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ARTICLE INFO ABSTRACT

This work introduces the preparation of flexible carbon composite electrodes based on the top-down approach
starting from the dip-coating of carbon nanofibers (CNFs) onto a cotton fabric. On these so-obtained conductive
cotton fabrics, further layers of activated carbon and manganese oxide (MnO,) materials were subsequently
added to enhance the electrochemical performances of negative and positive electrodes. At the end, two
different types of asymmetric supercapacitors (SCs) were assembled with those textile electrodes by using
porous paper and Nafion-Na ion-exchange membranes as separators. The different SCs were electrochemically
characterized by means of cyclic voltammetry (CV), galvanostatic charge/discharge (G—CD) and electrochemical
impedance spectroscopy (EIS). These hybrid carbon-based textile SCs exhibited capacitance performance of 138
and 134 Fg™! with the porous paper and Nafion membrane, respectively, and low self-discharge rates.
Furthermore, in this study is considered the combination of two methods (cycling and floating) for studying the
long-term durability tests of SCs. In particular, the floating methodology utilizes much more harsh conditions
than the common cycling based on G-CD tests at high currents usually discussed in literature. The solid-state
(Nafion membrane) hybrid device demonstrated very long durability with 10 K cycles and additional 270 h at a
constant voltage of 1.6 V. In summary, the hybrid SCs fabricated with low cost materials and simple
methodologies reported in this study showed very promising results for flexible energy storage applications.
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1. Introduction

Electrochemical supercapacitors (SCs), consisting of two electrodes,
an electrolyte and a separator, are promising energy storage devices
because they store much more energy than traditional capacitors and
deliver higher power than batteries and fuel cells; they store and deliver
energy quickly and for many thousand cycles without performance
decaying; they have high current charge-discharge capabilities and high
power densities; they are environmentally safe under extreme condi-
tions and they work well over a wide temperature range [1-3]. In SCs it
is generally accepted that energy is electrostatically stored by accumu-
lated charges on the electrode surface, and electrolyte ions with
counterbalancing charge on the electrolyte side, which is denominated
as electric double layer capacitance [4]. On the other hand, it is well
known that, in electrical double layers, charges can be increased with
pseudocapacitive processes consisting of highly reversible surface
redox reactions which sometimes are ruled by concomitant processes
of intercalation-deintercalation or by electrosorption of chemical
species on surface of carbon materials, conducting polymers and
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transition metal oxides [5]. Among pseudocapacitive materials, transi-
tion metal oxides such as manganese oxides (MnO,) are very promis-
ing, because their high redox reversibility, fast diffusion performance,
cost-effective and environmentally friendly properties [6,7]. The charge
storage mechanism of manganese oxide based electrodes is mainly
related to faradaic reactions due to the shuttle redox reactions between
Mn (IV) and Mn (III) in outer active surface sites, which are promoted
through the insertion of electrolyte cations and protons [8,9].
Furthermore, an asymmetric supercapacitor formed with MnO, based
materials at positive electrode and carbon material at negative elec-
trode, show enhanced energy density compared to symmetric super-
capacitors based only on carbon materials [10].

Also, the recent rise in wearable technologies is demanding the
development of novel energy storage devices able to provide power
with specific properties such as high stability, low cost and high
mechanical flexibility [11-14]. Hence, fabrics, which are thin flexible
sheets of interlaced yarns produced by different technologies such as
weaving, knitting, and braiding have additional advantages over other
materials owing to their mechanical strength, flexibility properties and
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Fig. 1. Schematic design of positive and negative electrodes and final assembled SC (a—e); (a) SEM image of 100% cotton woven fabric; (b) Dip-coated fabric sample (Cotton_CNF); (c)
SEM image of top MnO, electrode; (d) SEM image of top AC electrode (e) digital image of hybrid composite supercapacitor (Cotton_CNF@/Nafion SC).

absorption and desorption ability (for absorbing and releasing of ions
in solvent content) [15]. Among natural fiber fabrics, the cotton-based,
are drawing strong attention to act as wearable platform for textile
supercapacitors [16]. The current research in the development of
textile supercapacitors can be separated into two main lines of
investigation, bottom-up and top-down, as established in a recent
review [15]. In the bottom-up approach, natural or synthetic fibers are
transformed into electrode fibers by different methodologies, such as
carbonization, so they can be interlaced in a subsequent step to
produce energy storage devices [17,18]. On the contrary, the top-down
approach transforms already produced fabrics into energy storage
devices. This latter approach generally utilizes a two-step process due
to the electrically insulating properties of fabrics. In the first step,
fabrics are coated with a layer of conductive materials, whereas in the
second step, diverse active materials are deposited by means of
different methodologies onto the surface of those already conductive
fabrics to achieve higher capacitive performances [15].

The first work reporting this type of top-down approach with cotton
fabric has been conducted by Yi Cui research group in 2010 [19]. In
their work, ink of single wall carbon nanotubes (SWCNT) was dip-
coated onto the fabric and tested as electrodes in supercapacitors with
a cotton fabric impregnated with 2M Li,SO4 as separator.
Capacitances of around 50 F g™! were measured at a current density
of 2 mA ecm™2. In the same work, supercapacitors based on electro-
deposited MnO- on the same SWCNT/Cotton electrodes were devel-
oped and tested in a working voltage range of 0.8 V with values of
around 125 Fg™' at the same current density. Such wearable SCs
showed excellent cycling stability with 100% of specific capacitance
retention over 35 K cycles. In another very complete work, commercial
activated carbon (AC) was dip-coated onto a cotton woven fabric, and
then a slurry containing another kind of commercial AC was deposited
by screen-printing, whereas PTFE porous membrane impregnated with
1M Na,SO4 and 2 M Li»SO,4 solutions was used as separator. At the
end, SCs tested in the working voltage range of 1V with the two
different electrolytes showed values of specific capacitance of 85 and

