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Abstract: The development of carbon materials with desirable textures and new aqueous electro-
lytes is the key strategy to improve the performance of supercapacitors. Herein, a deep eutectic
solvent (DES) was used for in situ templating of a carbon material. A carbon material was charac-
terized (XRD, N2- physisorption, FTIR, SEM and EDS) and used as an electrode material for the
first time in multivalent-based supercapacitors. In situ templating of carbon was performed using a
novel DES, which serves as a precursor for carbon and for in situ generation of MgO. The genera-
tion of MgO and its roles in templating of carbon were discussed. Templating of carbon with MgO
lead to an increase in surface area and a microporous texture. The obtained carbon was tested in
multivalent-ion (Al** and Mg?) electrolytes and compared with H2SOs. The charge-storage mech-
anism was investigated and elaborated. The highest specific capacitance was obtained for the
AI(NOs)s electrolyte, while the operating voltage follows the order: Mg(NOs)2 > AI(NOs)s > H250a.
Electrical double-layer capacitance (versus pseudocapacitance) was dominant in all investigated
electrolytes. The larger operating voltage in multivalent electrolytes is a consequence of the lower
fraction of free water, which suppresses hydrogen evolution (when compared with H250s). The
GCD was experimentally performed on the AI(NOs)s electrolyte, which showed good cyclic stabil-
ity, with an energy density of 22.3 Wh kg™ at 65 W kg

Keywords: electrochemical supercapacitors; multivalent-ion electrolyte; deep eutectic solvent;

carbon material; in situ templating

1. Introduction

The design and formulation of new electrode materials and electrolytes for electro-
chemical supercapacitors have received much attention in recent decades. Although
electrochemical supercapacitors provide many advantages, the main drawback is low
energy densities. Low energy densities result in difficulty achieving the long-term oper-
ation necessary for some electric industries [1]. It is well known that the energy density is
proportional to the capacitance of the electrode material and to the voltage squared.
Consequently, there are two effective strategies to improve the energy density of super-
capacitors—increasing the capacitance of the electrode material or/and increasing the
operating voltage.

In the first strategy, a large number of high-capacitance materials have been devel-
oped, including carbon-based materials, transition metal oxides and different conducting
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polymers [2,3]. In order to achieve high capacitance values, all these materials need to
have high electrical conductivity, an adequate pore size, a high surface area and adequate
surface functional groups. Due to the relatively easy and cheap synthesis of porous car-
bon materials with all the mentioned requirements, they have found the most promising
application as electrode materials in supercapacitors [2,4,5]. Different methods and pre-
cursors were used to prepare carbon materials with desirable physicochemical proper-
ties. Carbon materials with a high surface area and different surface functional groups
were synthesized using biomass, polymers and different types of organic waste [6-9]. A
relatively new aspect of carbon material synthesis is the application of ionic liquids and
deep eutectic solvents as liquid carbon precursors [10]. Deep eutectic solvents (DESs) are
organic compounds consisting of hydrogen-bond donors and hydrogen-bond acceptors.
DESs have several remarkable properties, such as low cost, simple synthesis (using only
two compounds without additional solvents) and low vapor pressure, and they are
non-toxic solvents. Regarding the mentioned properties, DESs have numerous applica-
tions in different fields of science, including analytical chemistry, organic synthesis, ca-
talysis and electrochemistry [11-14]. In addition to all these fields, as mentioned before,
DESs have found applications in carbon material synthesis. This relatively simple
method for carbon material synthesis is based on the direct high-temperature carboniza-
tion (under inert atmosphere) of DESs. Furthermore, this method does not require addi-
tional treatments of DESs before carbonization, such as high-pressure hydrothermal
treatment. However, these methods allow for creating carbon materials with tunable
properties, since the chemical structures and properties of deep eutectic solvents will be
reflected in the obtained carbons. We should first discuss the chemical composition of
DESs. Since DESs are organic compounds, their carbon nature makes them perfect carbon
precursors. Furthermore, DESs usually contain other heteroatoms (such as nitrogen and
boron), and they can serve as heteroatom precursors [15]. Therefore, it is easy to synthe-
size heteroatom-doped carbons using only one DES. Secondly, the diversity of chemical
structures of DESs will be reflected in the morphology and texture of the final carbon
materials, and DESs offer the possibility of preparing carbon materials with characteristic
morphologies and textures [16]. In conclusion, DESs have several roles: as carbon pre-
cursors and heteroatom precursors (easy to synthesize heteroatom-doped carbons) and
in templating. With all these roles, DESs are suitable low-cost precursors for the indus-
trial large-scale production of porous carbon materials.

Recently, in order to increase the performance of carbon electrodes for supercapac-
itors and increase the specific surface area, new in situ templating methods based on
different oxides have been introduced [17]. In situ templating implies the use of a mixture
of an oxide precursor and a carbon precursor [18]. In situ generation of oxides occurs
during carbonization processes, where the oxide precursor undergoes several reactions,
leading to the generation of oxide nanoparticles. In situ-generated oxides serve as hard
templates; therefore, the use of complicated templating procedures and pre-treatment of
carbon precursors can be avoided. Different salts have been used for in situ generation of
oxides, such as FeClz, ZnCl., Mg(CHsCOOH): and Zn(NOs)2 [19-22]. New in situ tem-
plating methods are simple, cheap and environmentally friendly methods and offer the
possibility of preparing carbon materials with different textural properties suitable for
application in electrochemical supercapacitors.

