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Abstract: The reduction of graphene oxide (GO) by means of thermal and/or chemical treatments
leads to the production of reduced graphene oxide (rGO)—a material with improved electrical
conductivity and considered a viable and low-cost alternative to pure graphene in several applications,
including the production of supercapacitor electrodes. In the present work, GO was prepared by the
oxidation of graphite recycled from spent Li-ion batteries using mixtures of sulfuric and phosphoric
acids (with different H2SO4/H3PO4 ratios), leading to the production of materials with significant
S and P contents. These materials were then thermally reduced, resulting in rGO papers that were
investigated by solid-state 13C and 31P nuclear magnetic resonance, along with other methods. The
electrochemical properties of the produced rGO papers were evaluated, including the recording of
cyclic voltammetry and galvanostatic charge–discharge curves, besides electrochemical impedance
spectroscopy analyses. The samples obtained by thermal reduction at 150 ◦C exhibited good rate
capability at high current density and high capacitance retention after a large number of charge–
discharge cycles. The results evidenced a strong relationship between the electrochemical properties
of the produced materials and their chemical and structural features, especially for the samples
containing both S and P elements. The methods described in this work represent, then, a facile and
low-cost alternative for the production of rGO papers using graphite recycled from spent batteries,
with promising applications as supercapacitor electrodes.

Keywords: graphene oxide; reduced graphene oxide; solid-state NMR; electrochemical properties

1. Introduction

Since 2004, when Novoselov et al. [1] reported a method for obtaining graphene
layers by mechanical exfoliation of graphite, the search for alternative routes to produce
graphene-based materials has grown remarkably. The oxidation of graphite to produce
graphite oxide, first reported almost 160 years ago [2], has attracted considerable interest
as a potential method for the low-cost and mass production of graphene-based materi-
als [3,4]. Graphite oxide has a structure somewhat similar to graphite, but containing
oxygenated functions such as hydroxyls, epoxides, carboxylic acids, ketones, and esters
linked to its basal planes, which allows the intercalation of water molecules between them,
causing a significant increase in the interlayer spacing. As a result, these layers can be
easily exfoliated in water, giving rise to a material made up of single layers (or groups of
a few stacked layers) called graphene oxide (GO) [5,6]. GO can then be reduced to form
sheets similar to graphene by removing oxygenated functions and recovering most of the
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sp2 bonds in the basal planes, leading to the formation of a material known as reduced
graphene oxide (rGO) which exhibits good electrical conductivity and, despite the presence
of structural defects and chemical heterogeneity, can be a viable, low-cost alternative to
pristine graphene in several applications [6]. The reduction of GO can be accomplished
through various approaches, such as chemical reduction with hydrazine [7,8], hydrogen
plasma [9], pulsed laser irradiation [10], gamma ray irradiation [11], and thermal treat-
ments [12,13]. Different reduction methods lead to the production of rGO samples with
different degrees of reduction which may therefore contain some remaining oxygen func-
tionalities, directly affecting the properties and performance of the material depending on
the area in which it is to be applied. Some methods, such as reduction with hydrazine and
thermal treatments, can also be used together to obtain samples of rGO with a minimum
content of oxygenated functions and with maximum restoration of the sp2 layers (and,
consequently, of the electrical conductivity) [7,14]. In cases where there is no need for a
high degree of structural order or excellent electrical conductivity, thermal annealing at low
temperatures (typically 90 to 300 ◦C) represents a simple and low-cost approach for GO
reduction, allowing the obtention of rGO samples with good properties for applications in
gas sensing or electrochemical devices [12,15].

Graphene-based materials obtained by liquid-phase exfoliation, such as GO and rGO,
offer the possibility of changing the chemical and surface properties through the insertion
of heteroatoms and/or functional groups, which can also contribute to many sensing and
electrochemical device applications [16]. For instance, the methods used in most previous
studies for the preparation of P-functionalized GO or rGO-based materials involve reactions
conducted at several steps and using varied phosphorus sources such as phytic acid [17],
diammonium hydrogen phosphate [18], red phosphorus [18], phosphorus trichloride [19],
triphenylphosphine [20] and phosphoric acid [21]. A substantial simplification of the
process of the incorporation of phosphorus into the structure of GO and rGO can be
achieved by using H3PO4 directly in the reaction of graphite oxidation. In fact, the so-
called Marcano–Tour method [22] involves a modification of the original graphite oxidation
method proposed by Hummers and Offeman [23], replacing H2SO4 with a 9:1 (v/v ratio)
H2SO4/H3PO4 mixture. Previous reports have shown that GO samples prepared by the
Marcano–Tour method exhibit a high degree of oxidation, resulting in general in O/C
atomic ratios larger than those reached by using the Hummers method [22–25].