90 F g1 at 0.25 A g1, respectively, and a specific capacitance retention
of 92% over 10 K cycles [20]. Another work reported the use of cotton
cloth as platform for electrodes by “brush-coating and drying” of a
stable graphene oxide (GO) suspension followed by annealing at 300 °C
in argon atmosphere. By using these electrodes, cotton cloth as
separator, and 6 M KOH as electrolyte in the working voltage range
of 1V, a specific capacitance of 81.7 F g! at 10 mV s~ was achieved,
whereas a specific capacitance retention of 94% over 1.5 K cycles was
reported. SCs in this work achieved an energy density of 7.13 Wh kg™*
[21]. More recently, graphene nanosheets/nickel sulfide based materi-
als were prepared by dip and dry and electrodeposition methods onto
commercial make-up cottons [22]. The hybrid electrode yielded a
specific capacitance of 775 F g~! for a potential range of only 0.4 V at a
charge/discharge specific current of 0.5 A g~! with 6 mol L' KOH as
electrolyte by testing with the three-electrode cell configuration. A
capacitance retention of 88.1% after 1 K cycles at 2 Ag™! was also
reported. Finally, in another recent work, a nickel coated cotton fabric,
via polymer-assisted metal deposition, was prepared, followed by
MWCNT and reduced graphene oxide (rGO) deposition by vacuum
filtration. This investigation achieved a specific capacitance of
262 F g ™! at 0.84 A g”! in the working voltage range of 0.8 V by using
cotton fabric as separator sandwiched between two symmetric electro-
des in 5 M LiCl aqueous electrolyte solution. These SCs achieved also
an unexpected increment of 18% in their specific capacitance after 10 K
cycles [23].

In summary, the above-mentioned research works inspired by the
combination of different carbon structures and metal oxide materials
onto cotton substrates are just a proof of the current interest in
integrating textiles as electrodes for the next generation of flexible
energy storage devices [24-29]. Likewise, in this work, electrically
conducting electrodes have been produced by the dip and dry coating
method of carbon nanofibers (CNF) onto cotton woven fabrics
(Fig. 1b). Subsequently, in a second step, hybrid electrodes based on
manganese oxide materials for the positive electrodes (as shown in
Fig. 1¢) and activated carbon (AC) materials for the negative electrodes
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Table 1
Constructional parameters and physical properties of the cotton woven fabrics being a
Porosity (%) = 1- [Fabric density (g/cm3)/ Fibre density (for cotton, 1.54 g/cms)] x 100.

Fabric parameters and properties

Weave pattern 1/1 plain
Warp x weft yarns linear density (tex) 14.9 x 20.2
Number of warp x weft yarns (em™) 35.0 x 14.0
Fabric mass (g m™) 93.35
Fabric thickness at 18 Pa (mm) 0.26

Fabric density (g em™®) 0.359
Fabric porosity (%)* 76.7

were produced (Fig. 1d). At the end, two different types of asymmetric
supercapacitors were assembled and investigated (general scheme and
Fig. 1e). The first type consisting of those electrodes and porous paper
separator, whereas the second type was assembled by using the same
electrodes with Nafion-Na ion-exchange membrane. Both types of SCs
were electrochemically characterized by cyclic voltammetry (CV),
galvanostatic charge/discharge (G-CD), electrochemical impedance
spectroscopy (EIS) and long-term durability tests.

2. Experimental section
2.1. Materials

As base-substrate of the electrodes, a 100% cotton woven fabric was
used. The constructional parameters and physical properties of the
fabric are listed in Table 1. Vapor grown carbon nanofibers (CNF),
Pyrograf III PR 24 LHT XT, (ASI, Cedarville, OH, USA), were used to
provide electrical conducting properties to the fabric. PR 24 LHT XT
fibers have an average outer diameter of 100 nm with an average bulk
density ranging from 0.032 to 0.064 gcm™ and a highly graphitic
outer wall layer. This particular grade (LHT) is treated at 1500 °C.

A combination of activated carbon with a specific surface area of
1500 m?> g™! (Norit A Supra Eur), graphite fibres, carbon black
(Shawinigan acetylene black), and dry powder manganese oxide, this
latter prepared by a simple method based on chemical reaction in
aqueous solution [10], was used for producing the active layers. Porous
paper separator (Nippon Kodoshi Corportion, Japan) embedded of 1 M
Na,SO, with a thickness of 60 pm, and sodium exchanged polymer
membrane (Nafion 115, 150 pm, DuPont), were employed as separator
and solid-state electrolyte, respectively. All the other materials used in
this work were purchased from Sigma-Aldrich and used without further
purification.

2.2. Preparation of electrodes and supercapacitors

First, 5 mg ml~! sodium dodecylbenzenesulfonate (SDBS) surfac-
tant was dissolved in distilled water. A concentration of 6.4 mg ml™*
CNF were then added to the surfactant solution; after this, the CNF
solution was dispersed through tip sonication (ultrasonic homogenizer
CY-500; 60% power, 5 min) to prepare CNF ink. A series of 100%
cotton woven fabric samples (2 x 2 cm?) were dipped individually in
60 ml of this CNF ink for 5 min and dried after in an oven for 10 min at
80 °C. This process was repeated five times. These dip-coated fabric

Table 2
List of investigated solid-state supercapacitors.
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samples will be named as Cotton_CNF in the remainder of this study.

Second, the carbon-based active layers for the negative electrodes
were prepared by spreading onto the Cotton_CNF samples a slurry
consisting of: 90 wt% of activated carbon (AC); 5 wt% of graphite
fibres; 5 wt% of poly(vinylidene fluoride) (PVDF) binder; and N,N
dimethylacetamide (DMA) solvent. Whereas the MnO,-based active
layers for the positive electrodes were prepared by spreading onto the
Cotton_CNF samples a slurry composed of: 70 wt% of MnO,, 10 wt%
of carbon black, 10 wt% of graphite fibers, 10 wt% of PVDF and DMA.
Both types of hybrid electrodes were dried at 70 °C for 18 h, after
which, a further heat treatment of 1 h at 120 °C was carried out to
improve their mechanical strength. The thicknesses of top active layers
were 120 + 20 um and 130 + 20 um for MnO- positive and AC negative
electrodes, respectively.