In the second strategy, different electrolytes with large operating windows were
developed [23]. The potential windows of aqueous electrolytes (such as the conventional
1 M H2504 and 6 M KOH electrolytes for supercapacitors) are limited by water decom-
position (theoretically 1.23 V), which is a consequence of hydrogen and oxygen evolu-
tion. To eliminate the electrochemical instability of water and increase the potential
window and energy density of supercapacitors, different organic electrolytes have been
formulated. Organic electrolytes usually consist of acetonitrile or propylene carbonate,
and in this case, the cell voltage is between 2.5 and 2.8 V [23]. Additionally, various or-
ganic mixtures have been employed, such as tetrabutylammonium hexafluorophosphate
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in acetonitrile, increasing the potential window to 2 V [24]. Recently, different ionic lig-
uids have been used as electrolytes for supercapacitors [24]. Ionic liquids show the larg-
est operating potential windows—in some reported cases up to a remarkable 4 V [25].
However, using organic electrolytes, in addition to large operating potential windows,
has several disadvantages. Organic electrolytes are usually expensive, flammable and
toxic. In order to eliminate the disadvantages of organic electrolytes, the development of
new aqueous electrolytes with wide potential windows represents the future of electro-
chemical supercapacitors. Different aqueous electrolytes, usually alkali sulphate salts,
have been used in supercapacitors. Most of them are pH neutral, such as Li2504, Na2SOx
and K:50:. However, the use of all these electrolytes has disadvantages, such as low
solubility and limited conductivity [26]. Therefore, nitrate salts-based electrolytes are
good candidates for application in supercapacitors. Recently, the aqueous aluminum ni-
trate electrolyte was proposed as an electrolyte for carbon-based electrochemical super-
capacitors [27]. Carbon electrodes showed a higher energy density in the Al2(SOa)s elec-
trolyte than in H2SOsand Na2SOs. Gudru et al. investigated the charge-storage behavior
of commercial activated carbon in both AI(NOs)s and Mg(NO:s)2 electrolytes; however, the
authors reported very low capacitance values (approximately 30—40 F g-') and short op-
erating voltages (1 V) [28].

In this paper, we used both strategies to improve the properties of a electrochemical
supercapacitor. Carbon material was prepared by an in situ templating method using
deep eutectic solvent (DESs). The DES was prepared with choline chloride ([Ch]CI) and
magnesium chloride hexahydrate (MgCl2:6H20) (Type II DESs). Both precursors for DES
preparation are non-toxic and environmentally friendly. In the mentioned DES, magne-
sium (i.e., MgO formed during carbonization processes) serves as an in situ templating
agent. The prepared carbon was tested as an electrode for energy storage in multiva-
lent-ion electrolytes (1 M AI(NOs)s and Mg(NOs)2) and compared with an conventional
acidic electrolyte (1 M H2SOs).

2. Materials and Methods
2.1. Synthesis of Carbon Materials

Carbon materials were synthetized using DES as carbon precursor. DES was pre-
pared by mixing choline chloride (Acros Organics, Geel, Belgium, purity 99%) with
magnesium chloride hexahydrate (MgCl>-6H20, Acros Organics, Geel, Belgium, purity
99+ %, ACS reagent) in 2:1 ratio at 60 °C. After their mixing, the transparent molecular
liquid was formed. Carbonization was performed in the tube furnace (Protherm, Ergazi
Mah, Ankara, Turkey) equipped with alumina tube. The ionic precursor was carbonized
at 700 °C, with a heating rate of § = 10 °C min™! and a nitrogen flow rate of 10 mL min-'.
Carbonized sample was denoted as Carbunw. Furthermore, the Carbunw sample was im-
mersed in 10% HCI (Sigma Aldrich, St. Louis, MO, USA) solution for 12 h and then
washed with deionized water until the pH was 6-7. After washing, porous carbon was
dried at 100 °C for 24 h and the sample was denoted as Carbw.

2.2. Characterization of Carbons

Nitrogen physisorption analysis was performed by N: adsorption at -196 °C
(Sorptomatic 1990, Thermo Finnigan, San Jose, CA, USA). First, the sample was degassed
at room temperature under vacuum for 2 h and treated at 200 °C for 24 h at the same re-
sidual pressure. Obtained results were analyzed with ADP ver. 5.13 Thermo Electron
software packages.

The X-ray powder diffraction (XRD) measurement was performed on a Philips PW
1050 X-ray powder diffractometer (Philips, Amsterdam, Netherlands) with Ni-filtered
Cu Ka radiation and Bragg-Brentano focusing geometry. The diffractograms were rec-
orded in the 20 range of 10-70°, with step size of 0.02° and a counting time of 3 s per step.
The calculation of the average crystallite size was conducted by using the XFIT-Koalariet
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software and the fundamental parameters convolution approach to generate line pro-
files [29].

The surface chemistry of carbons was analyzed by Fourier transform infrared
(FTIR) spectroscopy. FTIR spectroscopy was performed using Nicolet iS5 FTIR spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). FTIR spectra were measured
in the range of 4000-400 cm™ using the KBr pellet technique.

