in 5.6h. So the endurance of the supercapacitor could
be enhanced with the addition of DMSO. Compared to data
reported in [23], the Configuration 3 here proposed, displays



relatively low long-term cycle stability. In [23] they where
they were able to reach 4.7 h over 900 charge—discharge
cycles with a NaCl-doped gelatin hydrogel electrolyte.

One possible explanation of this behavior could be the NaCl
concentration. The NaCl concentration used in [23] is superior
(i.e 3N) than that used in this work. Therefore, at higher
concentrations of the electrolyte the ionic conductivity
increases because to the increased charge carrier
concentration. As the current density increases, the time
required to attain the cutoff voltage decreases, which affects
formation of the electric double-layer, leading to an increase
in the charge/discharge efficiency [24].

D. Electrochemical impedance spectroscopy

The Nyquist plots obtained from the study of
electrochemical impedance spectroscopy are showed in Fig.
5d. The depressed semi-circle in the high frequency region is
attributed to the Faradaic process of the charge exchange at
the carbon/electrolyte interface [25]. Due to the semi-infinite
diffusion of ions on carbon/ electrolyte interfaces, a straight
line at low frequencies can be expressed by using a Warburg
diffusion element [26] and a straight line with a slope of
nearly 45° in the low frequency region, which is typical for the
impedance spectra of porous films.
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E. Capacitance, energy and power densities of the
supercapacitor prototype

The behavior of differential capacitance during charge and
discharge could be seen in Fig. 5. During charging time, the
switch stays in position 1 (Fig. 5b) through 22s. Cp,; attains
the value of 10F until the voltage across the supercapacitor is
12V; at this time, the switch passes to position 2 and a
dynamic phenomenon begins with an increase of discharge
current manifested by a negative impulsion at around 20A
(blue line in figure 5c¢); simultaneously a sharp decreasing in

voltage from 12 to 7.3V (redline, section II) is revealed. For
these new values Cp;yacquires a new value of 14F (section IIT
in figure 5a).
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Fig 5. Differential capacitance in function of voltage during charge and
discharge.

Results obtained from Eq. (2), Eq. (3) and Eq. (4) are
summarized in Table I and Fig. 6. Under voltage windows of 0
to 1V the Configuration 3 (Alginate + CNT + NaCl) has
higher values of capacitance, energy and power. This could be
explained by the fact that organic electrolytes, such as DMSO
(Configuration 2), have larger solvated ions sizes and lower
dielectric constants, which can lead to lower capacitance
values. These bigger ions could inhibit the transfer of Na®, the
capacitances of prototypes using DMSO (Configuration 2) are
even smaller than the prototype without electrolyte
(Configuration 1), as can be observed in Fig. 4a and 4b.

Furthermore, the pseudo-capacitive contribution depends on
the nature of carbon surfaces; this contribution requires an
active proton participation; in particular, the DMSO is an
aprotic organic electrolyte and then, the contribution of
protons is poor [2].

Additionally, as reported in Table I, the capacitance value
of the Configuration 3 (Alginate + CNT + NaCl) obtained in
this work is, in general, superior to data reported in [5], [27]
and [29-32]. It is important to mention that these references
do not have the same experimental conditions (electrolytes,
carbon nanostructures), however special caution has been
taken into account to have the nearest experimental conditions.

It is worth to note that one capacitance value [28] could
attain more than 3 times the values reported in Table I,
including the results of the present work. Apparently, the use
of PANI, additional to carbon nanostructures, could enhance
the capacitance.

As detailed in [33] small nanoscaled and nanostructured
PANI can reduce the diffusion length, enhance the
electroactive regions, and further increase the capacitive
performance of nanocomposites. An additional advantage of
using PANI-SA is the increase of the hydrogel strength
explained by the synergy of hydrogen bonds and van der
Waals interactions between both compounds [34].