Third, one positive and one negative electrodes were assembled
with the porous paper separator for preparing the first type of hybrid
asymmetric SC, which was named as Cotton_CNF@/Paper (where @
represents the active added layers), and other positive and negative
electrodes were assembled with the sodium exchanged membrane for
preparing the second type of hybrid asymmetric SC developed in this
study, which was named as Cotton_ CNF@/Nafion. All electrodes were
cut with circular shapes and areas of 2 cm?, whereas paper separator
and Nafion 115 membrane were cut slightly larger than 2 cm? to
prevent lateral short circuits. All of them were impregnated before
assembling with 1 M Na,SO,4. For the solid-state Cotton_CNF@
/Nafion supercapacitor, the Nafion 115 membrane was exchanged in
Na* form by treatment with 1 M Na,SO,4 (18 h) under slow stirring. At
the end, the loading of active layers based on MnO, was 3.22 mg cm ™2
for Cotton_CNF@/Paper SC and 2.87 mgem 2 for Cotton_CNF@
/Nafion SC; whereas the loading of active layers based on AC was
2.83mgem~2 for Cotton_ CNF@/Paper SC and 3.15mgcm™2 for
Cotton_CNF@/Nafion SC. A reference symmetric supercapacitor,
called Cotton_CNF/Paper, consisting of two identical Cotton_CNF
samples as electrodes and porous paper separator was assembled for
comparative purposes. A more detailed description of the final
produced solid-state SCs is listed in Table 2.

2.3. Morphological characterization

Morphological analysis of as base-substrate 100% cotton woven
fabric and dip-coated fabric samples Cotton_CNF was realized in an
Ultra-high resolution Field Emission Gun Scanning Electron
Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI Company.
Secondary electron images to analyze the topography of samples, at
different step of electrode preparation, were performed at various
acceleration voltages. Samples were covered with a thin film (20 nm) of
Au-Pd (80-20 wt%) in a high resolution sputter coater, 208 h
Cressington Company, coupled to a MTM-20 Cressington High
Resolution Thickness Controller.

2.4. Electrical resistivity

Electrical resistivity of Cotton_ CNF samples was measured by using
the conventional four probe van der Pauw method. Four different
resistances (Rs) were measured by changing the probes used for the

Supercapacitor name Positive electrode Negative electrode Separator Electrolyte

Cotton_CNF/Paper Cotton_CNF Cotton_CNF Porous paper separator 1 M NaySO4

Cotton_CNF@/Paper Cotton_CNF + MnO, layer [70% MnO,, 10% CB, 10% GF, Cotton_CNF + AC layer [90% AC, 5% GF, 5%  Porous paper separator 1 M Na>SO4
10% PVDF] PVDF]

Cotton_CNF@/Nafion Cotton_CNF + MnO, layer [70% MnO,, 10% CB, 10% GF, Cotton_CNF + AC layer [90% AC, 5% GF, 5% Nafion membrane 1 M Na,SO,
10% PVDF] PVDF]
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current supplying and voltage measurement. The final value of
resistivity p = Rs d, where d is the thickness of the Cotton_CNF
sample, was calculated as the average of five measurements per sample.

2.5. Electrochemical characterization of SCs

A three-electrode cell was used to study separately the capacitive
properties of positive and negative electrodes of solid-state super-
capacitors through cyclic voltammetry measurements carried out at the
voltage sweep rate of 5 mV s~! and at variable potential ranges.

The 2 ecm? circular-shape two-electrode supercapacitors were in-
vestigated in a titanium cell connected to Autolab/Methrom PGSTAT
302/FRA2 (Eco Chemie, Netherlands) potentiostat. At the same time, a
second equipment (Multifunction Datalogger - Delta OHM, Italy)
connected with the same titanium cell, which used a saturated calomel
electrode (SCE) in contact with the membrane/separator of super-
capacitors, was also used to monitor the potentials of single electrodes
[10]. Cyclic voltammetry (CV) was carried out in potentiodynamic
mode at different voltage sweep rates (5, 10, 20, 40 mV s and voltage
range from O to +1.6 V and vice versa. Galvanostatic charge/discharge
(G-CD) was carried out in the same voltage range (0 to +1.6 V) and
constant currents of + 0.2, +0.5,+1 and+2 Ag™L.

Electrochemical impedance spectroscopy (EIS) was performed at
open circuit voltage (OCV), with 5 mV in amplitude, and frequencies
from 1mHz to 500 kHz by using the PGSTAT 302 potentiostat
equipped with a FRA2 module.

2.6. Accelerated ageing method of SCs

We propose a new method to assess the long-term durability of
supercapacitors. This method allows the monitoring of the aging
behavior of supercapacitors through a procedure of cycling and
floating, which can better simulate the lifetime and durability behavior
of supercapacitors, for the prediction of their state-of-health (SoH).
This method is harsher than the usual cycling G-CD tests performed at
high currents [10,30,31]. In particular, SCs during floating tests are
maintained at maximum voltage of 1.6 V for long periods of time. This
accelerated aging method begins with control tests (CV at 10 mV s™,
G-CD at 0.5A g™! and EIS measurements) to determinate the initial
electrochemical features such as resistance and capacitance of the
capacitor, after which sequences of G-CD cycles at 2Ag™! are
programed. Subsequently, new control tests are carried out for 1000,
2000 and up to 10 K cycles, with the same conditions for CV (10 mV s~
1, G-CD (0.5 A g 1) and EIS. The G-CD cycling procedure is continued
until 10 K cycles at 2 A g!. Then, the supercapacitor is subjected to
periodic floating tests at the maximum voltage of 1.6 V with new
control tests programed for 25, 50, 70, 120, 200 and 270 h (CVs at
10 mVs™, GCDs 0.5Ag"1, EIS). At the end, both Cotton_CNF@
/Paper and Cotton_CNF@/Nafion SCs, were tested to G-CD 10K
cycles and 270 h of floating test to monitor their aging behavior.

