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Abstract: The introduction of pillared agents or dopants to the graphene used as the electroactive
material in supercapacitor electrodes can be an efficient way to facilitate ion transfer, mitigate re-
stacking, and improve electrochemical performance. We evaluated the effect of different precursors
containing nitrogen (N) and sulfur (S) atoms to dope graphene flake (GF) lattices. The electrochemical
performance of the doped GF was assessed in 1 M KOH and 1 M Na,SOy electrolytes. N- and S-
doped GF flakes were synthesized via mechanochemical synthesis, also known as ball milling. After
being ground, the materials were calcined under N,. The physicochemical characterization of the
materials evidenced the co-doping of both S and N into the graphene backbone, as corroborated by
the results of Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and transmission electron microscopy (TEM). As shown by the results, the nature of the precursors
influences the ratio of S and N in the doped graphene flakes and, consequently, the response of the
electroactive electrode material. The co-doping obtained using 4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole revealed a specific capacitance of 48 F.g~! at 1.0 A-g~! and over 90% capacitance
retention after 10,000 cycles at 10.0 A-g~! in NaySOy.

Keywords: nitrogen/sulfur-doped graphene; ball milling; electrodes; supercapacitor

1. Introduction

The growing demand for renewable energy and sustainable energy management
solutions is increasing the interest in energy harvesting with electrical energy storage
systems (EESs) using, for example, batteries and supercapacitors [1]. Over the past years,
supercapacitors, or electric double-layer capacitors (EDLCs), have been intensively studied
as EESs for peak-power applications because of their characteristic features, namely long
cycle life, high stability under cycling, and remarkable power density [2,3]. The applications
of supercapacitor devices are increasing, one of which is related to current supercapacitors
displaying very low energy density, which limits their applicability in certain situations [4].
As consequence, there is increasing interest in developing novel electrode compositions to
expand the execution of carbon-based electrodes for supercapacitors.

Doped-carbon-based materials, with large active surface areas, have the potential for
reaching higher energy densities at high power with stable cycling performance [5]. Amid
the carbonaceous materials commonly utilized in EDLCs, for instance, activated carbon [6],
carbon fibers [7], or carbon nanotubes [8], graphene has attracted immense interest over
the past years. Being a 2D material, graphene shows remarkable electrical conductivity,
competitive specific capacitance, as well as large specific surface area (SSA) [9,10]. However,
pure graphene still shows modest specific capacitance and, therefore, low energy density.
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A strategy to improve the electrochemical performance of graphene involves modification
through the insertion of components via heteroatom doping [11]. The literature shows
that doping is a promising strategy to enhance chemical reactivity and electron transfer
kinetics [12]. The insertion of functional groups onto graphene’s surface increases elec-
troconductivity and surface wettability, and provides other benefits [13]. For example,
2,5-dimercapto-1,3,4-thiadiazole (DMTD) prevents graphene from stacking due to the re-
sulting ring planar molecule with N, S that establishes covalent bonds with C [14]. Urea
is another typical organic compound that participates in the loading of heteroatoms onto
carbon lattices, bettering its functionalities by modifying the electronic features of carbon
and changing the fermi level to the conduction band [15]. Other chemical compounds
that include N and S heteroatoms in their structure are also emerging for constructing
dual-doped graphene displaying functional groups. Likewise, those compounds contribute
to simpler doping methods [16]. 1,3,5-triazine-2,4,6-trithiol (trithiocyanuric acid) is another
compound that has been used to modify graphene oxide (GO) for electrochemical applica-
tions [17]. This compound is very reactive and possesses a symmetric structure containing
reactive elements, i.e., three N and three S atoms [17]. Sulfur (100 pm, atomic radius) and
nitrogen (70 pm) atoms can interact with the graphene lattice (C, 65 pm), contributing to
modifying the properties of the original material.

Other elements, such as boron (B) and phosphorus (P), can also be introduced as
dopants producing functional groups during the synthesis of graphene without losing
the specific surface area (SSA) and acting as faradaic sites, subsequently favoring reac-
tions [18,19]. These dopants, which can either be molecular structures or individual atoms,
can also replace or create covalent bonds with carbon (C) atoms [20]. However, nitrogen
is commonly used in carbon-based structures to enhance the electrode/electrolyte inter-
actions. Nitrogen has electrons in its valence shell, resulting in an atom size equivalent
to that of carbon, thus facilitating C-N bonding [20]. Moreover, N groups can introduce
pseudocapacitive properties into graphene frameworks, contributing to higher electronic
conductivity and better wettability of the electrode surface [21]. As a consequence, elec-
trodes made using N-doped carbons display increased energy density owing to enhanced
mass transfer and a pseudocapacitive contribution to ameliorating the issues experienced
with electrode materials [22,23].