Likewise, by comparing results obtained in [32] and [33]
the addition of SA clearly shows an important increase on
capacitance, sodium and chloride ions in gel electrolyte have
an important contribution. Particularly, the role of NaCl, as
aqueous electrolyte, allows higher capacitance because those



electrolytes are composed of smaller ions as was reported in
[34]. Another advantage of using NaCl as electrolyte could be

TABLEI
ELECTROCHEMICAL PERFORMANCE OF SUPERCAPACITORS COMPARED WITH OTHER WORKS
USING GEL ELECTROLYTES

explained by the small hydrous ionic radius of the cation Na" Configuration  Capacitance Energy density ~ Power density
(i.e 0.358nm) conjugated to the high capacity of anion CI" to _ density (F/g) (Whke? (Wke'h
highly dissolve in water; this anion could lead to a larger Aclz‘lgmate + CNT 188.1 2624 1329.90
capacitance; NaCl allows to increase number of ions available €D
to form the double layer at the electrolyte interface with the  Alginate +CNT+ 58.0 8.06 594.97
electrode [11]. ?Cl\;[)SO/ Ethanol
Data of energy and power dens1t1§s were taken from Table I Alginate + CNT 5483 76.15 147482
and schematized on a Ragone plot (i.e Fig. 6). +NaCl (C3)
The lower cell resistance for configuration 3 compared to
her t fi . 1 to h hich densities: Agarose gel 268.1- 15 1100
other two con igurations allow to have high power densities; ¢ |ccolyte [5) 286.9
however, as described before, it presents a relatively low 25 200
charge-discharge. This could be explained by the fast Gelatin hydrogel
mygration of hydrated Nat+ and Cl- ions between the  +NaCl[27] 58.8.60.8
electrodes leading to a faster damage of electrochemical o
supercapacitors [11]. Nanotubes  +
polyaniline
(PANI) +SA [28] 280-442 e e
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E u Refs 1 2 Nanofiber [29]
Ref 27 c2 Graphene
— hyd 1 fil
2 u [3yOJroge rms 186 0.61 670
- Ref 5
100 - i
= ] Porous carbon +
2 potassium
E R;ZQ alginate [31] 219 169
1]
o Carbon
0 10 o i nanosheets
§ ] (GNS) + SA [32] 226.9 65.6 43.75
] SA + carbon
1 @ This work aerogel [33]
[l Other references 188 104 -
1 RS R R e e e R A
0.1 1 10 100
Energy Density (W h / Kg)
Fig.6. Ragone plot of diverse hydrogels. In blue circles the data reported in
this work. In green squares the results from similar works.
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Moreover, from the Fig.6 it is possible to observe better L o o \ﬁ\ on
energy and power densities of the alginate over the agarose O ©
OH

prototypes described in [5]. The molecules of both compounds
are similar, as could be seen in Fig. 7.

Both molecular structures contain a large number of
hydroxyl groups, facilitating their application as
polyelectrolyte [7], besides both have intra and intermolecular
hydrogen bonding and their porous structure enables high ratio
of energy delivery [5] [7]. The Na insertion in SA, seems to
act as an electrolytic channel.

And, finally, the use of CNT instead graphenes [29], or
carbon nanosheets [31], seems to enhance the electrochemical
properties of the supercapacitor device.

(b)

Fig.7. Molecular structures of (a) Sodium alginate (SA) and (b) Agarose

F. Influence of
performance

temperature on the supercapacitor

The influence of temperature on capacitance and power
densities and on the equivalent series resistance is reported in
Table II.

For all configurations the capacitance density increases, and
the R . diminishes allowing the increase of power density.
Similar behavior is described by [11], and it is there explained
by the fact that temperature allows the carbon-carbon bond
length expanding, thus, if a portion or all of the micro-pores of
carbon nanostructures may open further at higher temperatures
and enable access by ions, the observed larger capacitance can



be accounted for. However, further experiments have to be
done in order to confirm this hypothesis.

TABLE II
INFLUENCE OF TEMPERATURE ON CAPACITANCE DENSITY, EQUIVALENT SERIES RESISTANCE
AND POWER DENSITY

Device Capacitance Reenn (Q) Power density
density (F/g) (W kg
15°C 50°C 15°C  50°C 15°C 50°C

Alginate+ 188.1 205.4 0.35 0.32 1329.9 1435.6
CNT (C1)
Alginate+
CNT+ 58.0 61.3 0.61 0.57 594.97 636.7
DMSO/
Ethanol (C2)
Alginate+
CNT + NaCl 548.3 603.8 0.30 0.28 1474.82 1579.3
(C3)

V. CONCLUSION

The good electrochemical performance of a supercapacitor
made of a bio-friendly electrolyte loaded with carbon
nanotubes was demonstrated.

Additional research has to be done in order to increase the
lifetime of the electrolyte; however, it is important to note that
the device here depicted has additional advantages such as its
simplicity, low-cost and the possibility to fabricate it in a safe
manner. Hence, we believe that the biohydrogel-carbon
nanotubes based electrolyte may offer attractive prospects
validating our approach as a possible route towards all-green,
efficient supercapacitor.
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