2.7. X-ray photoelectron spectroscopy

The post-mortem x-ray photoelectron spectroscopy (XPS) analysis
of fresh and aged electrodes of Cotton_CNF@/Nafion and
Cotton_CNF@/Paper SCs was performed by using a Physical
Electronics (PHI) 5800-01 spectrometer. Spectra was obtained by
using pass energies of 58.7 eV, for elemental analysis, and 11.75 eV
for the determination of oxidation states and chemical compositions. A
survey scan for each sample, obtained by generating a spectrum from
0 eV to 1200 eV, was used to determine the elemental composition in
the surface. High-resolution scans were obtained for Mn 2p, C 1s and O
1s. Different carbon and MnO, samples were calibrated with C 1s
(284.8 eV) peak. The areas of peaks were estimated by calculating the
integral of each peak after subtraction of the background and fitting the
experimental peak by Gaussian curve.
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3. Results and discussion
3.1. Morphological analysis

The Scanning Electron Microscopy observations of dip-coated
fabric samples or Cotton_CNF shown in Fig. 1b demonstrate that a
layer of CNF of approximately 30—40 pm in thickness was successfully
coated onto cotton woven fabric. Compared to other grades of Pyrograf
III, the PR 24 HT XT grade has higher aspect ratio than other grades
such as PR 25 PS XT which would help to make better ink dispersions
[32]. This grade also has better intrinsic conductivity. Accordingly, the
electrical resistivity of the Cotton_CNF samples was 0.64 + 0.03 Q cm
(Fig. 1c). Further, SEM image of MnO, coated on cotton fibers is shown
in Fig. 1c and the respective image of AC in Fig. 1d. SEM images in
Fig. 1(c—d) display that the obtained MnO, and AC active layers exhibit
a homogeneous particles dispersion that coats uniformly the
Cotton_CNF fabric. Besides, the top view SEM image shows that the
micron-size particles of AC (Fig. 1d) are smaller than that MnO,
(Fig. 1c) with a good interconnection between different materials (e.g.
MnO2, carbon black, graphite fibers and PVDF binder), that facilitates
the electronic path.

3.2. Electrochemical characterization of SCs

The positive and negative electrodes were studied separately in the
three-electrodes cell configuration through cyclic voltammetry mea-
surements at voltage sweep rate of 5 mV s~1. The results of the test,
with data of current converted in capacitance, are reported in Fig. 2.
The voltammograms display quasi-rectangular shapes with near mirror
image symmetry showing similar capacitances between the charging
and discharging features of both positive and negative electrodes. The
curves denote the absence of redox peaks and irreversible processes in
the range 0 to +1 V (versus NHE) and 0 to ~ —0.9 V for the manganese
oxide (positive scan) and activated carbon electrode (negative scan),
respectively. Apparently, there are not redox peaks in the range of
voltage investigated for the positive electrode, even if variations of
oxidation state of MnO», normally occur in this range. Similar results
were reported in literature by Demarconnay et al. [33] and by
Khomenko et al. [30].

Fig. 3 shows the specific capacitance versus cell voltage, obtained by
CV, of the different solid-state hybrid SCs at different voltage sweep
rates from 5 to 40 mV s~L. The original values of current in CV plots
were converted in capacitance per mass one electrode by using the
equation C (F g"l) = [T (A)/dV atrt (v s"l)]/mass capacitor (g)] x 4;
where dV/dt is the scan rate and I is the current. In this figure, the plots
related to SC made with two identical Cotton_CNF samples, named as
Cotton_CNF/Paper, evidence the negligible capacitance of these elec-
trodes without MnO, and AC active layers (blue curves in voltammo-
grams Fig. 3). Fig. 3 shows that Cotton_CNF@/Nafion SC has slightly
lower capacitance than Cotton_ CNF@/Paper SC. Cotton_CNF@
/Nafion supercapacitor works efficiently and with specific capacitances
above 100 F g™! for a wide range of voltage scan rates. Notwithstanding
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Cotton_ CNF@/Paper and Cotton_CNF@/Nafion SCs have a high
MnO, loading in their positive electrodes (= 3 mgcm™2), which
normally affects the rectangular shape of voltammograms due to
Faradaic process, both SCs showed nearly rectangular shapes, with
behaviors very similar to a pure capacitor in the voltage range from 0 to
+1.6 V. This high voltage (1.6 V) is particularly important because
overcomes the thermodynamic potential window of water decomposi-

tion at ambient temperature that is 1.23 V and therefore helps to
prevent water oxidation phenomena and oxygen and/or hydrogen
evolution reactions. These inconveniences are widely investigated in
different energy storage devices. For instance, the hydrogen evolution
reaction (HER) was suppressed in anode electrodes of lead—acid
battery [34,35], where the electrolyte decomposition was kinetically
minimized by incorporating suitable inhibitors. On the other hand, the
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oxygen evolution reaction (OER) and self-discharge rates were mini-
mized by adding inhibitors of OER such as cadmium oxide to the active
material in Ni—-Cd batteries [36]. In our study, even though water
decomposition still could occur due to thermodynamic reasons, there
would be the possibility to reduce oxygen/hydrogen evolution reactions
from a kinetic point of view, which could allow that supercapacitors
could operate with highly concentrated aqueous electrolytes (i.e. water-
in-salt) in a wider voltage range under reversible conditions [37]. It was
also demonstrated that supercapacitors with MnO,/carbon capacitors
in some neutral aqueous electrolytes (e.g. 1 M Na,SO,4, 1 M Li»SO,4 and
1 M KNO3) can work successfully between 1.6 and 2 V [30,31]. Finally,
despite the fact that the investigation of long-term stability, leakage
current and self-discharge in a wide voltage window, as it is discussed
in this work, is a key feature prerequisite for pre-commercial perfor-
mance of this type of SCs, it was addressed in very few papers for
carbon/carbon supercapacitors [38—40].