The morphology of carbon was investigated using scanning electron microscopy
(SEM). Micrographs were recorded using FEI SCIOS 2 Dual Beam electron microscope
(Thermo Fischer Scientific, Waltham, MA, USA) equipped with energy-dispersive
X-ray spectroscopy (EDS) system.

2.3. Electrochemical Measurements

The working electrode was prepared using the mixture of carbon material and 5%
Nafion (Sigma Aldrich, St. Louis, MO, USA) as a binder, in the ratio 95:5. The obtained
mixture was suspended in ethanol and treated in an ultrasonic bath (1 h). The certain
fraction of homogenized mixture was transferred onto a glassy carbon electrode (GCE) to
obtain working electrode. Modified GCE was dried in an oven at 80 °C for 2 h. Electro-
chemical measurements were performed using Gamry 1000E potenciostat/galvanostat
(Gamry, Philadelphia, PA, USA). First, electrochemical measurements were conducted in
three-electrodes electrochemical cell (at room temperature), with a Pt as a counter elec-
trode, saturated calomel electrode (SCE) as the reference electrode and modified GCE as
a working electrode. The aqueous solutions of 1 M H250s, 1 M AI(NOs)s and 1 M
Mg(NO:s)2 were used as the electrolytes. CVs were performed in different voltage inter-
vals: for 1 M H2504 from 0.7 V to —0.3 V; for 1 M AI(NOs)s from 0.7 V to —0.6 V and for 1 M
Mg(NOs): from 0.8 V to -0.8 V. CVs were recorded in different scan rates from 5 to 500
mV s

The specific capacitance (F g) of the electrode was calculated by the integration of
CV voltammograms (cathodic or anodic), as in Equation (1):

_J1-v-av
Comev-AV
where [ is the measured current, V is the potential, m is the mass of electroactive material
layer onto the GCE, v is the applied scan rate and AV is the used potential window.
Dunn’s analysis was used to separate electrical double-layer capacitance (EDLC)
and pseudocapacitance (PC). This method consists of several steps, as explained in ref-
erence [30]. At fixed potential, the current density (j) from the CVs could be expressed by
Equation (2):

)

j=kyi-v+ky v (2)

where the first term k; v accounts for current densities contributed from electrical
double-layer capacitance (EDLC) and the second term k, - v%® is associated with pseu-
docapacitive reactions. Reforming Equation (2) by dividing v®° on both sides yields to
Equation (3):

j . v_o's = kl " ‘UO'S + kz (3)

By reading j from CVs at a series of scan rates and the plotting j - v™%° vs. v™%%, the

linear fit is obtained with a slope of k; and y-intercept of k,. Determination of ki and k:
values in Equation 2 allows us to estimate EDLC and PC contribution at specific potential
and selected scan rate (v). For this method, we used cathodic and anodic current at each
0.1 V. Plotting calculated current densities contributed from electrical double-layer ca-
pacitance vs. specific potentials can be obtained by EDLC contribution at specific scan
rate (v).

The galvanostatic charge—discharge (GCD) experiments were performed in a
two-electrode cell using different current densities in the potential range from 0 to 1.3 V.
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Two-electrode set-up consisted of two stainless steel electrodes covered with layer of
electrode material (prepared as described above). Between two electrodes, a filter paper
soaked with 1 M AI(NO:s)s electrolyte was placed. The specific capacitance of electrode
material was calculated using Equation (4):

= 2-1-At
CAV-m
where [ is the constant current of charge—discharge process, At is discharging time, AV is
potential window and m is mass of active material.

(4)

3. Results and Discussions
3.1. Characterization of Carbon Materials

The N2 adsorption/desorption isotherms of the tested materials are shown in Figure
1 (and Figure S1 shows pore size distribution). Based on their shapes and the values of
the calculated textural parameters (Table 1), the materials differ significantly.

Table 1. Textural characteristics of Carbunw and Carbw.

Method Textural Parameter, Abbreviation, Unit Carbunw Carbw
Brunauer-Emmet-Teller Specific surface area, SSAser, m? g™ 4.8 146
t-plot, (Lippens and de Boer) Specific surface area, SSAtplot, m? g-! 4.8 138
Specific mesopore volume, Vmeso-pn, cm® g 0.010  0.109
Mesopores, (Dollimore-Heal) Median mesopore diameter, DmesobH, nm 14.1 20.7
Mesopores surface area, Smeso-DH, m? g1 4.1 50.4
Mesopores, t-plot (Lippens—de Boer) Mesopores surface area, Smeso-t-plot, m? g™ 2.9 42.6
Micropores, t-plot (Lippens-de Micropore volume, Vmic-tplot, cm3g™ 0.004 0.056
Boer)
. Micropore volume, Vmictk, cm® g - 0.060
M H th-K
icropores, (Horva awazoe) Median pore diameter, Dmictx, nm - 0.9
Gurevitsch’s rule at p/po = 0.98 Total pore volume, Viot, cm® g1 0.015 0.212
800
1 O
700 7] Vads/des-carbw *
600 = /»:
—"w ] Vads/des-carbunw /O )
o [ ]
£ 120 /
< (@)
~ g ./ /
e
> g0 S
o 0000
@ OO0
.0-0:0 0-0-0-00 s
40 ,o-o-o-o-o-00mw0wo ?
o°
0- T T T T T T
0.0 0.2 04 0.6 0.8 1.0
p/p,

Figure 1. N2 adsorption and desorption isotherms for Carbw and Carbunw.