In this work, an investigation was conducted aiming to better understand the nature
of the S- and P-containing groups present in GO samples prepared from the oxidation of
graphite in acid mixtures with varied H2SO4/H3PO4 proportions and in rGO samples
produced by subsequent thermal treatments; solid-state 13C and 31P nuclear magnetic
resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction
(XRD) were the main tools used to probe the chemical and structural features of the GO and
rGO samples. Finally, the electrochemical behavior of the rGO samples was investigated,
showing an intimate connection between the electrochemical performance of the produced
materials and their chemical and structural features which were defined by the conditions
used in the GO synthesis.

2. Experimental Methods
2.1. Samples Preparation
Materials

The precursor used for the production of GO was recycled graphite derived from
spent lithium-ion batteries, as reported elsewhere [25]. The graphite present in the anode of
the spent batteries was separated from the copper foil by dissolution in concentrated HNO3,
followed by filtration, washing with abundant distilled water and drying at 100 ◦C for 3 h.
The other reactants were KMnO4, H3PO4 (85%) and H2SO4 (95%) from Vetec (Duque de
Caxias, Brazil), NaNO3 and H2O2 (30 vol.%) from Cromoline (Diadema, Brazil).

Preparation of phosphorus and sulfur-containing graphene oxide (P/S-GO) and re-
duced graphene oxide papers (P/S-rGO):
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The P/S-GO samples were prepared using the Marcano–Tour method [22], varying
the ratio of H2SO4/H3PO4 used. For the conventional Marcano–Tour method, 1 g of
graphite, 6 g of KMnO4, and 135 mL of a 9:1 (v/v ratio) H2SO4/H3PO4 solution were
mixed. The mixture was kept in a water bath at 50 ◦C and stirred for 12 h. After this time,
the mixture was poured into 400 mL of crushed ice, and 3 mL of a 30% v/v H2O2 were
added, leading to a change in the color of the mixture from dark brown to intense yellow.
The mixture was allowed to stand for 24 h to decant the product. To remove the excess
acid, the precipitate was washed with distilled water and centrifuged until the supernatant
reached a pH between 5 and 6. In order to obtain the GO samples with varying P and
S contents, reactions were also performed using 1:1 and 1:2 (v/v ratios) H2SO4/H3PO4
solutions, following the same protocol as in the conventional method. The GO samples
containing P and S (generally named P/S-GO samples) were then dried at 80 ◦C and were
called GOTx, in which x indicates the H2SO4/H3PO4 ratio: x = 91, 11, or 12 for 9:1, 1:1, and
1:2 v/v ratios, respectively.

After preliminary studies (as stated in the Supplementary Information), samples of
thermally reduced graphene oxide paper were produced by the thermal treatment of
the GO samples that were synthesized in the previous step. The P/S-GO suspensions
obtained at the end of each reaction and washing process were divided into 2 mL aliquots,
which were directly submitted to two different treatments in a lab oven, under ambient
atmosphere, using two treatment temperatures (100 and 150 ◦C) for 24 h. At the end of
the process, rGO papers were obtained, and these samples were named GOTx_n, where x
indicates the H2SO4/H3PO4 volume ratio used in the synthesis (as described above) and n
indicates the heat treatment temperature (100 or 150 ◦C).

2.2. Characterization
2.2.1. X-ray Diffraction (XRD)

The X-ray diffractograms of the precursor graphite, GO and rGO papers were recorded
on a Shimadzu (Columbia, MD, USA) XRD-6000 diffractometer. The samples were ground and

the experiments were conducted at room temperature using Cu-Kα radiation (λ = 1.5418
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and with the angle of diffraction (2θ) varying from 5 to 50◦ in steps of 0.04◦.