Fig. 4 shows galvanostatic charge/discharge curves of
Cotton_ CNF@/Paper and Cotton_ CNF@/Nafion SCs at different dis-
charge currents between 0.2 and 2 A g™! in the potential range from 0
to +1.6 V. All the curves show triangular shapes with low voltage drop
(iR drop) at the current inversion, which are associated with the
overpotential caused by the electrolyte and electron flow through the
electrodes [41]. The low ohmic drops are then connected to the
minimization of internal resistances of materials and their interfaces
(e.g. electrodes/current collectors). The discharge curve at 2 Ag™!
shows that the highest ohmic drop is always below few tens of mV
and that the resistance values measured at this current are 1.03 and
1.40 Q cm? for the Cotton_ CNF@/Paper and Cotton_CNF@/Nafion
SCs, respectively. All G-CD curves show nearly 100% of columbic
efficiency, which was obtained as the ratio of charging and discharging
times. It should be noted that high columbic efficiency in SCs
corresponds to excellent full reversible Faradaic and capacitive pro-
cesses. At this respect in particular, the high columbic efficiency
observed is unexpected considering that cotton based positive electro-
des are made with pseudocapacitive MnO, (70 wt% of the total loading
of positive electrodes).

It must be pointed out that this surprising good behavior was
achieved from dip-coating of CNF onto cotton samples followed by
different active layers deposition by means of a well-reported proce-
dure [10,42]. It was also surprising the good behavior showed in Figs. 3
and 4, if it is considered that these SCs are not using thin, but rather
thick electrodes with high loadings of MnO, and ACs materials.
Furthermore, the electrodes produced in this study showed both in-
plane and through-plane high electronic conductivity, as it is clearly
demonstrated by the box-like and triangular-like behaviors of CV and
G-CD curves, respectively. In summary, both type of supercapacitors
with Nafion-Na ion-exchange membrane and porous separator (im-
pregnated with 1 M Na,SO,) showed low through-plane membrane
resistances and excellent capacitances in full cell configurations.

3.3. Electrochemical impedance spectroscopy

Additionally, the capacitive and resistive behavior of these asym-
metric SCs were further investigated by electrochemical impedance
spectroscopy (EIS) performed at open circuit voltage (OCV) condition.
Their Nyquist plots of comparison are reported in Fig. 5. In accordance
with the results of CV and G-CD already discussed, the SCs exhibited
very low areal electrical resistances of 1.06 Q cm? and 1.44 Q cm? for
Cotton_ CNF@/Paper and Cotton_ CNF@/Nafion SCs, respectively.
Though these values of resistance are mainly caused by electrolytes,
the contribution of the electrodes and interfacial resistances must be
not neglected. The inset of Fig. 5 confirms that Cotton_CNF@/Paper
SC with liquid electrolyte has lower resistance than Cotton_CNF@
/Nafion SC. Both type of SCs confirm good behaviors with an almost
vertical line of impedance points on the left side of the plot (0 <Z’ <
50). We attribute the quasi-ideal capacitive behavior of both SCs to the
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Fig. 5. Nyquist plots of the different hybrid supercapacitors. The inset shows the high-
frequency region of impedance.

very fast capacitive and faradaic electron—transferring processes with
low electronic resistances occurring in both type of electrodes, although
prevalently in the positive electrodes. The presence of two depressed
semicircles of small radius at higher frequencies (Inset of Fig. 5) are
assigned to the charge transfer resistance (R.;) and contact resistances
occurring between electrode/electrolyte interfaces.

3.4. Long-term durability tests

The electrochemical characterizations of these hybrid SCs have
shown high specific capacitance and a high voltage window of 1.6 V in
aqueous electrolyte as it was discussed in previous paragraphs. On the
other hand, because of the investigation of their long-term durability is
a key point for designing practical SCs devices, a new protocol that
combines the usual cycling method, consisting of galvanostatic charge
and discharge measurements, with a floating test, which is carried out
under constant voltage test at the maximum voltage of 1.6 V during
predefined times.

The degradation of symmetric carbon-based SCs under high
voltages with Li,SO4 electrolyte by using accelerated ageing tests was
previously investigated by Beguin et al. [43,44]. They found that gases
(e.g., CO, and CO) could start to evolve at a cell voltage higher than
1.5 V because the oxidation of carbon materials present in the positive
electrodes. They concluded that carbon-based SCs with aqueous 1 M
Li>SO4 could operate with safety up to 1.5V, although this value
resulted lower than the cell voltage claimed by other similar research
study [45]. Noticeably, Beguin et al. used stainless steel collectors
instead of the gold collector used in the other study which could explain
the different results reported in both investigations.

The accelerated ageing behavior of hybrid supercapacitors based on
our proposed cycling and floating method, showed excellent stability
for 10k cycles and additional 270 h at constant voltage. The main
difference between our proposed method and the usual continuous G-
CD is associated to the working condition. Whereas in typical cycling
G-CD measurements, the time in which the SC remains at high
potentials (e.g. > 1.2 V) is very short, the time in which the SC remains
at the maximum voltage (1.6 V) is longer (for hundreds of hours) by
using our floating test conditions. Therefore, we believe that this
combining cycling and floating method is a better protocol to assess
the accelerated aging behavior of developed supercapacitors. The
results of cycling test (here not reported) displayed little variations of
capacitance with number of cycles showing 105 and 109 F/g at the first
cycle for the Cotton_CNF@/Nafion and Cotton_CNF@/paper SCs,
respectively and 103 F/g after 10 K cycles for both supercapacitors.
The results of the capacitance as function of floating time for the
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Fig. 6. Capacitance as a function of floating time at 1.6 V for Cotton_ CNF@/Paper and
Cotton_CNF@/Nafion supercapacitors. The floating test follows 10 K cycles of G-CD at
2Ag.

investigated Cotton_ CNF@/Paper and Cotton_ CNF@/Nafion SCs are
reported in Fig. 6.

