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Abstract: In this work, we investigate the potential of a novel carbon composite as an electrode
for high-voltage electrochemical double-layer capacitors. The carbon composite was prepared
following a sustainable synthetic approach that first involved the pyrolysis and then the activation
of a precursor formed by winery wastes and graphene oxide. The composite prepared in this way
shows a very high specific surface area (2467 m?-g~!) and an optimum pore size distribution for
their use in supercapacitor electrodes. Graphene-biowaste-derived carbon composites are tested
as active electrode materials in two different non-aqueous electrolytes, the ammonium salt-based
conventional organic electrolyte and one imidazolium-based ionic liquid (1 M EtyNBF;/ACN and
EMINTESI). It was found that the presence of graphene oxide led to significant morphological and
textural changes, which result in high-energy and power densities of ~27 W-h-kg ™! at 13,026 W-kg ™.
Moreover, the devices assembled retain above 70% of the initial capacitance after 6000 cycles in the
case of the organic electrolyte.

Keywords: biowastes; EDLC; 2-D carbons; advanced electrolytes

1. Introduction

The rapid growth undergone by our society in the last decades has pushed us to
look for new strategies in order to achieve sustainable development. This mainly involves
the change of our current energy model based on the combustion of fossil fuels to a
more eco-friendly one based on the use of renewable and greener sources, such as wind
or solar energies. To attain this objective, it is necessary to develop new energy storage
technologies that allow the use of these intermittent energies when they are not available [1].
Electrochemical capacitors, commonly known as supercapacitors, together with batteries,
are the most widely used storage systems in portable devices, and their use is already
beginning to be spread into larger applications such as electric vehicles or stationary energy
storage stations [2]. Unlike batteries, where the charge is stored by faradaic processes,
in supercapacitors, the charge is stored through an electrostatic process at the interface
between the electrode and the electrolyte [3,4]. This mechanism does not involve ions
insertion into the material’s bulk; thus, its kinetics are not limited by diffusion processes,
being able to provide higher power and a longer life-time than batteries [5]. These features
make supercapacitors very attractive in a certain number of applications where reliability,
wide operating temperature range, long-term stability or high power is required.
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Electrical double-layer capacitors (EDLC) are typically formed by two similar elec-
trodes made of highly porous carbon material impregnated in a liquid electrolyte and
separated by a semipermeable membrane that allows the diffusion of ions but avoids the
direct contact between electrodes preventing the short-circuit of the cell [6]. Taking into
account that the energy stored in EDLC is proportional to the capacitance and to the square
voltage (1/2 CV?), most of the strategies are focused on the capacitance increasing through
the optimization of the textural properties of active materials or to the operating voltage
window extension through the use of highly electrochemically stable electrolytes [7].

In this regard, activated carbons (ACs) have been the preferred choice as electrodes
in high-performing EDLCs due to their large specific surface area and low cost, as well
as superior physical and chemical stability. Additionally, ACs can be readily produced
from worldwide abundant and easily accessible wastes [8-11]. On the other hand, the
incorporation of graphene has been found to be useful for increasing the electronic conduc-
tivity of the composites by tailoring their particle morphology and textural properties [12].
Nevertheless, most of the reported works rely on the use of aqueous-based electrolytes,
which considerably limits the energy density of the EDLCs due to their narrower voltage
window [13-15]. Thus, the evaluation of graphene-AC composites in non-aqueous elec-
trolytes (organic, ionic liquids) is needed to subtract its maximal potential as electrodes
for advanced EDLCs [16,17]. Within this context, ionic liquids have received great interest
due to their low vapor pressure, wide temperature stability range and high electrochemical
stability, which allow them to operate in a stable way in a wide voltage window, thus
significantly increasing the energy density of the devices [18].

Herein we have investigated the potential that industrial winery biowastes combined
with graphene have as carbonaceous precursor for their use as active electrode materials
for high-voltage electrical double-layer capacitors. The results point out that the presence
of graphene tunes the textural properties of the final carbon and leads to an improvement
in the electrochemical performances of these materials measured in both ionic liquid and
conventional organic electrolytes in terms of energy and power density. However, the
higher reactivity of the graphene sheets can compromise the long-term stability of the
systems, especially when tested in wide operating voltage windows.