The presence of both N and S may create a synergistic contribution that enhances the
electrochemical response of doped graphene electrodes due to the combined electronega-
tivity of N (3.04) and S (2.55) [18]. Investigations proved that the adsorption of multiple
heteroatoms can improve the electron transfer of graphene [24]. It was reported that sulfur
(S) can contribute to maintaining the spacing between graphene layers while favoring the
reaction kinetics [25]. Additionally, sulfur can introduce additional active sites into the
graphene surface, facilitating electrode—electrolyte interactions. It also enhances electrocon-
ductivity [26] through sulfur-thiophene-like and sulfone arrangements [27]. Interestingly,
nitrogen functionalities bring three different types of bonds to the S/N-doped graphene
backbone. One of them, pyridine N (sp? hybridization) greatly improves the ion attraction,
forming two bonds with C and one with O on graphene edges or defects. Another one,
pyrrolic N (sp® hybridization) upgrades the wettability of the material in an aqueous elec-
trolyte. The third one, graphitic N or (quaternary N), sp? hybridization, facilitates electron
transfer and holds the capacitance stability at higher current densities [27,28].

Chen et al. [29] studied EMIMBF, ionic liquid electrolytes, finding that graphene
doping by hydrazine and sulfur introduces different N functionalities and S groups that
enhance electronic conductivity. Another study by Fujisawa et al. [30] involved dual-doped
graphene oxide in a rich boron (B) environment and nitrogen plasma. The study was carried
out in alkaline (6 M KOH) and acidic (1 M H,SOy) electrolytes; the maximum specific
gravimetric capacitance was 29.6 and 29.7 F-g~1, respectively. Some methods adopted for
doping heteroatoms on carbon-based material use multiple steps, for example, mechanical
induced sol-gel, carbonization, activation, and pyrolysis methods [15,19]. Despite the
various studies conducted in different electrolytes, the outcome of dual doping with N
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and S atoms has not been well detailed; in particular, the role of the original S and N
precursors on the final response of electrode materials has rarely been discussed. Looking
at the literature, the selection of precursors and respective molecular structures has not
been guided by systematic studies that describe the rationale of selecting the precursor.
The electrochemical performance of S and N precursors on the electrochemical response of
electrode materials in aqueous electrolytes has rarely been explored in alkaline and neutral
solutions, such as in KOH and Na;SOy. These electrolytes are cheap and ecofriendly, have
attractive conductivity, and enhance the charge storage capability [31]. This study sheds
new light to the role of the N and S precursors on the final performance of double doping
onto graphene backbone. The process was achieved by mechanochemical synthesis, also
known as ball milling which is a simple, clean, and efficient synthesis route. This is a
top-down process that shears larger particles into thin layers using the impact and frictional
forces promoted by the spheres. The balls impact the graphene nanosheets, preventing
them from stacking, while the Van der Waals forces of the graphene layers are shattered,
allowing the impregnation of the heteroatoms as raw materials at the broken edges of
the graphene lattice [32,33]. Dopants are introduced by the formation of hydrogen bonds,
promoting several points of interactions with the graphene surface [34]. Throughout this
method, more active sites emerge, and the active surface area of the bare graphene is
enlarged [35]. Recently, ball milling has been considered for the synthesis of graphene
because it is simple and economical, uses nontoxic and gentle solvents, and is very efficient
in the exfoliation of graphene compared with several other methods of synthesis [36].
Moreover, mechanochemical synthesis allows the testing different types and concentrations
of precursors of dopant atoms and is an innovative and clean synthesis route [37].

In the present work, we explored the effect of different precursors containing N and S
elements for the first time to create different functional graphene supercapacitor electrodes.
The electrochemical measurements of the resulting materials were evaluated in 1 M NaySOy4
and 1 M KOH electrolytes.

2. Materials and Methods

Commercial graphene flakes (GFs; Graphene Technologies, Novato, CA, USA, Lot
GTX-7/6—10.4.13), 1,3,5-triazine-2,4,6-trithiol (Trithiocyanuric acid, S3N3, Sigma-Aldrich,
Algés, Portugal), 2-5-dimercapto-1,3,4-thiadiazole (S3N;, Sigma-Aldrich, Algés, Portugal),
and 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (SN¢, Sigma-Aldrich, Algés, Portugal)
were used as received for materials’ preparation.

The mechanosynthesis of different precursors (S, N-doped graphene flake) was carried
out using an MM200 Retsch mixer mill (Retsch GMBH, Haan, Germany), without solvents.
The milling was performed in a zirconium oxide grinding vessel (25 mL) using balls (2 mm
each ball, ~100 balls made of the same material).

S, N-doped graphene flakes were synthesized by mixing GFs (400 mg) with the
suitable precursor (SNg, S3N3, or S3N») in the desired proportion (25:75) to obtain crushed,
exfoliated, and thin nanosheets, as depicted in Table 1, which we milled for 5 h at a constant
vibrational frequency (15 Hz) to achieve the effective ratio of dopants incorporated in the
graphene network. After ball milling, the material was subjected to heat treatment at 800 °C
under an inert atmosphere (Ny) for 1 h to attain the beneficial nitrogen functionalities [38,39].
The resulting materials were labeled SNg_GF, S3N3_GF, and S3N,_GF [40], which were
used as electrode materials.