The floating tests show clearly that the capacitance is increasing
with the voltage holding time from about 100 F g™ to 135-140 F g%,
which is an exceptional result for both hybrid MnO,/AC supercapaci-
tors. Furthermore, it must be remarked that these SCs were tested
continuously in cycling and floating condition during several months
without any apparent deterioration.

The durability of the two supercapacitors was also monitored
through electrochemical impedance spectroscopy (EIS) measurements.
In particular, the state-of-health of Cotton_CNF@/Nafion SC was
followed by EIS experiments as it is shown in Fig. 7. As it can be seen
in Nyquist plots of Fig. 7a (inset), the resistance increases slowly and
without jumps throughout floating tests, even at the maximum time of
270 h, which is clearly evidenced along all frequencies. The high Z’
values observed at lower frequencies (left side of Fig. 7a) could be
attributed to the enhancement of pseudocapacitance in the positive
electrode caused by the increased active surface area of oxides with
aging time. Nevertheless, all experimental points at lower frequencies
are straight lines sharing practically the same slope. The absence of
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semi-circles at lower frequencies (from Hz to mHz) indicates that there
was not any accentuated Faradaic process during time scale measure-
ment, despite the Cotton_CNF@/Nafion SC must have some redox
process in its positive electrode, if it is taken into consideration that
Mn** & Mn>* reaction occurs after holding the maximum voltage
(1.6 V) to the cell for very long time. On the other hand, there is not any
appreciable degradation of the SC as shown in Fig. 7, even with the
increase of capacitance previously discussed (Fig. 6). In fact, it must be
considered that some degradation occurs for MnO, electrodes when-
ever the operating potential goes above 0.8—1 V (vs normal hydrogen
electrode, NHE) due to OER [10,30]. Moreover, it can be noted that
our full cell supercapacitors sustained stable performance even when
the cell was running at the maximum voltage (i.e. 1.6 V) for hundreds
of hours (about 300 h) with unvaried or even increased capacitance
performances. It must be also considered that the full cell have to be
perfectly sealed, otherwise undesired leakages of electrolyte and water
may occur with the subsequent loss of conductivity and performance of
the supercapacitor. In summary, SCs with an optimal mass ratio and
potential balance between positive and negative electrodes, low resis-
tivity of electrodes and electrolyte, together with absence of electrolyte/
water leakages were developed in this study.

The Bode plot, which defines the phase angle for the cell, is
presented in Fig. 7b for each stage of characterization; initial, during
cycling test and after the voltage-holding conditions. The phase angle
(initial) of Cotton_CNF@/Nafion hybrid solid-state supercapacitor is =
-84°, very close to —90° of ideal double layer capacitors, though this is
a pseudocapacitor that probably shows very fast reversible Faradaic
(MnO,/MnOOH) reactions occurring onto outer surfaces of positive
electrode. The phase angle is also indicating that the capacitive
behavior is decreasing very slowly from —84° to about —80° (after
270 h) and without considerable deterioration. This is a further
demonstration of the exceptional long-term durability of the
Cotton_CNF@/Nafion hybrid supercapacitor.

The Fig. 7c reports the real part of impedance versus frequency. It
shows long durability with a slight increase of cell resistance with the
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progression of cycling and floating tests at the maximum voltage of 5 g3 s 2 7
1.6 V. In particular, the initial cell areal resistance increased from 1.44 o~
to 1.84 Q cm?, which means an increase of nearly 30% after 10k cycles S5
and 270 h of floating. The resistance values were detected at 2 kHz, a oo <
region of high frequency where the ionic resistance of ion conducting 3 g og- o
membranes is generally measured [46,47]. The increase of capacitance SRR !
(28%) observed during the long-term durability test (cycling and <
floating test), can be ascribed, first to an enhancement of pseudocapa- b =)
citance of the positive electrode, and second because the electrolyte % gé mwo
could reach the inner parts of electrodes during the progression of the g3 o928 %
test. These reasons were supported from the fact that during endurance @3 s
tests, the distributed resistance as function of frequency observed in % < Lé
Fig. 7a and ¢ showed minor rises, furthermore unwanted jumps of = w0 B
resistance were not observed. This is a further confirmation of the very T, iﬁ § & ; ; g
stable performance of the SCs developed in this study, despite the very - _
harsh conditions of the floating tests considered. On the other hand, E g E‘
EIS results collected during cycling and floating tests, showed in Fig. 7, 8 A
can be considered as a very interesting method for future studies to :9:: ;; N5 o =
monitor the ageing behavior and long-life performance of asymmetric g €24 o8 X
and hybrid SCs. E
Galvanostatic charge—discharge measurement is the usual technique ’j _
to determine specific capacitances at different current rates (e.g. ranges :‘; )
from 0.1 to 5 or 10Ag™") as those reported in Fig. 4. However, =T A R ) T - g
capacitance may be also derived from EIS analysis, as it is shown in gﬁ ol & § 8 2568 g E]
Fig. 7d, by using the expression C = [((-1/(27-f-Z’"))/m) x 4], where m is g S 8
the total active mass of electrodes. In Fig. 7d, a continuous increase of g ) E %0
capacitance with the decrease of frequency is observed until a plateau is E oo m;_ %
reached near 1 mHz. As it was also observed in Fig. 6, the specific I~ 225 an o B
capacitance with the endurance floating test increased from 103 to ‘é £8S &5 R £
134 F g~ ! after 270 h, which corresponds to an increase of 30%, slightly 5 Q g
higher than that calculated from EIS (about 21%). The lower capacitance i EN 5
value 121 F g at 1 mHz by EIS (Cotton_CNF@/Nafion SC), compared g . 9 & e o 2
to 134 F g !, measured by G-CD at 0.2 A g™, is ascribed to the intrinsic £ g3 8 o o "é
difference between the two methods, which are based on alternate (AC) E ® ® =
and direct (DC) current, respectively. Furthermore, it is worth to be g ‘E E §
noted that capacitance calculated by EIS analysis is derived from a g 5 9 E
differential method at OCV condition; whereas the capacitance calcu- ;5 % é 5 :;D
lated by G-CD analysis is obtained from the discharge curve (from 1.6 to 5:‘; g S é g
0V) of the completely charged SC. Difference in capacitances measured e *'; 2 = ;n
from the methods observed in this study is a topic of discussion in g ot ;\;E § S
literature [48]. It must be also added that the slight increase of specific & g 5 O 2
capacitance observed from the first of 10k cycles and at the end of B 2 3 e 8 *E
floating test (270 h in Fig. 7d), can be explained by considering that < g % % g §
there is a minimum time so that electrolyte ions gain access to deeper E T 52 2 S
electrode regions during cycling test, whereas more stable condition are § § < =8 é : f;
reached during the floating test. Therefore, it is noteworthy that EIS 5 > g Ef’é« %i&: ;‘
represents a powerful in-situ technique, which can not only explore the E ~ E ;°§ ;E & ﬁ i 8
electrochemical performance but also allows to monitor the SoH of 2 = < J ‘é 55 é § g g
energy storage devices during long-term durability tests. z E SRE 5 § 5 =
B
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Fig. 9. Cls (top) and Mn 2P3/, (bottom) XP-spectra of Cotton_CNF@/Paper and Cotton_CNF@/Nafion SCs. (a), (d) show XP spectra of fresh positive electrode; (b), (e) aged