2. Materials and Methods
2.1. Materials Synthesis

Wine wastes of the “Tempranillo” variety collected from a vineyard located in Navarra
(Spain) were chosen as the carbon precursor, and graphene oxide (GO) from Graphenea
(4 mg-mL~!) was selected as the graphene source. First, wine wastes composed of skin,
seeds, branches and leaves were dried at 80 °C for 4 consecutive days to subsequently
crush them and convert them into waste powder. Then, 3 g of wine waste powder were
mixed with 25 mL of graphene oxide and vigorously stirred for 3 h. Then, the suspension
was freeze-dried for 4 days to produce the dry GO-wine waste precursor.

After that, the dried powder was pre-carbonized at 400 °C for 3 h using a heating
ramp of 5 °C-min~! under a dynamic Ar atmosphere in a tubular furnace. Finally, to
obtain the activated carbon, the sample was ground together with KOH in a mortar using
1:4 mass ratio (C:KOH) and further heated at 800 °C for 1 h under Ar atmosphere using
a heating ramp of 5 °C-min~!. The resulting material was washed once with a diluted
solution of HCl and several times with hot deionized water and further dried to obtain the
final activated carbon powder. The reduced graphene oxide-wine waste-derived activated
carbon sample is hereafter denoted as rGO-WW. For the sake of comparison, an activated
carbon, denoted as WW, was also prepared following the same route but in the absence of
graphene oxide.

2.2. Physicochemical Characterization

Morphological characterization was performed by scanning electron microscopy (SEM)
in a Quanta200 FEI (3 kV, 30 kV) microscope. The composition of the samples was char-
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acterized by elemental analysis in a Flash 2000 Thermo Scientific (CHNS/O), where the
samples were burned at 900 °C with an excess of oxygen. The textural properties of the
composites were obtained by nitrogen adsorption/desorption isotherms that were regis-
tered at —196 °C in an ASAP 2460 from Micromeritics. The specific surface area values were
calculated using the Brunauer-Emmet-Teller (BET) equation in the relative pressure range
between 0.05 and 0.25, and the pore size distributions were calculated by the 2D-NLDFT
model applied from the data of the adsorption branches using the SAIEUS software. Raman
spectra were recorded with a Renishaw spectrometer (Nanonics multiview 2000). A laser
beam with an excitation wavelength of 532 nm and 10 s exposition time was used for the
spectrum acquisition.

2.3. Electrochemical Characterization

Carbon-based electrodes were processed by mixing 85% of active materials together
with 10% of Super P C65 (Imerys Graphite & Carbon, Bironico, Switzerland) and 5% of
polytetrafluoroethylene (PTFE) binder in the presence of ethanol. Then, the mixture was
kneaded until plasticity and rolled to obtain a film with a thickness of ~100 um. Circular-
shaped electrodes of 11 mm diameter and 3.5 £ 1.5 mg were punched from the film and
dried at 120 °C under vacuum overnight. The electrochemical performances of these
electrodes were evaluated as symmetric EDCLs using a two-electrode Swagelok-type cell.
The cells contained D-type glass fiber discs as a separator. The chosen electrolytes were
1 M tetraethylammonium tetrafluoroborate (Et4NBF,) in acetonitrile (ACN), and 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide (EMINTFSI). Cyclic voltammetry
(CV) and galvanostatic charge/discharge were carried out in a multichannel VMP3 gen-
erator from Biologic. The operating voltage window of each cell was selected from cyclic
voltammetry measurements following the criteria reported elsewhere [19]. Applied current
density (Iy) was calculated with respect to the total mass of active material (85%). Specific
capacitance of the cells was obtained from the discharge branch of galvanostatic plots using
Equation (1):

Ig X td

AV @)
where t; and AV are the discharge time and the operational voltage window, respectively,
once the total resistance drop is subtracted. Gravimetric energy (E) and power densities (P)
were calculated according to Equations (2) and (3):

Cs=2x

1 (1
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where Vinax and Viin are the maximum and the minimum of the cell potential, once the
corresponding resistance drop is discarded.