Table 1. Description of the different precursor materials used in this work.

Material Precursor
SNg_GF 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (C;HgNgS)
S3N5;_GF 1,3,5-triazine-2,4,6-trithiol (C3H3N3S3)

S3N,_GF 2-5-dimercapto-1,3,4-thiadiazole (Co,H;N3Ss3)
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Raman spectra were obtained on a Jobin Yvon HR800 apparatus (Horiba, Japan) at
532 nm; X-ray photoelectron spectroscopy (XPS) studies were carried out using a VG
Scientific ESCALAB 200A apparatus. The nanostructure of S, N-doped graphene flakes was
studied by high-resolution transmission electronic microscopy (TEM; Hitachi, HD-2700).
More details on the physicochemical studies are reported elsewhere [41].

Electrodes composed of the materials described in Table 1 were prepared by using
slurries with a mass ratio of 80:15:5, corresponding to active material varying between 1.6 g
and 1.7 g, commercial conductive carbon, and polyvinylidene fluoride (PVDF), respectively.
All the constituents of the slurry were dissolved in N-methyl-2-pyrrolidone (NMP). The
final slurry was applied onto conductive carbon paper (Toray, Alfa Aesar, Haverhill, MA,
USA) that worked as current collector and was dried at 50 °C for 24 h in an electric oven.

A Gamry Interface 1000 was employed for the electrochemical assessments that were
performed in 1 M NapSO,4 and 1 M KOH electrolytes. A conventional electrochemical cell
using three electrodes was adopted. The coated carbon was the working electrode, platinum
foil (2.5 cm x 2.5 cm) served as the counter electrode, and a saturated calomel electrode
(SCE) was adopted as reference. Cyclic voltammetry (CV) tests were performed at scan rates
varying from 10 mV-s~! to 400 mV-s~!. Charge-discharge (GCD) curves were obtained in
galvanostatic mode, and the applied current densities ranged from 0.4 to 10 A-g~ 1.

Equation (1) was used to calculate the gravimetric capacitance Cs (F- g_l) [3]:

i At
= 1
C = Ay @

where i is the current applied to the working electrode (A), At is the duration of discharge
(s), m is the mass of the electroactive material (g), and AV is the potential window (V). The
coulombic efficiency # was obtained using Equation (2) [42]:

£
n == %100 )
te
where t; and t. are, respectively, the durations (s) of discharge and charge.

The energy (E;) and power (P;) densities of a symmetric cell assembled with the
prepared electrodes were computed using Equations (3) and (4), respectively [43]:

1
Eq = 5 * Cean * AV? ®)
P = @
tq

where C is the cell-specific capacitance, AV is the cell working potential window, and ¢, is the
discharge time assessed at each current density from the galvanostatic charge-discharge tests.

Cycling stability was determined under 10 A-g~! for 10,000 cycles in an uninterrupted
galvanostatic charge-discharge test in the full potential window.

Electrochemical impedance spectroscopy (EIS) was also used to extract additional
information about the electrochemical response of the dual-doped graphene material. The
root mean square perturbation had an amplitude of 10 mV, and the spectra were taken in a
frequency range of 0.01 to 10° Hz.

3. Results and Discussion
3.1. Physico-Chemical Results

The TEM images (Figure 1) indicate the morphology for SsN3;_GF (a, b), while those
for the other nanocomposites were reported in a previous work [40] and therefore are not
repeated here. According to the micrographs, for the S3N3_GF precursor, we inferred that
the materials were composed of wrinkled graphene sheets. Similar results were previously
reported for other S, N-doped materials [40,41].
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Figure 1. Representative TEM micrographs of S3N3_GF (a,b).

The results obtained by Raman spectroscopy for the different precursors are depicted
in Figure 2. All the spectra evidence the presence of the D, G, and 2D bands at 1342, 1564,
and ~2680 cm ™!, respectively. The G band is related to the sp? configuration of carbon, and
the D band is due to the existing defects in the graphene lattice [44]. The use of different
N, S-containing compounds did not seem to affect the results of the different precursors,
as all bands had the same positions and similar D/G intensity ratios, with values ranging
between 0.51 and 0.56.

— SN,@GF |
-~ SN@GF ! .
——SN@GF | :

Intensity / a.u.

T T T T T T T T T " T
500 1000 1500 2000 2500 3000
Raman shift/ cm ™"

Figure 2. Raman spectra of S3N3_GF (black), SsN,_GF (green), and SNg_GF (blue).