2.2.2. Solid-State 13C and 31P NMR

Solid-state NMR experiments were performed at room temperature on a Varian/Agilent
(Palo Alto, CA, USA) commercial spectrometer operating in a 9.4 T magnetic field, which
corresponds to a frequency of 100.5 MHz for 13C and 161.8 MHz for 31P. Magic angle
spinning (MAS) at 14 kHz was employed in all experiments, with the powdered samples
packed into a 4 mm diameter zirconia rotor. The 13C NMR experiments were conducted
using a pulse sequence specially designed to avoid background signals from contributions
external to the probe (which are common in 13C NMR spectra obtained by direct excitation
of the 13C nuclei), with a π/2 pulse (4.3 µs) immediately followed by a pair of π pulses
(8.6 µs) and subsequent detection of the free induction decay (FID) [26]. In all the 13C
NMR experiments, the recycle delay was 15 s and the spectral width was 250 kHz. All
spectra were obtained by the Fourier transform of the FID after the accumulation of ca.
4000 transients. The 13C chemical shifts were referenced to tetramethylsilane (TMS) using
hexamethylbenzene as a secondary reference. The 31P NMR experiments were conducted
using single-pulse excitation (SPE) with a π/2 pulse with duration of 4.0 µs and a recycle
delay of 60 s. The spectra were obtained by the Fourier transform of the FID after the
accumulation of ca. 500 transients, and the chemical shifts were referenced to an 85 wt.%
aqueous H3PO4 solution using NH4H2PO4 (δ = 0.9 ppm) as a secondary reference.

2.2.3. Fourier-Transform Infrared (FTIR) Spectroscopy

The infrared absorption spectroscopy analyses were conducted directly using pul-
verized GO and rGO samples on a Spectrum 100 (Perkin Elmer, Waltham, MA, USA)
spectrometer in transmittance mode, equipped with an attenuated total reflection (ATR)
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attachment with a diamond crystal. The spectra were acquired using 64 scans and a 2 cm−1

resolution. The pulverized samples were directly deposited on the top of the ATR crystal,
without the need of any additional sample preparation steps.

2.2.4. X-ray Fluorescence (XRF)

The XRF analyses to determine the P and S contents of the GO and rGO samples were
performed on an EDX700 (Shimadzu, (Columbia, MD, USA) spectrometer equipped with a
Rhodium (Rh) X-ray tube. This instrument operated at 15 kV, with collimation of 10 mm of
the incident beam for 4 min per sample. The Sodium–Scandium (Na-Sc) energy channel
was used and the analyzed energy interval was from 0.00 to 20.48 keV, with a scanning step
of 0.01 keV. To minimize matrix effects and enhance the accuracy of the quantification, a
carbonaceous sample with negligible P and S contents was selected as the matrix for the
construction of the calibration curves. The calibration curves for phosphorus (P) and sulfur
(S) were constructed by adding known concentrations of NH4H2PO4 (corresponding to P
contents of 0.1, 0.5, 1.0, 2.0, 3.0, and 5.0 wt.%) and Na2SO4 (corresponding to S contents
of 1.0, 5.0, 10.0, 15.0 and 20.0 wt.%), respectively, to the carbon powder (with a mass of
ca. 1 g). The intensities of the XRF lines corresponding to P and S were recorded for each
calibration sample. The calibration curves were obtained through linear regression; high
values of the coefficients of determination (~0.99) were obtained in the full range of P and
S contents used to construct the calibration curves, allowing the determination of the P
contents between 0.1 and 5.0 wt.% and of S contents between 1.0 and 20.0 wt.%. To ensure
representative sampling and homogeneity, the samples were pulverized and sieved prior to
the analyses. GO and rGO samples with approximately 300 mg were consistently used for
all XRF measurements. The samples were submitted to the analyses without any additional
treatment or manipulation, and 3–5 independent analyses were performed for each sample.
The standard deviations obtained from these measurements were assumed to represent the
uncertainties of the average values.

2.2.5. Electrochemical Characterization

For the electrochemical analysis, a symmetric two-electrode Swagelok® (Buenos Aires,
Argentina)-type cell with two tantalum rods as current collectors was used. The cell
electrodes were prepared by cutting an rGO paper (GO treated at 150 ◦C for 24 h) sample
as a rectangular electrode with a cross-section area of 0.32 cm2 and weighing ca. 1.0 mg
(Figure 1). A sulfuric acid aqueous solution (2 mol L−1) was used as the electrolyte, and a
glassy microfiber paper (Whatman 934 AH—Maidstone, UK) was chosen as the electrode
separator. Electrochemical characterization included the recording of galvanostatic charge–
discharge curves (in a current density range of 1–8 A g−1), cyclic voltammograms (at 5, 10,
20 and 50 mV s−1) obtained in a voltage range of 0–1 V, and electrochemical impedance
spectroscopy (EIS) measurement in the frequency range of 5.0 × 10−4–2.5 × 105 Hz. The
gravimetric specific capacitance (Cs) was determined from galvanostatic charge–discharge
measurements at each current according to equation

Cs = 2·I·td/E2·me. (1)
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In this expression, I is the applied current, td is the discharge time, E2 is the voltage
range during the discharge and me is the mass of one electrode. All measurements were
carried out at room temperature using a potentiostat/galvanostat/FRA Vertex (Ivium
Technologies, De Lismortel, Netherlands).