3. Results and Discussion

As previously explained in the experimental section, an activated carbon composite
comprising reduced graphene oxide/winery wastes (rGO-WW) has been synthesized as an
electrode for supercapacitors. The winery wastes were firstly dispersed into a graphene
oxide suspension, freeze-dried, pre-carbonized and then submitted to the activation pro-
cess to increase their specific surface area and get the most appropriate balance between
pore distribution, morphology and surface area [10]. On the other hand, for the sake of
comparison, a pristine activated carbon derived from winery wastes (WW) was directly
pre-carbonized and submitted to the activation process. SEM images registered for the
materials are shown in Figure 1. It can be observed that the WW sample (Figure 1a,c) is
formed by large polyhedral-shaped particles of 30—40 um with cavities of two different
sizes, 4-6 and 1.5 um. On the other side, rGO-WW (Figure 1b,d) clearly shows the presence
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of graphene sheets homogeneously distributed within the carbon particles, and the particle
size is clearly reduced to 7-21 pm. The morphological differences between the two samples
are immediately recognizable at higher magnification images (Figure 1c,d).

Figure 1. SEM images registered for WW (a,c) and rGO-WW (b,d) samples.

The chemical composition measured by the elemental analysis of the ACs prepared in
this work is summarized in Table 1. As expected, the elemental analysis reveals that the
main element in both materials is carbon (~90%). Other elements such as nitrogen, oxygen
or hydrogen are present in much lower amounts. The presence of nitrogen could be, in this
case, attributed to the alcoholic fermentation of grapes.

Table 1. Elemental composition of the activated carbons.

Material % C % O % N % H
WW 87.5 11.2 0.6 0.7
rGO-WW 91.2 8.3 0.2 0.2

Raman spectra were recorded to evaluate the structural differences between the two
carbonaceous samples and to confirm the presence of rGO in the rGO-WW after the
activation step. The Raman spectra presented in Figure 2a show the characteristics D and
G bands in both WW and rGO-WW samples at ca. 1343 and ca. 1590 nm, respectively. The
D and G bands are related to the presence of structural defects and graphitic domains. As
expected, the addition of GO results in a smaller Ap/Ag ratio, pointing out a lower disorder
degree. Additionally, the Raman spectrum of rGO-WW shows a band at ca. 2680 nm
corresponding with the 2D band. This band is related to the 2D morphology of the rGO
and confirms the proper conservation of the rGO sheets after the activation step.
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Figure 2. Raman spectra (a), nitrogen adsorption/desorption isotherms (b) and pore size distributions
(c) measured for indicated samples.

Nitrogen adsorption/desorption isotherms were registered in order to assess the
textural properties of the materials. Figure 2b,c include the isotherms registered for these
samples and the pore size distributions associated with each of them. Both materials
show similar adsorption profiles matching with type-I isotherms according to the IUPAC
classification, which corresponds to porous samples with pores within the microporous
range (<2 nm) [20]. The BET-specific surface area calculated for rtGO-WW and WW gives
values of 2467 and 1429 m?-g~!, respectively. A schematic representation of the particle
shape and size of the samples has been included in Figure 2b. The 2D characteristic of the
rGO sheets and the effect of the carbon particles acting as spacers are responsible for the
specific surface area increment, also modifying the pore size of rGO-WW. Regarding the
pore size distribution, the sample containing graphene oxide (rGO-WW) contains medium-
size micropores centered at 0.9 nm and large-sized micropores of around 2 nm, while the
sample without graphene oxide (WW) contains small-size pores of 0.7 nm and a few larger
ones at ca. 1.6 nm.

According to these results, it seems that the presence of the graphene sheets within
the rGO-WW sample helps to maximize the activation process giving rise to carbons
with much larger specific surface areas and wider pores compared to the graphene-free
sample (WW). It is worth remarking that the specific surface area achieved for the rGO-WW
composite surpasses most of the carbons derived from winery wastes in the reported
literature [13-15,21-25].