The surface composition of all doped materials was studied by XPS, and the atomic
percentages of the elements are displayed in Tables 2 and 3. O 1s photoionization is associ-
ated with the intrinsic concentration of oxygen functional groups such as C—O (phenol,
epoxy, and hydroxyl), C=O (ketones, quinones, and aldehydes), and O—C=0 (carboxylic
acids and esters) that, according to the literature, can be present in bare graphene [39,45].
Farivar et al. [46] found an atomic concentration of 2.4% for graphene, while Limani et al.
observed a concentration of approximately 4.1% [47]. The S 2p content was always lower
than the N 1s content for all the materials tested. Yang et al. [48] claimed that the concen-
tration of S is generally lower than that of N, even when the materials are subjected to
high temperatures of around 500-900 °C, a route usually used to enhance thiophene-like
doping onto graphene materials. However, it is likely that the low contents of sulfur in the
graphene network were influenced by the high calcination temperature, which can partially
remove sulfur particles [49]. Wu et al. [50] reported similar ratios of N and S and changes in
S content at higher proportions of methionine (the precursor material). Relative Regarding
oxygen, the highest content in the SNg material could be associated with the stability of O,
on the preferential position in the N-quaternary structure among other nitrogen sites onto
the graphene lattice [51].
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Table 2. XPS atomic percentages for all prepared materials.

Atomic Percentage 2 Atomic Ratio
Sample Cls O1s Ni1s S2 Ni§ NS N 5 N
P ¢ T c c s
S3N3_GF 96.7 1.8 12 0.3 1.55 1.55 1.24 0.31 4
S3N,_GF 97.4 1.1 1.3 0.2 1.54 1.54 1.33 0.21 6.5
SN¢_GF 93.9 32 2.6 0.3 3.08 3.08 2.77 0.31 8.7
2 Values were calculated form the areas of the fitted peaks in the respective photoionization.
Table 3. Relative atomic percentages of nitrogen in the N1s photoionization.
% N
Material 398.1-398.6 eV 399.3-400.1 eV 400.4-402.2 eV
(Pyridinic N) (Pyrrolic N) (Quaternary N)
S3N3_GF (25:75) 67.3 25.8 6.9
S3N,_GF (25:75) 63.6 23.1 13.3
SNg_GF (25:75) 59.8 22.6 17.6

The C photoionizations (Figure 3a—c) were deconvoluted into seven peaks: the most
intense one was observed at 284.6 eV and correlated to sp?> C, which is typical of graphene
structures; the peak at 285.2 eV corresponded to the sp® C hybridization; the peak at 285.9 eV
could be ascribed to C-N; the one at 286.9 eV to the C in C-O-C; the peak at 288.2 eV likely
resulted from the presence of C=0; at 289.3 eV, there was a possible contribution from
O-C=0. At higher binding energies, 291.0 eV, there was a contribution assigned to 7 — 7*
transitions. Moreover, there was also participation of the C-S moieties; however, the
binding energies in the 285.2-287 eV range were overlapped by the peaks at 285.2, 285.9,
and 286.9 eV, implying the accuracy of the deconvolution [52].

The O 1s high-resolution photoionization of all S, N-doped materials (Figure 3d—f)
was fitted with two peaks: one at ~531.5 eV, correlated with O in two groups, i.e., C=O
and COOH; and the other at ~533.1 eV, belonging to oxygen in C-OH groups [48]. The
N 1s photoionization (Figure 3g—i) was linked to the following peaks: at 398.1-398.6 eV,
attributed to pyridinic-N; at 399.3—400.1 eV, assigned to pyrrolic-N (both peaks possessed
a m-conjugated configuration and a pair of p electrons); at 400.4-402.2 eV, attributed to
graphitic N. In this case, N atoms behaved as substitutes for C atoms [53,54]. Table 3 shows
the relative atomic percentages of the different nitrogen contributions. The corresponding
amount of N functionalities increased in the following manner: quaternary N < pyrrolic
N < pyridinic N. Additionally, the amounts of pyridinic and pyrrolic N decreased in the
sequence of S3N3, S3Ny, and SNg, while the quaternary N increased (6.9% to 17.6%). In
general, high temperatures can decrease the concentration of dopant atoms. However, the
current findings showed that graphitic species were enhanced at 800 °C during the calcina-
tion and permitted the formation of thermostable graphitic and pyridinic N structures [55],
as displayed in Table 3. This suggests that higher N:S ratios in the precursor favor the
development of substitutional N functionalities in doped graphene materials.

S 2p photoionization is depicted in Figure 3j-1. The spectra for the S, N-doped presented
peaks at ~164.0 eV (2p3,,) and 165.1 eV (2p; /»), ascribed to C-5-C covalent bonds; and peaks
at ~2165.5 eV (2p3,,) and 166.6 eV (2p1 /»), belonging to C-SH; and two others in the ranges of
167.6-168.1 eV and 169.2-170.4 eV, related to sulfur oxidation (-C-SOx-C, x = 2, 3).
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Figure 3. Deconvolutions of: (a—c) C1s photoionization; (d—f) O1s photoionization; (g-i) N1s pho-
toionization; (j-1) S2p photoionization.