3. Results and Discussion

A preliminary study (described in the Supplementary Information section) showed
that the thermal treatment of a GO sample—subjecting it to the temperature of 150 ◦C for
24 h in a lab oven—proved to be efficient for obtaining an rGO paper with few remaining
oxygen functionalities (mostly carboxylic acids, as verified by solid-state 13C NMR spec-
troscopy). Based on that, the GO suspension obtained at the end of each reaction of the
employed Marcano–Tour method [22] (using three H2SO4/H3PO4 mixtures at 9:1, 1:1 and
1:2 v/v ratios) was submitted to two different thermal treatments in the same lab oven
at ambient atmosphere and at temperatures of 100 and 150 ◦C for 24 h, which provided
several P/S-GO and P/S-rGO samples in the form of papers [27], with thicknesses ranging
from ca. 10 to 20 µm as estimated by scanning electron microscopy (SEM); details are
provided in the Supplementary Information section (Figure S7).

The sulfur and phosphorus contents of the P/S-GO and P/S-rGO papers were eval-
uated by XRF analysis; the results (given in Table 1) confirmed that by changing the
H2SO4/H3PO4 ratio, one can vary the S and P contents in the synthesized GO samples,
with S contents varying from 1.1 to 3.6 wt.% (GOT11 and GOT91, respectively), and P con-
tents varying from 0.26 to 2.8 wt.% (for GOT91 and GOT12, respectively). It is worth noting
that these S contents are somewhat inferior to the value corresponding to a similar GO sam-
ple prepared by a modified Hummers method (with no addition of H3PO4), as described in
the Supplementary Information section (Table S2). The thermal treatment at 150 ◦C did not
cause the complete removal of whatever S and P functionalities present in the synthesized
GO samples; thus, the method presented here can be considered effective for the production
S- and P-containing rGO samples, with S contents varying from 2.1 to 6.8 wt.% (GOT12_150
and GOT91_150, respectively), and P contents varying from 0.27 to 5.4 wt.% (for GOT91_150
and GOT12_150, respectively). Given that most synthetic approaches involve the use of
concentrated sulfuric acid, such as the methods of Hummers [23] and Marcano–Tour [22],
the presence of sulfur in GO can be expected. Previous elemental analysis results showed
that the concentration of S can reach 6 wt.% depending on the chosen synthetic method,
and this concentration occurs predominantly due to the presence of organosulfate-type
groups [28]. Due to their low hydrolysis rate, these sulfonated groups tend to remain in
the GO structure even after a thorough washing and, although often disregarded, these
S concentrations can directly affect the GO properties [6,29]. Similarly, phosphorus can
also be present in low concentrations in GO (<0.1 wt.%), especially in samples prepared by
methods that follow the Marcano–Tour route [22], in which the oxidation reaction takes
place in the presence of concentrated phosphoric acid. The hydrolysis of phosphorus
functionalities also occurs slowly, and therefore phosphate derivatives are expected to
occur in the structure of the GO samples synthesized in the presence of H3PO4 [22,25,30].

Table 1. XRF results for P and S contents of the P/S-GO samples synthesized by the Marcano–Tour
method and the corresponding reduced samples.

Sample P Content (wt.%) S Content (wt.%)