Cotton_CNF@/Nafion electrode; (c), (f) aged Cotton_CNF@/Paper electrode.

In addition to capacitance performance and durability, self-dis-
charge is also another important feature that must be taken into
account before developing a proof-of-concept of SCs. In general, self-
discharge in SCs can be reduced by using high-purity materials for their
electrodes and electrolytes. In this regard, the effects of surface
chemistry modification and redox couple characteristics of impurities
in electrodes can also condition their self-discharge. On the other hand,
self-discharge rates depend on how the supercapacitor has been
previously charged, because sometimes charge redistribution will occur
for very fast charging. The quantification of charge time is not an easy
task, and though 2/3 h of charging is considered a time enough long for
the full charge of the supercapacitor, recharge time up to 24 h should
be preferred. A detailed review on mechanisms of self-discharge and
the suppression of the leakage current was recently discussed in
literature [38]. Moreover, it is well recognized that self-discharge rate
of SCs is higher than Li-ion batteries [49,50], and higher for aqueous
than for non-aqueous SCs [51]. Therefore, self-discharge investigation
is an important feature for a better understanding of the developed
hybrid solid-state SCs. Fig. 8 shows two different self-discharge curves
(after cycling and floating) as function of time after that the
Cotton_ CNF@/Nafion SC has been charged at 1.6V for 3 h. The
reduced self-discharge rate with a slight voltage decrease over time
indicates very promising results, without forgetting the high specific
capacitance and exceptional long-term durability demonstrated by
these SCs. On the other hand, the reduced self-discharge behaviors
observed may come from various contributions such as parasitic
faradaic reactions, charge re-distribution, corrosion processes, ion
transport limitations and ohmic leakages or even several of these
contributions combined [38,51,52]. Furthermore, their identification
becomes also difficult, because in a full cell the self-discharge behavior
can derive from either electrodes or electrolyte. On the other hand, the
charging time at 1.6 V considered (3 h) should be enough to exclude
charge re-distribution contribution so it may be supposed that parasitic
faradaic reactions are the main cause of the voltage decay of the
charged cell [53].

3.5. X-ray photoelectron spectroscopy analysis

After long-durability measurements, cell were disassembly and
their relevant components were analysed by XPS, which was carried
out on fresh (unaged electrodes) and aged Cotton_CNF@/Paper and
Cotton_CNF@/Nafion SCs electrodes to distinguish chemical changes
on the surfaces in the electrodes before and after aging (as shown in
Table 3).

The analysis of AC layers of aged negative electrodes does not show
any appreciable degradation by detecting their Cls spectra. While the
XP Cls spectra of unaged and aged positive electrodes show that, some
carbon material (i.e. CNF, graphite fiber and carbon black) is slightly
modified because of appearance of a shoulder at a binding energy of
around 286 eV as shown in Fig. 9.

The Cls spectra of aged samples display a moderate degree of
carbon surface oxidation. The oxygenated-functional groups appearing
on carbon surfaces are assigned to aromatic C-C (sp? hybridization)
peak 1 (284.3+0.2eV); aliphatic C-C (sp® hybridization) peak 2
(284.8 + 0.4 eV); hydroxyl or phenol groups C-O, ethers C-O-R peak
3 (286 + 0.4 eV); carbonyl C=0 peak 4 (288.2 + 0.2 eV), and fluorine—
carbon (-CF,-) peak 5 (290.2 + 0.4 €V) by PVDF [40,41]. The presence
of Mn** (MnO,), Mn®>* (MnOOH) and Mn?* (MnO) compounds in
aged positive electrodes (Fig. 9e and f) have been clearly identified, and
show that likely consecutives redox processes occur in supercapacitors
during long-term charge/discharge tests. Though, Cls spectra of aged
positive electrodes displays the appearance of oxygen functionalities on
carbon surface, the contribution of these species to pseudocapacitance