As seen in Table 2, the contents of S and the S/C ratio were nearly independent of the
precursors used. However, the N content significantly increased when SN¢ was used. This
increase was also clear when analyzing the N/C atomic ratios and the N/S atomic ratios,
which more than doubled compared with when SNy was used. This variation suggests

that using N as the doping atom elevates the efficiency of quaternary N contribution in the
precursor (Table 3).
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3.2. Electrochemical Results

The electrochemical response of the electroactive materials was evaluated in 1 M
NaySO4 and 1 M KOH. The specific capacitance values obtained for the different elec-
trodes are depicted in Tables 4 and 5, respectively; a comparison of their electrochemical
performance is shown in Figures 4 and 5, respectively.

Table 4. Summary of specific capacitance values obtained for the different co-doped materials
prepared in this study at different applied specific currents in 1 M NaySOy.

Material/Applied at Specific Specific Capacitance (F-g—')

Current Density (A-g—1) 1 2 4 6 8 10
SNg_GF 48.4 46.9 455 445 43.8 42.8
S3N,_GF 419 40.9 39.2 37.8 36.5 35.3
S3N3_GF 23.6 23.2 22.7 22.3 21.8 21.3

Table 5. Summary of specific capacitance values obtained for the different co-doped materials
prepared in this study at different applied specific currents in 1 M KOH.

Material/Applied at Specific Specific Capacitance (F-g~")
Current Density (A-g~1) 1 2 4 6 8 10
SN¢_ GF 214 20.1 18.5 16.9 154 144
S3N,_GF 13.8 12.8 10.9 9.3 7.1 44
S3N3_GF 18.3 17.4 15.6 14.1 119 9.7

Figure 4a illustrates the cyclic voltammetry (CV) plots at a scan rate of 50 mV-s~! in
1 M NaySOy, and Figure 5a shows the voltammograms obtained in 1 M KOH. The quasirect-
angular shapes obtained in both electrolytes indicated an almost ideal and highly reversible
charge storage process, with contributions from the double layer and pseudocapacitance,
because weak redox humps were noticed in the presence of the heteroatom groups [56,57].
Additionally, for both electrolytes, the area under the CV for SN¢_ GF (25:75) was larger
than for the other co-doped materials and presented a larger potential window, ranging
from —0.10 to 1.0 V in 1 M NaySO4 and —0.15 to 0.4 V in 1 M KOH. Considering the
charge-discharge results obtained for 1 A-g~! in 1 M Na,SOj (Figure 4b), the capacitance
of the different materials reached a maximum of 48 F-g~1, 41.9 F-g~1, and 25.74 F-g!
for SNg_GF, S3sN,_GF, and S3N3;_GF, respectively. This shows that the precursor has an
important role in electrode capacitance, which is enhanced in the presence of an increased
N/S ratio with a larger contribution of quaternary nitrogen groups. In 1 M KOH (Figure 5b
and Table 5), the specific capacitance of the materials was inferior in comparison with that
of the neutral aqueous electrolyte: 21.4 F-g~! for SNg_GF, and 13.8 F-g~! and 18.3 F-g~!
for S3N,_GF and S3Nj3_GF, respectively. All materials presented a coulombic efficiency (1)
of ca. 100% in both electrolytes. It is worth noting that in addition to the higher specific
capacitance in the neutral electrolyte, the potential window was also significantly extended
compared with that of the alkaline electrolyte, even though the ionic conductivity of Na*
ion (50.1 S cm? mol~!) is inferior to that of K* (73.5 S cm? mol~'). However, the electro-
chemical performance, namely, specific capacitance, rate capability, and cycling, are not
affected by the ionic conductivity of ions: other parameters also play a vital role, such as
the concentration, the size of the solvated ions, and pH conditions [58,59]. The performance
of carbon-based electrodes is also affected by the morphologies and porous architectures
of the material and the surface areas that expose more active sites for ion adsorption, as
well as by the interaction between the surface functionalities of the electrode material and
the nature of the electrolyte [15,59]. Tao et al. [60] also reported higher potential windows
for N-doped graphene material in neutral sulfate-based electrolytes (2M MgSQOy (1.8 V),
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4M MnSOy (1.9 V), 1.3M CoSOy4 (1.5 V), 1.7ZM NiSOy (1.5 V), and 1 M Aly(SO4)3 (1.5 V).
As reported by these authors, SO4 2 inorganic anions have a solvation energy of around
108 kJ mol~! per SO, ~2-H,0 bonding unit, which represents more energy to break the
sulfate-and-water interactions, permitting safe operation in an extended potential range
without compromising the electrochemical performance via water decomposition. The
cation sizes in KOH (K*, 1.33 A) and Na,SO, (Na*, 0.95 A) may also contribute to the
differences in specific capacitance. Quicker ion transportation is assisted by well-matched
electrode pore size and ion size, which permit the facile access of the ions to the electrode
surface [61]. Therefore, the electrochemical efficiency of doped graphene in 1 M Na,SOy4
electrolyte might be influenced by the smaller size of Na*.
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Figure 4. Electrochemical results for different dopants and different dopant ratios in 1 M NaySOy4
electrolyte, for SNg_GF (25:75), S3N,_GF (25:75), and S3N3_GF (25:75): (a) cyclic voltammetry
at 50 mV-s~1; (b) discharge curves at 1.0 A-g~1; (c) specific capacitance at specific current from
0.4 A-g~!t010.0 A-g~1; and capacitance retention after 10,000 cycles of continuous charge-discharge
at 10.0 A~g*1 for (d) SNg_GF (25:75), (e) S3N,_GF (25:75) and (f) S3N3_GF (25:75).
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Figure 5. Electrochemical results for different dopants and different dopant ratios in 1 M KOH
electrolyte for SN¢_ GF (25:75), S3N,_GF (25:75), and S3N3_GF (25:75): (a) cyclic voltammetry at
50 mV-s~1; (b) discharge curves at 1.0 A-g~; (c) specific capacitance at different applied specific
current from 0.4 A~g*1 to 10.0 A-g*1 ; and capacitance retention after 10,000 cycles of charge—discharge
at10.0 A-g*1 for (d) SNg_GF (25:75), (e) S3N,_GF (25:75), and (f) S3N3_GF (25:75).