The isotherm of the Carbunw sample belongs to Type III according to the IUPAC
nomenclature [31], which is characteristic for non-porous or macroporous materials with
weak adsorbent-adsorbate interaction. Small values of the constant Cser, related to the
energy of adsorption in the first adsorbed layer (Cser = 48) and total specific surface area
(SSAser = 4.8 m?/g), as well as small values of the total specific volume (Vi = 0.015 cm?/g),
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confirm the non-porous nature of the Carbunw sample. The content of micropores in the
Carbunw sample is so small (Table 1) that the application of the Horvath-Kawazoe (HK)
method for determining their distribution is practically impossible. On the other hand, a
small, but still measurable content of mesopores (Vmeso-0H) enables reliable determination
of median pore diameters (DmedpH), a diameter that corresponds to 50% of the pore
volume, which amounts to 14.1 nm.

Textural characteristics significantly alter upon 10% HCI treatment. The shape of the
isotherm changes and becomes Type 1II for the Carbw sample, which is characteristic of
macroporous materials. Although the application of Gurevitsch’s rule for determining
Viot due to the absence of a plateau at higher relative pressures (p/po) is not entirely justi-
fied, the comparison was made in order to evaluate overall changes in the pore system.
The corresponding value of Vit at the same p/po of 0.98 increases more than 14 times for
Carbw sample; furthermore, the increase in the specific surface is even more pronounced
because the washed material showed a 30 times higher value of the specific surface (146
m?/g vs. 4.8 m?/g). This indicates that the change in texture includes all pore systems,
especially the smaller ones, which contribute more significantly to the specific surface
area. Indeed, the existence of a mesoporous system in the material was confirmed by the
clear presence of the isothermal slope (in the region p/po above 0.2) and the existence of a
hysteresis loop, to a certain extent, while the application of the HK method in the mi-
cropore region gives a measurable value of the median diameter at about 0.95 nm, and
the median pore diameter of the mesopores is 20.7 nm. Finally, the value of the constant
Cser reaches a value of 570, which indicates a multifold increase in the adsorption energy
of Nz on the surface of the Carbw sample and further underlines the difference in all the
textural properties of the washed and unwashed samples.

Observed differences in textural properties of materials, such as Carbunw and Carbw,
must be the consequence of template removal in HCI. Namely, for the synthesis of po-
rous carbons, the ionic liquid consists of cholinium chloride, and MgClz (in molar ration
2:1) was used. Cholinium chloride served as a carbon precursor, while MgClz served as a
templating agent for pore development. During the high-temperature carbonization, it
could be expected that the cholinium cation decomposes into porous carbon, and it is
well known that organic cations (contained in different compounds, i.e., in ionic liquids)
introduce some pores and act as a self-porogen precursor [32]. Furthermore, carbon
networks could be formed and pores could be developed with the help of chloride anions
through substitution, addition and aromatization reactions [19]. However, it has previ-
ously been shown that the obtained Carbunw material is practically non-porous. This
means that the contribution of the newly formed species (MgO) from the second con-
stituent (MgCl2) completely prevents the development of a measurable pore system, ei-
ther by filling them or overlapping them on the surface of the particles. Indeed, MgCl2
acts exactly as a porogen agent. MgClz could be transformed, in several steps, to MgO
during the high-temperature carbonization process (around 700 °C) [33]. Many of the
formed MgO whiskers act as obstacles that block all pore types, resulting in the impos-
sibility of detecting them by N2 physisorption. MgO was removed from the carbon sur-
face/and or pore system upon acid washing, thus causing the specific surface area in-
crease due to pore opening. Therefore, in situ-generated magnesium oxide serves as a
hard-templating agent.

The presence of MgO and the assumption that during carbonization MgClz trans-
forms into in situ-generated MgO (which serves further as a hard-templating agent) were
confirmed by XRD analysis. The XRD patterns of Carbunw and Carbw samples are pre-
sented in Figure 2. In the sample Carbunw, there are three prominent crystalline peaks ob-
served at 20 of 37°, 43° and 62° and all are indexed to MgO periclase (PDF No. 4-829; cubic
space group Fm-3m, No. 225). The average crystallite size of MgO phase was calculated to
be 36 nm. On the other hand, the diffractogram of Carbw omits MgO periclase peaks, thus
indicating a successful removal of MgO upon acidic treatment. The diffractogram of
Carbw includes one semicrystalline peak at 26° superposed on an amorphous halo, which
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belong to graphitic (PDF No. 75-444) and disordered carbon phases. These results indicate
that the calcination of the DES precursor (mixture of cholinimum chloride and MgClz),
which subsequently removes MgO with HCI, leads to the formation of a mainly disor-
dered carbon phase that is graphitized to a small degree (the estimated degree of crystal-
linity does not surpass 10%). The broadness of the XRD peak located at 20~26° originates
from a broad (002) reflection, which precisely interprets the presence of a small number of
well-stacked layers with a uniform interlayer distance (doz) greater than that of the
graphite. The elevated broadness is due to the disordered nature of the obtained carbon.
Because only (002) reflection exists, the presence of the stacking of the layers should be
expected, which is characteristic of “soft” carbons. Additionally, it must be emphasized
that the inter-graphene distance depends on the carbon “source”, preparation procedure
and chemical treatment.