These homemade carbonaceous materials were evaluated as active materials in a
two-electrode symmetric configuration using the conventional organic electrolyte 1 M
Et;NBF4/ACN and the bare ionic liquid EMINTEFSI. Figure 3 shows the CV curves reg-
istered for the supercapacitor cells at different sweep rates in the previously determined
operating voltage window. From these CV curves, a much better electrochemical stability
can be assessed for those systems measured in ionic liquid, which enables the expansion
of the operating voltage window compared to those measured in the organic electrolyte.
Moreover, the graphene-free sample (WW) seems to be more stable electrochemically than
the composite (rGO-WW). Specifically, operating voltage windows of 2.9 and 3.1 V were
determined for the WW sample (Figure 3a,c) and 2.7 and 2.9 V for the composite rGO-WW
(Figure 3b,d) in the electrolytes 1 M Ety;NBF;/ACN and EMINTEFSI, respectively. Both ma-
terials show typical rectangular-shaped profiles, which are characteristic of capacitive-type
charge storage mechanisms [26]. The graphene-containing sample rGO-WW outperforms
the pristine WW whenever the electrolyte is tested in terms of specific capacitance and
capacitance retention. This can be ascribed to the enhancement of the specific surface
area and the pore widening upon graphene addition to the winery wastes, as previously
explained.
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Figure 3. Cyclic voltammetry curves registered for supercapacitors assembled using WW in 1 M
Et4NBFy (a), and EMINTFSI (c); and corresponding measurements for rtGO-WW (b,d).

Galvanostatic charge/discharge curves at different current densities registered for
these samples at 0.5 and 5 A-g~! are depicted in Figure 4. It can be observed that all
samples show linear voltage increase/decrease during charge and discharge with the
typical triangular shape of capacitive-type charge storage mechanisms. At the low current
density of 0.5 A-g~!, both ACs show very small ohmic drop (Figure 4a,c), which are
progressively enlarged as the current rate is increased to 5 A-g~! (Figure 4b,d). It is worth
highlighting that this behavior is more pronounced for the EDLCs measured in the ionic
liquid (EMINTEFSI) due to its lower ionic conductivity and its higher viscosity compared to
the organic electrolyte (Et4NBF,) (see Table 2). The sample without graphene oxide exhibits
a larger ohmic drop compared to the graphene-containing one, which could be associated
to its lower electronic conductivity.
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Figure 4. Galvanostatic charge-discharge curves registered in both electrolytes for WW sample at 0.5
(a) and 5 A-g*1 (b); and corresponding measurements for rGO-WW (c,d).

Table 2. Physical properties of the selected electrolytes.

Viscosity Conductivity  Cation Size Anion Size
Electrolyte (mPa-s) (mS-cm-1) (nm) (am) Ref.
1M
Et,NBF,/ACN 0.57 63 0.69 0.46 [27]
EMINTFSI 35.55 9 0.76 0.79 [28]