As depicted in Figures 4c and 5c, the specific capacitance linearly decreased with the
applied specific currents; larger currents promote faster reactions, hampering diffusion-
controlled processes [57], which may affect the double-layer formation. Adding an appro-
priate content of dopants into graphene contributes to increasing the specific capacitance,
due to the enhanced double layer and additional pseudocapacitance performance [62].
Figure 4c evidences the rate capabilities above 80% for all the electrode materials; S3N3
showed the highest rate capability (88%) in neutral media. In KOH electrolytes, the rate
capability was more sensitive to the type of electrode, with S3N, displaying the poorest
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rate. Both S3N3 and SNg display similar values that, however, were significantly below
those observed in neutral media. Moreover, these results agree with those previously
reported in literature. For example, Xing et al. [63] studied N,S co-doped graphene using
thiocarbohydrazide (SNy) as the dopant in 6M KOH. The electrochemical measurements
revealed a rate capability of 59.4% to a maximum of 72.3% at 10 A-g~1.

The capacitance retention of all the electrode materials was determined after 10,000 cy-
cles of successive charge-discharge cycles at 10 A-g~! (Figures 4d—f and 5d-f). In neutral me-
dia, all materials retained above 90% of their initial capacitance: SNg_GF (95.8%), S3N»_GF
(98.2%), and S3N3_GF (99.4%). Conversely, in 1 M KOH (Figure 5f), only S3N3_GF pre-
sented a higher capacitance retention of around 93.5%, against 73.3% and 52.2% for SNg_ GF
and S3N,_GEF, respectively. As stated above, the S3N3 precursor 1,3,5-triazine-2,4,6-trithiol
has a relative atomic percentage (67.3%) of pyridinic N that is more pronounced than that
of other dopants, as depicted in Table 3; this might positively affect the stability of the
electrode. This advantage was observed by Balaji et al. [58], who reported that pyridinic
N permits enhanced interactions with electrolyte ions. Thus, the higher concentration of
pyrrolic N (25.8%) in S3N3 compared with that in the other materials contributed to the
increased electrochemical stability of the material. The excellent cyclability performance
of the doped materials in neutral media could be also associated with the pore structure,
good electrode—electrolyte interactions, and the double-layer nature of the charge—storage
mechanism [64]. As seen in Table 2, higher atomic percentages of the dopants (-S plus -N)
were measured for SNg_GF, which revealed the highest capacitance and overall excellent
electrochemical stability in 1 M NaySOj. This was probably due to the more stable atomic
bonds enhancing the charge-transfer rate [65]. In KOH, the material seemed more prone to
fading during current and cycling, leading to poorer electrochemical stability.

The results discussed above indicate that the N,S-doped GF (SNg_GF), obtained from
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole in a 25:75 ratio yielded the most interesting
results in 1 M NaySOy (Table 4), likely caused by the efficient interconnection of N and
S functional groups with the C atoms of bare graphene [66]. The literature shows that
doping generally enhances the electrochemical activity and electron transfer kinetics [12],
without compromising the power density or long-term cyclability [67]. However, there is
no extensive literature on the influence of the precursor on the electrochemical reaction of
the electrodes [68]. The results also evidence that the original precursor composition has
an important role in both electrode specific capacitance and stability. As seen in Table 2,
SNp introduces a higher content of N as a dopant, contributing to an increase in the specific
capacitance. The electronegativity derived from nitrogen produces dipoles on the surface of
the electrode that may facilitate the access of charged species to the material surface [55,56].
The elevated atomic ratio of oxygen content was also stimulated by mechanosynthesis,
as observed with SN¢_ GF inducing superior specific capacitance among the considered
materials. Moreover, a high oxygen content benefits the wettability and mobility of ions to
access the pores [69].