(a) (b)
—Carb
unwj
5 = 3
© N =
= > —Carbw
o 7]
3 _
E = N
S
/k_%__
T T T T 1 " T T T T 1 " T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
29 /° 20/°

Figure 2. XRD diffractograms for: (a) Carbunw and (b) Carbw materials.

To further investigate material surface chemistry, FTIR analysis was performed
(Figure 3). As shown in Figure 3, a series of adsorbing peaks appear in the investigated
regions of both materials, indicating that materials have dominantly oxygen surface
functional groups. The peak at 3430 cm™ belongs to OH stretching vibrations and it
appears in all spectra. The two peaks at 2919 cm™ and 2850 cm™ correspond to the vi-
brations of the C-H groups. The peak observed at 1630 cm™ is attributed to the stretch-
ing vibrations of C=X (where X=C, O) [34]. These C=0O vibration bands could be further
attributed to carboxylic groups; however, the carbonyl and lactone groups are mostly
responsible because they are stable at lower temperatures and the material was pre-
pared at 700 °C [35]. In addition to the mentioned vibrations, this peak is also attributed
to the stretching C=N vibrations, and the distinct peak at 1385 cm™ could be identified
as C-N vibration modes [36]. This indicates that nitrogen functional groups are also
present in the carbon structure in addition to the oxygen functionalities. The nitrogen
atoms originate from the carbon precursor, i.e., choline, which contained nitrogen in the
structure. The broad band in the region between 1200 and 970 cm™ can be the conse-
quence of two overlapping bands: C-O and C-N banding vibration peaks. The C-O
stretching vibration peak (from COOH) typically appears between 1120 cm™' and 1160
cm! [37,38], while the C-N band is usually centered around 1040 cm™ [36].
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970 cm”!

Transmittance / a.u.

1630 cm™

1385 cm’”

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / em™

Figure 3. FTIR spectra of Carbw material.

The morphology of Carbw was examined by scanning electron microscopy (SEM)
combined with energy-dispersive X-ray spectroscopy (Figure 4a,b). Micrographs (Figure
4a) showed a large number of 3D network structures with interconnected sheets. These
interconnected sheets showed nanometer thickness.

T |det mode mag @ HFW WD

10.00kV 50 pA ETD SE  20000x 10.4pm 7.0 mm

Figure 4. (a) SEM micrographs of Carbw at different magnification (30 um, 10 um and 4 um) and (b)
EDS elemental mapping of carbon, nitrogen and oxygen at Carbw surface.
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Additionally, EDS showed the presence of carbon, oxygen and nitrogen atoms (78.9
at.%, 13.9 at.% and 7.2 at.%, respectively). The presence of nitrogen atoms is directly re-
lated to the nitrogen presence in choline chloride, which was used as a carbon precursor.
From Figure 4b, it is evident that carbon, oxygen and nitrogen have uniform distribution.

3.2. Electrochemical Investigation of Energy Storage

Material Carbw was further selected to investigate energy storage, since it has de-
veloped a microporous structure and high surface area value. In the first step, energy
storage behavior was not only investigated in conventional 1M H2SOx electrolyte but also
in aqueous electrolytes containing multivalent ions, such as Al** (1 M Al(NOs)s electro-
lyte) and Mg? (1 M Mg(NOs): electrolyte). Figure 5 represents the cyclic voltammograms
of the Carbw electrode material in the three mentioned electrolytes at a scan rate 20 mV
s1. Comparisons of cyclic voltammograms indicate the dependence of the charge storage
on the type of electrolytic solution. As can be seen from Figures 5 and S2 (Supplementary
Materials), the charge storage was most pronounced in electrolytes containing multiva-
lent cations, i.e., Al* and Mg?, when compared with the commonly used 1M H2SOx
electrolyte.

5 [/ IMMgNO,),

IM AI(NO,), 2 J—1MH,;S0,

jlAg!
j/Ag!

8
2
1
04
1
2
3
4

<09 -06 -03 00 03 06 09 "087-06 -04 02 00 02 04 06 08 204 02 00 02 04 06 08
Evs.SCE/V Evs.SCE /V Evs.SCE/V

Figure 5. CVs of Carbw materials at scan rate 20 mV s in 1 M H2504, 1 M AI(NOs)s and 1 M
Mg(NOs): electrolytes, with inserted specific capacitance versus scan rates.

The enhanced charge storage of carbon in multivalent-based electrolytes is the con-
sequence of the larger potential window when compared with the one obtained in 1M
H2SO4. Herein, the lowest potential was found for 1M H2504(1 V), while corresponding
values for IM Al(NOs)s and 1M Mg(NOs)z2 are 1.3 V and 1.6 V, respectively. Regarding the
operating voltage, Carbw material showed larger or similar values in multivalent-based
electrolytes compared to other reported materials in highly corrosive and toxic 6M KOH
electrolytes, such as MnO-based hybrid electrode material (1.3 V), N-,S-doped hierar-
chical carbon encapsulated in graphene (1 V) or N-doped honeycomb-like porous carbon
(1.6 V) [39-41].