GOT91 0.26 ± 0.01 3.6 ± 0.2
GOT91_150 0.27 ± 0.01 6.8 ± 0.3

GOT11 1.4 ± 0.1 1.1 ± 0.1
GOT11_150 2.3 ± 0.1 2.7 ± 0.1

GOT12 2.8 ± 0.1 1.4 ± 0.1
GOT12_150 5.4 ± 0.3 2.1 ± 0.1
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The XRD results (Figure 2) of the synthesized GOs clearly demonstrated the efficiency
of the reactions following both conventional and modified Marcano–Tour methods [22],
indicating the formation of the structure expected for GOs by the appearance of an intense
diffraction peak at 2θ ∼= 8–10◦ for all samples [31,32]. It is possible to note that treating
samples at 100 ◦C did not cause significant changes in any of the corresponding XRD
patterns. A small displacement of the main diffraction peak from 2θ ∼= 8–10◦ to higher
angles was observed in the case of the samples thermally treated at 100 ◦C when compared
to the case of the XRD patterns of the GO parent materials. In addition, a broadening of this
peak and an attenuation of its intensity were observed, accompanied by the appearance of
a broad peak at 2θ ∼= 18–22◦; this new diffraction peak indicated the formation of a new
phase with a drastic decrease in its interlayer spacing to ca. 4 Å, which is a value much
smaller than the corresponding interlayer spacing of 9 Å found for the GO samples (GOT91,
GOT11 and GOT12). The coexistence of these two peaks shows that the reduction process
is not abrupt (i.e., there are regions with intermediate interplanar spacing formed during
the thermal reduction) and does not happen at the same time throughout the whole sample,
in agreement with previous reports [12,15,33].
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On the other hand, for samples treated at 150 ◦C, it is possible to notice in the X-ray
diffractograms of all P/S-rGO samples that the peak near 2θ ∼= 8–10◦ (for the original GO
samples) is almost completely eliminated. In addition, the presence of a broad and intense
diffraction peak at 2θ ∼= 24◦ indicates the formation of a turbostratic-like structure; in this
arrangement, the basal planes are stacked in an approximately parallel way, with some
degree of curvature and defects, but randomly oriented in relation to each other, with
an interlayer spacing (~3.7 Å) somewhat larger than the value corresponding to graphite
(3.35 Å) [5,33]. Nevertheless, the XRD patterns of all samples treated at 150 ◦C still exhibit
broad and low-intensity peaks at lower angles, indicating the presence of a phase with
nanostructured arrangement of defective graphene planes and possibly still containing
residues of oxygenated functional groups [12,34]. Therefore, the samples thermally reduced
for 24 h at 150 ◦C have characteristics compatible with those of the material known as
reduced graphene oxide [12,34].

The solid-state 13C NMR results (Figure 3) confirm the successful synthesis of GO in all
cases, as evidenced by the presence of the typical resonances expected for the GO structure,
such as those at 180–190 ppm (carbonyl groups in ketones), 160–170 ppm (carbonyl groups
in esters or carboxylic acids), 60 ppm (epoxide carbons), 70 pm (carbons bonded to hydroxyl
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groups), 100 ppm (lactol carbons) and 120–140 ppm (aromatic carbons) [25,35,36]. The
degree of oxidation of the GOs can be evaluated by 13C NMR by integrating the spectral
regions associated with C-OH/C-O-C groups and aromatic sp2 carbon atoms, indicated
as regions A and B, respectively, in Figure 3; the higher the A/B ratio, the higher the
degree of oxidation [37,38]. Accordingly, the results shown in Figure 3 demonstrate that
the GOT11 sample has an oxidation degree comparable to that of GOT91 (A/B ratios of 2.5
and 2.7, respectively) even after changing the H2SO4/H3PO4 ratio used in the conventional
Marcano–Tour method [22] from 9:1 to 1:1 (v/v ratio). However, when the amount of H3PO4
is increased even more by changing the acid ratio to 1:2 v/v, the GOT12 sample shows
a reduced oxidation degree (with an A/B ratio of 1.6), despite the remaining significant
presence of oxygenated functionalities and the highest P content (2.8 wt.%) among all
as-prepared GO samples analyzed here (see Table 1). The decrease in the size of the basal
planes caused by the addition of oxygenated functionalities during the oxidation reaction
causes changes in the chemical shift of the peak associated with sp2 carbons. This occurs
due to the reduction in the magnitude of the effects related to the electrical conductivity
and diamagnetic susceptibility of the graphene layers, consequently leading to a reduced
shielding of the 13C nuclei and, therefore, a higher chemical shift of the peak associated
with aromatic sp2 carbon atoms when compared to the chemical shift of this same peak in
non-oxidized graphite samples [37,38]. In light of this information, it is possible to note
in the NMR spectra shown in the 13C NMR spectra demonstrated in Figure 3 that the sp2