A more detailed electrochemical analysis of SNg_GF (25:75) in 1 M NaySOy is shown in
Figure 6 in the —0.1 V to 1.0 V vs. SCE potential range. Identical information for S3N3_GF
(25:75) and S3N,_GF (25:75) can be found in Figures S1 and S2, respectively. For the SNg
electrode, as the scan rate increased, the curves (Figure 6a) retained their nearly rectangular
shape even at the highest scan rate of 400 mV-s . This result agrees with those observed by
Quin et al. [66], who investigated co-doping using thiourea and verified quasirectangular
CVs up to 200 mV-s~!. Additionally, the SN electrode showed quasisymmetric triangular
curves (Figure 6b), resulting in high coulombic efficiency [57]. Figure S2 for 1 M NaySOy4
and Figures S3-S5 for 1 M KOH demonstrate that this electrode started to deviate from the
rectangle-like shape at scan rates above 200 mV-s 1.

Further electrochemical information was obtained by assembling a two-electrode
symmetric cell using the best co-doped electrode material, i.e., a SNg_GF//SNg_GF cell.
NaySO4 was used as it provides a wider potential window, in agreement with the litera-
ture [70]. As depicted in Figure 6¢, the CV curves obtained at scan rates from 10 mV-s~! to
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400 mV-s~! showed a quasirectangular shape up to 150 mV-s~! and a potential window be-
tween 0 V to 1.5 V. Moreover, symmetrical triangular shapes in the GCD curves (Figure 6d)
were observed at different current densities from 0.4 A-g~! to 10 A-g~! indicating the capac-
itive response of the cell. The specific capacitance (Figure 6e) of the SNg_GF//SN4_GF at
1.0 A-g~! was 17.4 F-g~1, and the rate capability was 35.6%. Furthermore, the capacitance
retention of the cell was around 66.7% after 10,000 successive charge/discharge cycles at
10 A-g~! (Figure 6f). These results are consistent with a reversible double-layer charge
storage mechanism [71]. Notably, this cell reached a higher potential window of 1.5V,
which is reported for the first time for this precursor. The power density and energy density
values were estimated and are depicted in the Ragone plot in Figure 6g, which reached

717.7 W-kg ! and 498 W-h-kg ! at 1 A-g~, respectively.
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Figure 6. SNg_GF (25:75): (a) cyclic voltammetry at scan rates ranging from 10 mV-s~! to 400 mV-s~ 1.
Potential window from —0.10 V to 1.0 V vs. SCE (1 M NaySOy) electrolytes; (b) galvanostatic
charge—discharge at applied specific currents from 0.4 to 10 A-g~! in 1 M NaySOj electrolytes.
Electrochemical performance of the SNg_GF//SNg_GF symmetric cell in 1 M NaySO; electrolyte:
(c) CV curves at scan rates from 10 mV-s~! to 400 mV-s~1; (d) galvanostatic charge—discharge at
applied specific currents of 0.4 to 10 A-g~!; (e) specific capacitance at applied specific current from
0.4 A-g~!t010.0 A-g~; (f) capacitance retention after 10,000 cycles of continuous charge—discharge
at 10.0 A-g~1; (g) Ragone plots of SNy GF/ /SNy _GF symmetric device.

Electrochemical impedance spectroscopy (EIS) studies were performed in 1 M NaySOy
to further assess the electrochemical response of the S/N co-doped graphene. EIS provides
data about the equivalent series resistance (ESR), which is used to understand a system’s
resistance, including the current collector, electrolyte, and active material [58]. Li et al.
claimed that doping graphene with heteroatoms, namely S and N, may change the layered
structure of a graphene lattice due to the formation of defects arising from replaced carbon
atoms. Moreover, this doping enhances the capacitance and the charge-transfer processes
in the material [59].

The EIS results for the SNg_GF are depicted in Figure 7a-d. The electrodes presented
phase angle values close to —90° and a marked capacitive response in the low-frequency
range, which evidenced the quasi-ideal supercapacitive behavior of this material, as ex-
pected for carbon-based materials. This is a consequence of the enhanced electron transport
that is associated with low series resistance and easier charge transfer. Additionally,
SN GF electrodes showed stable resistance values on cycling (Rs), 2.78 Q2 (cycle 0) and
2.82 Q) (cycle 10,000); the slightly enhanced real capacitance over cycling demonstrated the
high electroconductivity of this material [60]. There was a very minimal reduction in the
phase angle after 10,000 cycles, which could likely be attributed to minimal irreversible oxi-
dation phenomena at the electrode surface [61]. Moreover, the small or depressed semicircle
in the Nyquist plot (Figure 7c) showed a low charge-transfer resistance for SNg_GF, even
after the cycling stability test. This was a consequence of the enhanced electron transport
associated with the low series resistance and easier charge transfer of the materials.
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Figure 7. Electrochemical impedance spectroscopy results for co-doped graphene sample in 1 M
NaySOy electrolyte, SNg_GF (25:75): (a) magnitude Bode plots; (b) Bode plots vs. phase angle;
(c) Nyquist plot; and (d) complex capacitance analysis.