Figure 6 shows the dependence of the specific capacitance as a function of scan rate
for all investigated electrolytes. The specific capacitance, calculated at 5 mV s7, is found
to be higher in AI(NOs)s (141 F g) than in H2S04 (112 F g*) and Mg(NOs)2 (96 F g1),
while the calculated values at 20 mV s amount to 87 F g1 for AI(NOs)s, 73 F g for H250x
and 68 F g1 for Mg(NO:s)2. As the scan rate increases, the specific capacitance decreases,
and the best capacitance retention was obtained with the Mg(NOs): electrolyte (Figure
S3). Capacitance retention (at 400 mV s relative to 5 mV s, Figure S3) decreases in the
order: Mg(NO:s)2 > H2SOs > Al(NOs)s.
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Figure 6. Specific capacitance versus scan rates for all investigated electrolytes.

An important question arises here—why do multivalent-ions electrolytes
(Mg(NOs)2 and Al(NOs)s) show better electrochemical behavior for energy storage when
compared with H2504? To address this issue, the mechanism of multivalent-ion storage
will be investigated in terms of determining pseudocapacitance (PC) and electrical dou-
ble-layer capacitance (EDLC) contribution.

The capacitive effects were analyzed using cyclic voltammetry by varying the scan
rate from 5 to 500 mV s'. Surface-controlled (EDLC and Faradaic pseudocapacitance re-
actions) diffusion-controlled or intercalation processes (ion insertion/extrusion in bulk
materials) are classified as the main charge-storage processes [37,42]. By applying power
law j=a-v’, we can obtain the relation between current density and scan rate (log(j) =
(b)log(v)+log(a), a and b are variable parameters) [42]. From the slope of the linear plot
log(j) versus log(v), parameter b can be evaluated. The b value provides information about
the charge-storage mechanism. If the b value is equal or close to 0.5, the charge-storage
mechanism is diffusion controlled. On the other hand, if the b value is equal or close to 1,
the charge-storage mechanism is surface controlled.

Figure 7 shows the linear plot of log(j) versus log(v), which is obtained at 0.2 and
-0.2 V, respectively, for all three electrolytes. As can be seen from Figure 7, the b value is
close to 1 for IM H2S0s and 1M Mg(NOs)2, which is characteristic of electrochemical su-
percapacitors, and the charge storage is non-diffusion limited (adsorption of ions and fast
surface oxido-reduction reaction). In the case of the 1M AI(NOs)s electrolyte, the b values
obtained at two potentials lie between 0.5 and 0.8, which is characteristic of a superca-
pattery [37].
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Figure 7. Linear plotting of log current density (absolute values obtained at negative scan direction)
versus log scan rate at two potentials and evaluated b values.

For further investigation, Dunn’s analysis was employed. The diffusion-controlled
current and the capacitive current can be separated using Dunn’s analysis [43]. As can be
seen from Figure 8, the electrical double-layer capacitance (EDLC) contribution is domi-
nant for all electrolytes, ranging from 49% for Al(NOs)s, 63% for Mg(NOs)2 and 66% for
H2504. The EDLC contribution roughly corresponds to the capacitance retention. In order
to explain this energy-storage behavior, the size of the hydrated ions should be consid-
ered. The sizes of hydrated HsO* and SO+* ions are 0.36-0.42 nm and 0.53 nm, respec-
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tively. Furthermore, the sizes of hydrated NOs-, Mg¥ and Al**ions are 0.68, 0.86 nm and
0.96 nm, respectively [28]. This similar EDLC contribution to the total capacitance could
be explained with the size of hydrated electrolyte ions ranging from 0.36 to 0.96 nm. It is
well known that the diameter of pores should be close to the size of hydrated ions for
electrical double-layer formation. Additionally, the lowest EDLC contribution was ob-
tained in the Al-based electrolyte, which could be attributed to the slightly larger size of
the hydrated Al** ions compared with the median pore diameter of the investigated ma-
terials (0.95 nm) (Table 1). The mentioned size of the hydrated Al* ions leads to their
impossibility to penetrate into small microspores (i.e., ultramicropores). For that reason,
the mentioned lower EDLC was determined for the Al-based electrolyte. If we use
Dunn’s analysis again (Figure 8), during the positive polarization of the electrode, the
shaded area in the CVs (noted as EDLC contribution) is larger compared with the area
during negative polarization. Therefore, during the positive polarization of electrode, the
contribution of EDLC is higher; therefore, it can be concluded that electrolyte anions
(SO#* and NOs) are mostly involved in EDLC formation. Contrary, during negative po-
larization, the shaded areas in the CVs are lower and pseudocapacitance contribution is
dominant, mostly arising from the Faradaic reaction between the surface functional
groups of material and the cations of the electrolytes (H*, Mg? and Al*). From these re-
sults, we acquire the impression that in the formation of EDLC, anions are mostly in-
volved, while in pseudocapacitive reaction, cations are dominantly involved.

)
()

1 IMH,S0, 1 1M Mg(NO,),

IM AI(NO,),
24

j/Ag!

j/Ag!

j/Ag!
-~ ]
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Evs.SCE/V E vs. SCE/V Evs.SCE/V

Figure 8. CVs of Carbw and separation of total current (solid line) and capacitive currents (shaded
regions) at scan rate of 20 mV s in all investigated electrolytes.