by Faradaic redox process is minimal in neutral aqueous electrolyte
(e.g. NaySO,), but considerable in strong acids and bases (e.g. HoSO4
and KOH) [54,55]. Besides, XP spectra of discharged electrodes
demonstrates the presence of multiple elements in survey analysis
such as C, Mn, O, F, S and Na and their compounds. The presence of Na
and S are attributed to Na,SO, electrolyte; while oxygen content is
ascribed to metal oxides, oxygenated functional groups on carbon
electrodes and Na,SO,4. The fluorine present on electrodes is attribu-
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4 table to PVDF binder and therefore is irrelevant for the capacitance
e features of aged electrodes. In order to observe the differences of fresh
E E g g g g E g i i g E 5 é é (unaged) and aged positive electrodes, representative Mn 2p and O 1s
spectra were used to detect the major oxygen-based components.
E E However, because oxygen may derive from multiple components such
”®‘ é‘ as Na,SO,, H,0, oxygen-based functional groups on carbon surfaces
<= .= and MnOy, the O 1s spectra cannot be used with confidence to quantify
383 § the contribution of different metal oxide species (i.e. MnO,, MnOOH
” . + o+ and MnO) present in discharged electrodes. Therefore, Mn 2ps/»
g ‘g é l:;*i; 3 ;f % g % 2 iz % spectra was used to discern three major components in aged samples
= VR EE MV E & & % " E’» E = MnO,, MnOOH and MnO as reported in Fig. 9 and Table 3. Multiple
‘-E B ; il = § = o ; éi X == peaks are assigned to these oxides [56—58], though due to the multi-
g § S % § ES EE § 8z o 8 § § plet-splitting components of Mn 2p (IV) arises when an atom contains
~ S loooa~vo=s & HBL®OAH unpaired d electrons, Mn (III) and Mn(IV) species have to be added
- [56,58,59]. The main peak of manganese oxide appeari at)the Einging
§ energy of 542.3 + 0.2 eV, which corresponds to MnO, (IV) with about
= 43%, and other Mn 2ps/» peaks consist of two components with values
z I
‘% of 640.4 eV (Mn") and 641.8 eV (MnOOH).
.‘E The comparison of electrochemical performance of SCs developed
7] - in this study with other cotton-based electrodes and SCs produced from
E c) a5 5 i‘i\)- é;” P T T top-down approach reported in literature is summarized in Table 4.
el om0 The electrochemical properties of both SCs produced in this study are
® N . Ng rather remarkable compared to similar symmetric and asymmetric SCs
= “E w o E E % E E reported previously. However, self-discharge study and long durability
1 = %0 %O < f %0 %E = g o %D éw tests with such a harsh conditions, as those performed in this study,
E % 882 2%Eg g ~ é)‘ 228 have not yet been reported in literature.
i g 3 % o@f % E g é S c@: < g E? Summarizing, the Cotton_CNF@/Nafion SC exhibited specific
3 Eegx oadg E 4 SS90 capacitance of 134Fg™' (at 0.5Ag™) and energy density of
- 12 Wh kg! at voltage of 1.6 V. This SC achieved a maximum power
g density of 29kWkg! with a resistance of 1.84 Qcm? The
% Cotton_CNF@/paper SC showed a capacitance of 138 F g™!, energy
:g density 12.3 Whkg™! and areal resistance of 1.38 Q cm?. All of these
® results have been achieved after long-term durability tests.
% >
= .
2 e m =842 % 2 ZE=E 4. Conclusions
E Bt
% % In this study, the design of novel hybrid solid-state ;?symmetric
g 52 g g . supercapacitors inspired by the top-down approach starting .from a
g & % E E 8 2 common cotton woven fabric is shown and their properties investi-
E 5 - oo g E E E gz - gated. The textile-based supercapacitors have exhibited a stable
g §. £ E E £ 88 EE‘) g TE) E g% . performance in aqueous environment for the voltage range of 0-—
= | @ CAMCOS 120 & O EARZ ki 1.6 V, low self-discharge rates, and very interesting capacitive perfor-
é cesseeetd 2 0§ 2o % mance of 138 and 134 Fg™' with the porous paper and Nafion
g % *fé *é é *é *é *'QE% *é T 0§ 0§ ggg |2 n}er.rlbra.rle, re§pe?tively. These \falues are in the same range of other
g o EEEEEEE g, E E E E % % %;D similar investigations, but obtal.ned with more s1mple and cheaper
T |® AERAEFAEL< <4 <4 L4442 @ materials (carbon nanofibers, activated carbon, graphite fibres, carbon
: 2 s | S black and dry powder manganese oxide), and with very simple
% ‘E 2?‘ £ methodologies (dip-coating for a first conductive layer, with a subse-
g E quent second active layer based on a slurry of different compositions).
% % i ?f Furthermore, we have considered the combination of two methods
E: 2 384 E S - S3 +<Zv E (cycling and floating) for studying the long-term durability tests of SCs.
£ 2, A % S Z o g% c g g 2% : E In particular, this floating methodology utilizes much more harsh
i 3 ; ; ; ; ; ; ; ; I I I ; E % % conditions than the common cycling based on G-CD tests at high
£ El NZZ3C0SZE B OB OZZZ © discharge currents so our SCs were subjected to very stressful condi-
£ - .. % tions. In this regard, a slow increase of capacitance of nearly 30%,
5 R o+ 2 2 g during long durability floating test for more than 270 h at constant
g S Q 8 o ;S voltage of 1.6 V, was observed. The solid-state hybrid SC showed also
g é E 3 5 g very low self-discharge rates even after long-term durability tests. This
s og % g 3 = floating method of characterization can be used as a very interesting
5, o é E s 4 & *;,; strategy to simulate an accelerated aging behavior and in last term to
E o = 2+ 7 % g CE ?: ?% investigate the behavior of real wearable energy storage devices.
2 2 é & 5 Z E EE % E Another important finding of this study is the demonstration of the
é 2 % g S % % . % 'xg o % é 2 g stable working voltage at 1.6 V achieved by both SCs, i.e. 2'1bove th.e
+ 2| % % =5 % § gg IEarr |8 potential of water decomposition (1.23 V), without appreciable evi-
= % g = 2288 é 5;» % 5 Z - 5 % % g dence of O, evolution and MnO, degradation processes in the positive
g & - electrodes. In this regard, despite the operating cell voltage (1.6 V) is
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above this thermodynamic potential (1.23 V) the previously mentioned
processes are kinetically sluggish and they do not seem very significant
even after the prolonged durability tests performed for hundreds of
hours at high voltage.
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