The imaginary capacitance is related to the energy dissipation due to the dielectric
loss of electrolyte ions due to the influence of frequency on either their movement or
rotation. The progress of the imaginary capacitance accounts for a relaxation time (1/f at
the maximum) of approximately 1 s [62,63]. This is the so-called factor of merit, which
is also used to characterize electrode performance. It corresponds to the time necessary
to discharge the electrode with an efficiency above 50% [64,65]. The relaxation time for
SNg_GF was 0.25 s, which is slightly lower in comparison with those of other investigated
co-doped materials. A short relaxation time indicates an elevated ion transport rate between
the electrode and electrolyte interfaces [66]. In Kumar et al. [67], the relaxation time was
0.28 s for multiheteroatom doped graphene: nitrogen, phosphorous, and fluorine (NPFG),
in 6M KOH. Otherwise, in other forms of N-S doped carbons proposed by Zhou et al. [68],
the time constant corresponded to 0.33 s in 1 M KOH, which is comparable to that of the
SNp_ GF electrode, ensuring high electrochemical performance for the 4-amino-3-hydrazino-
5-mercapto-1,2,4-triazole precursor.

4. Conclusions

S,N co-doped graphene electrode materials for electrochemical double-layer capaci-
tors were successfully prepared by ball milling using different S and N precursors. The
concentration of S in the doped graphene was independent of the precursor concentration,
while the amount of nitrogen and the relative concentrations of quaternary, pyridinic, and
pyrrolic N functionalities were dependent on the chemical nature of the precursor. Among
the investigated precursors, SNy (4-amino-3-hydrazino-5-mercapto-1,2,4-triazole) had the
highest content of quaternary N groups, the highest specific capacitance values, and ex-
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cellent stability in neutral electrolytes. The specific capacitance attained was 48 F-g~! at
1.0 A-g~!, and the capacitance retention was above 90% after 10,000 cycles in 1 M NaySOy.
All the tested precursors resulted in electrodes that displayed much better electrochemi-
cal performance in Na;SO,4 than KOH, which induced a more marked performance loss
either in terms of current density or cycling for all the electrodes. In 1 M KOH, the SNg
electrode displayed the highest rate capability (57.6%) and the highest specific capacitance
of 21.4 F-g~1 at 1 A-g~! in comparison with those of the other materials tested in the same
electrolyte. Interestingly, the electrodes prepared using S3N3 (1,3,5-triazine-2,4,6-trithiol) as
the precursor for N and S achieved a higher rate capability (88% of its initial specific capaci-
tance at 10 A-g~!) in 1 M NapSOy and the uppermost capacitance retention at 10 A-g~! in
both electrolytes. Overall, the nature of the N and S precursors had a strong influence on
the electrochemical response of the electrode in different electrolytes.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/batteries9030168/s1. Figure S1. S3N3_GF (25:75): (a) cyclc voltammetry
at different scan rates ranging from 10 mV.s~! to 400 mV.s~!. Potential window from —0.15V to 1.0 V
vs. SCE (1 M NaySOy) electrolytes; (b) galvanostatic charge-discharge at different applied specific
currents from 0.4 to 10 A‘g*1 in 1 M Na;SOy electrolyte; Figure S2. SsN,_GF (25:75): (a) cyclic
voltammetry at different scan rates ranging from 10 mV.s~! to 400 mV.s~!. Potential window from
0.0 Vto 1.0 V vs. SCE in 1 M NaySOy electrolyte; (b) galvanostatic charge—discharge at different
applied specific currents from 0.4 to 10 A.g ™! in 1 M Na,SOy electrolytes; Figure S3. SNg_ GF (25:75):
(a) cyclic voltammetry at different scan rates ranging from 10 mV.s~! to 400 mV.s~!. Potential
window from —0.15V to 0.4 V vs. SCE in 1 M KOH electrolyte; (b) galvanostatic charge-discharge at
different applied specific currents from 0.4 to 10 A.g_1 in 1 M KOH electrolyte; Figure S4. S3N3_GF
(25:75): (a) cyclic voltammetry at different scan rates ranging from 10 mV.s~! to 400 mV.s~!. Potential
window from —0.15 V to 0.4 V vs. SCE in 1 M KOH electrolyte; (b) galvanostatic charge-discharge at
different applied specific currents from 0.4 to 10 A.g~! in 1 M KOH electrolyte; Figure S5. S3N,_GF
(25:75): (a) cyclic voltammetry at different scan rates ranging from 10 mV.s~! to 400 mV.s~!. Potential
window from —0.15V to 0.4 V vs. SCE in 1 M KOH electrolyte; (b) galvanostatic charge-discharge at
different applied specific currents from 0.4 to 10 A.g~! in 1 M KOH electrolyte.
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