Pseudocapacitance contribution takes around 40% from the total capacitance;
therefore, it is necessary to deliberate it. First, according to the previous assumption, we
will be discussed the role of electrolyte cations. In the H250x4 electrolyte, a pronounced
slope during the negative scan could be observed. This CV shape indicating that H* ions
are involved in Faradaic reactions. It is well known that series of oxido/reduction reac-
tions associated with oxygen (especially C=O and C-O) and nitrogen functional groups
can occur in H2SOxs electrolytes [44,45]. In multivalent-ion electrolytes, pseudocapacitive
reactions are associated with Al* and Mg? cations. Divalent (Mg?") and trivalent (Al**)
ions bear more charges than univalent H* ions, and the investigated material could store
more energy per unit surface area [46].

Zou et al. [47] showed that Mg? ions (aqueous MgSOx electrolyte) have high affinity
toward N atoms, resulting in enhanced charge-storage behavior due to the pseudo-
capacitive reaction between Mg? and nitrogen. Additionally, Luo et al. [46] suggested
that Ca? ions form the redox reaction between -COOH and CO functional groups. A
similar mechanism could be proposed (Equation (5)) for Mg?, in which divalent magne-
sium reacts with COOH functional groups.

—COOH + Mg** - —COOMg* + H* + e~ )
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One of the reactions that could occur at the carbon/electrolyte interface is indirectly
related to Al** cations. Namely, in AI(NOs)s aqueous solution, Al** ion form the complex
(equilibrium reaction) described by Equation (6) [48]:

[AL(H;0)6]** + H0 © [Al(H,0)s(OH)]** + [H — H,0]'* (6)

During complex formation, a donation of protons (by the hydration shell) to another
water molecule of the solvent occurs. The formed protons can also take a part in pesu-
docapacitance reaction and contribute to the total capacitance.

The larger potential window obtained for AI(NOs)s and Mg(NOs)2 could be at-
tributed to the electroreduction of water, i.e., hydrogen evolution at negative potentials.
On the electroreduction of water, the pH of the electrolyte solution has the greatest im-
pact. Moreover, 1 M HxS50x4 is strong acid with a pH<1, while the pH of AI(NOs)s and
Mg(NOs)2 are higher (~2 and ~5, respectively). As the pH increases for the electrolyte
solution, the electrochemical stability of the water also increases, consequently leading to
an increase in the operating potential window. Additionally, free water fraction is one of
the dominant factors affecting the stability of the electrolyte [49]. If we calculate ratios of
H2504/H20, AI(NO3)3/H20 and Mg(NOs)2/H20 (by the weight) for the preparation of 1 M
electrolytes, it flows into the next order as: AI(NOs)s/H20 > Mg(NOs)2/H20 > H2504/H20.
The calculated ratios imply that dissolved salts have lower amounts of free water com-
pared with H250a. In the Al** and Mg?* electrolytes, more water molecules are included in
the formation of the ion solvation shell and less free water could be found in these elec-
trolytes compared with H2SOs [49,50]. A lower fraction of free water suppresses hydro-
gen evolution and reduces the electrochemical activity of water. The larger potential
window for Mg(NOs), besides lowering the amount of free water compared with
Al(NO:s)s, could be explained by the higher pH value.

This can be confirmed by the shape of the CV curves obtained with the negative
scan. CV shape could indicate that hydrogen deposition on the carbon electrode is partly
involved in the capacitance contribution. The slope (evaluated from CV curves obtained
in the negative scan) was higher for H2SOs (3.46 A-V-g™), followed by multivalent-ion
electrolyte AI(NOs)s (1.7 A-V-g™) and Mg(NOs)2 (0.88 A-V-g™). In H250Os media, H3O* is an
easily available proton source following the reaction H;0* + e~ — H + H,0, as well as
the Faradaic reaction, which, according to this process, proceeds at negative potential
values [51]. This is in a good agreement with the assumption that in the pseudocapacitive
reaction, electrolyte cations are mostly involved.

On the other hand, the hydrogen deposition in the multivalent-ions electrolyte is
almost negligible; furthermore, the values of the slopes are lower when compared with
HS0s. This indicates that less hydrogen is stored within carbon pores, the number of
available water molecules is lower and, therefore, hydrogen generation is reduced [26].

Electrochemical impedance spectroscopy (EIS), evaluated at 0.2 V versus SCE, was
used to investigate the kinetics of the charge-storage process. As can be seen from the
Nyquist diagram (Figure 9a), the overall resistance increases in the order: H250,
Al(NOs)s and Mg(NOs)2. Furthermore, charge-transfer resistance was obviously lower for
multivalent-ion electrolytes compared with the conventional H2SOs. In addition, the
Bode’s plot (Figure 9b) showed deviation from -90° (therefore deviation from the ideal
capacitive behavior). The highest phase angle was obtained for Mg(NOs)2 and Al(NOs)3
(=74° and -71°, respectively) compared with acidic electrolytes (-66°). Phase angle fol-
lows the trend of the pH of electrolyte solutions. Phase angle decreases with the de-
creasing pH of the electrolytes.
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Figure 9. Impedance diagram in all investigated electrolytes: (a) Nyquist plot, (b) Bode plot (rec-
orded at 0.2 V vs. SCE) and complex capacitance analysis, (¢) Crea vs. frequency plot and (d) Cim vs.
frequency plot.