The evolution of the specific capacitance values at different current rates for the two
electrolytes, calculated from the discharge branch of galvanostatic curves, are shown in
Figure 5a. In good agreement with the CV results, the specific capacitance of the composite
rGO-WW is larger than that of the pristine WW regardless of the electrolyte used. In fact,
at low current densities, rtGO-WW doubles the specific capacitance of WW either in the
IL (160 F-g~! vs. 79 F-g~2) or in the organic electrolyte (130 F-g~! vs. 65 F-g~!). It is also
worth highlighting that at low current densities, the specific capacitance measured for both
samples is significantly larger in the ionic liquid compared to the organic electrolyte. This
has been previously explained by the improved ion confinement in the pores of EMINTFSI
due to the geometry of the ions [29]. In contrast, samples measured in the organic electrolyte
exhibit better capacitance retention due to its lower viscosity and higher ionic conductivity
(Table 2) (Figure 5b). Furthermore, at high current densities, the diffusion to the pores is
not favored, and this takes special relevancy when the electrolytes are formed by large size
ions, as in the case of ionic liquids (Table 2). Nevertheless, regardless of the electrolyte
used, the graphene-containing sample exhibits much higher capacitance retention than the
pristine (86% for rGO-WW vs. 72% for WW in 1 M Et4NBF;/ACN and 40% for rtGO-WW
vs. 11% for WW in EMINTEFSI) (Figure 5b).
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The energy-to-power density plot for these home-designed symmetric cells is shown
in Figure 6. Ragone plots confirm the larger energy density values and better power
performance of graphene-wine waste (rGO-WW) electrode-based systems due to its larger
specific capacitance and improved electronic conductivity. The systems measured using
the ionic liquid EMINTEFSI as electrolyte show maximized energy density values at low
power densities due to the wider operating voltage window (46 W-h-kg ! at 180 W-kg~!
for rtGO-WW and 24 W-h-kg~! at 191 W-kg~! for WW) compared to the conventional
organic electrolyte 1 M Et;NBF;/ACN (33.1 W-h-kg~! at 160 W-kg~! for rtGO-WW and
19.1 W~h~l<g’1 at 181 W~kg’1 for WW). However, EDLCs measured in the IL show a much
more prominent decay at high power densities. In fact, 82% and 65% of the energy is still
delivered for the supercapacitors rGO-WW, and WW assembled in the organic electrolyte
at the maximum power rate, while only 38% and 7% are delivered for those using the pure
ionic liquid.

—
o
o

10 mln 1 min :

1s

| —O—rGO-WW in Et,NBF /ACN
—O—rGO-WW in EMINTFS|

[~ —@— WW in Et,NBF /ACN

1 8= WWn EMINTFS]. |

100 1000 10,000

Power density (W-kg™")

Energy density (W-h-kg ™)

Figure 6. Ragone plot of indicated samples in both electrolytes.
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These results are in line with most representative biowaste-derived carbons reported
in the literature using organic and ionic liquid electrolytes. It is true that the specific ca-
pacitance of our reduced graphene oxide/winery waste-derived carbon surpasses most
of these materials, and the energy delivered is similar or even lower [10,30-33]. This
could be related to the higher reactivity of the graphene sheets, especially in the ionic
liquid, which could represent a handicap narrowing the operational voltage as well as
compromising the cycling stability. Taking this into account and the exceptional electro-
chemical performance of both AC in the organic electrolyte, the stability of these EDLC
systems was evaluated by monitoring the specific capacitance value from galvanostatic
charge/discharge measurements at 10 A-g~! at regular intervals (Figure 7).
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Figure 7. Capacitance evolution along cycles of indicated samples measured at 10 A-g~! in the
organic electrolyte.

The cyclability measurement shows that WW still retains 78% of the initial capacitance
after 6000 cycles compared to the 70% of capacitance retention measured for the rGO-WW.
Once again, this can be ascribed to the higher reactivity of samples containing graphene
oxide that may arise as a consequence of their larger concentration of oxygen groups of the
graphene oxide that react with the electrolyte and promote its degradation.

4. Conclusions

Winery wastes were demonstrated as promising raw material for its revalorization as
a porous carbon. The optimization of different parameters, such as particle size, electronic
conductivity and specific surface areas plays a significant role and have a huge impact
on the final electrochemical performance of these materials as electrodes for symmetric
supercapacitors.

The results show that the reduced graphene oxide notably improved the electrochemical
properties of these devices. The most favorable results in terms of energy, power density and
stability are obtained for supercapacitors operating with an organic electrolyte (~27 W-h-kg
at 13,026 W-kg~!). The choice of ionic liquid as the electrolyte can also provide some important
advantages under some specific operating conditions, specifically at low power densities.

In summary, the reutilization of agricultural waste as a precursor of active material for
electrodes in double-layer supercapacitors is a sustainable, innovative solution. Further-
more, the presence of reduced graphene oxide improved the energy and power density,
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but due to their higher reactivity, the stability can be compromised in the long term. These
supercapacitors still retain more than 70% of their initial capacitance after more than 6000
charge-discharge cycles.
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