A complex capacitance analysis, namely the real (Crear) and imaginary parts (Cim) of
capacitance, are shown in Figure 9c,d. The trend of the capacitance change in the
low-frequency region (102 Hz) corresponds to the trend obtained by the cyclic voltam-
metry. As the frequency increases, the real capacitance value decreases as a consequence
of the impossibility of ion penetration into pores at high-frequency values. The real ca-
pacitance value in the low-frequency region (from 0.1 Hz to 1 Hz) is higher when com-
pared with multivalent-ion electrolytes in the same frequency region. This kind of be-
havior was expected since the EIS was performed at positive potential (0.2 V). At positive
potential, negative ions penetrate into material pores. Since the hydrated radius of SOs*-
is lower compared with the nitrate anions, the ability to penetrate into smaller pores at
higher frequencies is better. Therefore, the capacitance is higher in the mentioned fre-
quency range compared with the electrolytes containing nitrate ions. The overlapping
curves obtained for Mg(NOs)2 and AI(NO:s)s in this frequency region could support the
mentioned assumption.

The relaxation time (1) is calculated as a reciprocal value of fo. The presence of the
maximum in the plot of Cim vs. f (Figure 9d) corresponds to fo. At this point, resistive and
capacitive impedances are equal, and relaxation time represents the point between ca-
pacitive and resistive behavior. H25O4, AI(NOs)s and Mg(NOs)2 showed fo values of 0.636
Hz, 0.063 Hz and 0.041 Hz, respectively. The obtained fovalues correspond to t of 1.57 s,
15.9 s and 24.4 s for H2SOs, AI(NOs)s and Mg(NOs)2, respectively. The relaxation time
values increase as the pH value of the electrolytes increase.
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GCD (in two-electrode configuration) was performed in 1M Al(NOs)s since the in-
vestigated electrode showed enhanced capacitance performances in an aluminum elec-
trolyte. GCD was performed using different current densities (Figure 10a). As the current
density increases, the specific capacitance decreases. At the same current density (0.1 A
g™1), other carbon materials prepared by more complex synthesis procedures showed
shorter discharge times (as well lower potential ranges than 1.3 V) compared with Carbw
[52]. Figure 10b shows good capacitance retention after 700 cycles of charge/discharge.
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Figure 10. (a) GCD curves at different current densities in 1M Al(NOs)s, (b) stability of electrode
material (recorded at 5 A g™') and (c) Ragone plot.

Figure 10c shows the Ragone plot of the investigated material in the 1M Al(NOs)3
electrolyte. The energy density and power density were calculated according to the
formulas reported in Ref. [53], based on the mass of the electrode material in the single
electrode. The investigated material delivered an energy density of 22.3 Wh kg at a low
power density of 65 W kg-1. On the other hand, at a power density of 650 W kg, the en-
ergy density was 14.4 Wh kg-1. Furthermore, if we compare the results with the literature
data, for an example, with biomass-derived carbon (with 12.38 Wh kg at 99.72 W kg)
[54] or activated carbon derived from ethylenediamine tetraacetic acid (with 17.01 Wh
kg at 350 W kg™) [55], it can be concluded that the Carbw showed comparable results in
terms of energy and power density.

4. Conclusions

This study presents an investigation of the application of deep eutectic solvent (DES)
(MgCl2:6H20—[Ch]Cl) for carbon materials synthesis. Our characterization of synthe-
sized carbon materials using N2 physisorption and XRD analysis revealed differences
between unwashed (Carbunw) and washed (Carbw) carbon materials. XRD analysis
showed the presence of magnesium oxide on the Carbunw material, while the presence of
MgO was not detected on Carbw. The specific surface area was found to increase upon
washing the material. This difference in specific surface area is the consequence of the
decomposition of [Ch][C]] and the generation of magnesium oxide during the carboni-
zation processes. Generated MgO whiskers act as obstacles, blocking the pores of the
carbon material. MgO removal from the carbon surface with acidic treatment leads to
pores formation and specific surface area increases. These results indicate that during the
carbonization process, in situ-generated magnesium oxide serves as a hard-templating
agent.

Carbw was further tested as an electrode material in electrolytes containing multi-
valent ions and compared with a conventional H2504 electrolyte. For all investigated
electrolytes, the potential window increases in the following order: 1M H2504(1 V), 1M
Al(NOs)s (1.3 V) and 1M Mg(NOs)2 (1.6 V). The specific capacitance, calculated at 5 mV
s7, is found to be higher in AI(NOs)s (141 F g') than in H2SOs (112 F g™') and Mg(NOs)2 (96
F g). Larger potential windows obtained in multivalent-ions electrolytes can be at-
tributed to the lower fraction of free water. A lower fraction of free water was found to
suppress the hydrogen evolution and reduce its electrochemical activity compared with
H2S0.. It was established that Carbw showed the best charge-storage behavior in Al
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ions-based electrolytes and delivered an energy density of 22.3 Wh kg at a low power
density of 65 W kg and 14.4 at 650 W kg

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries8120284/s1, Figure S1: Pore size distribution curves
for (a) Carbunw mesopores, (b) Carbw mesopores and (c) Carbw micropores; Figure S2: CV curves of
carbon electrode in all investigated electrolytes at different scan rates; Figure S3: Capacitance re-
tention.
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