carbon peak of the synthesized GOs occurs at slightly different chemical shifts (134 ppm
for GOT11 and 129 ppm for GOT12 sample) and has different linewidths depending on the
degree of oxidation of each sample. This effect follows the trend predicted by the A/B ratio:
GOs with the highest A/B ratios (which indicate a higher degree of oxidation) generally
present the highest chemical shifts for the peak associated with aromatic sp2 carbon atoms.
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Analyzing the 13C NMR spectra of the reduced samples, it is possible to note that the
peak associated with aromatic sp2 carbon atoms (chemical shift ∼= 130 ppm) is dominant
in all samples after the thermal treatment at 150 ◦C. However, the spectra obtained for
samples treated at 100 ◦C still show significant contribution of the peaks at 60 and 70 ppm,
associated with C-O-C and C-OH carbons, respectively [35,38]. Furthermore, the 13C NMR
spectra of all thermally treated samples exhibit peaks near 165 and 190 ppm, associated
with carbonyl groups; the permanence of groups such as carboxylic acids in these samples
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is plausible, since these groups decompose typically above 300 ◦C [3,15,38]. Another
notable aspect in these spectra is the difference in chemical shifts of the peaks relative to
aromatic sp2 carbon atoms. The displacement of these peaks to lower frequencies in the 13C
NMR spectra recorded for the thermally treated samples (more notably in the case of the
samples treated at 150 ◦C) is indicative of the reestablishment of the effects related to the
electrical conductivity and diamagnetic susceptibility of the graphene layers in the rGO
samples [37,38].

The use of solid-state 31P NMR spectroscopy is essential for the characterization of the
GO samples synthesized by the conventional and modified Marcano–Tour methods [22] as
it allows a detailed understanding of the possible interaction between the GO matrix and
phosphorus-containing groups present in the material [25,30]. As previously discussed,
GO has a large number of functional groups containing O and H, which are capable of
interactions with phosphate groups (with P in a tetrahedral coordination). In solid-state 31P
NMR, tetrahedral orthophosphates, in which the central phosphorus atom is pentavalent
and bonded to four oxygen atoms, are usually referred to as Q units. The Q units can
bridge through the oxygen atoms, forming chains or networks, wherein the amount of
bridging oxygen ranges from 0 to 3 depending on the degree of polymerization. In this
way, four different Qn units have been described, where n corresponds to the number of
bridging oxygens, that is, of other phosphate groups to which the main unit is linked. The
31P chemical shift associated with such groups is sensitive to the chemical environment of
the oxygen atoms directly connected to the phosphorus atom [39–41].

Figure 4 shows the 31P NMR spectra of the GO samples synthesized by conventional
and modified Marcano–Tour methods [22]. It is possible to readily observe the differences
between the spectra of the three samples, starting with the weak signal-to-noise ratio in
the GOT91 spectrum. As all spectra were recorded under similar conditions (including
nearly the same number of scans), such difference in signal-to-noise ratio indicates that the
P content in the GOT91 sample is considerably lower than that in the GOT11 and GOT12
samples, as confirmed by the XRF results (Table 1). Nevertheless, the detected peak near
−9 ppm present in the GOT91 spectrum can be associated with Q1 units, or pyrophosphoric
acid [25,39].
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The 31P NMR spectra of the GOT11 and GOT12 samples show similar profiles, with
two peaks centered around 0 and −10 ppm, associated with Q0 and Q1 units (or orthophos-
phoric and pyrophosphoric acids, respectively). The signal intensity in these spectra is
higher when compared to that of the spectrum of the GOT91 sample, indicating the in-
crease in the phosphorus content due to the increase in the amount of phosphoric acid
used in the synthesis. Thus, through solid-state 31P NMR spectroscopy, it was possible to
verify the presence of phosphorus in the samples synthesized by both conventional and
modified Marcano–Tour methods [22] using different H2SO4/H3PO4 volume ratios in a
one-step synthesis.

As mentioned above, the peak near −9 ppm present in the 31P NMR spectrum of
the GOT91 sample is commonly associated with Q1 units, or pyrophosphoric acid. After
thermally treating this sample at 100 ◦C (GOT91_100), it is possible to detect the presence of
a peak of the same nature, probably due to the fact that, at this treatment temperature, the
final structure of the product does not differ much from the structure of the conventional
sample dried at 80 ◦C (GOT91), as also verified by 13C NMR and XRD. On the other hand,
the 31P NMR spectrum of the GOT91_150 sample presents a different behavior, with a peak
at −0.5 ppm associated with the presence of orthophosphoric acid (Q0 units), suggesting a
rearrangement of the phosphate groups into isolated H3PO4 units, and another peak around
10 ppm, which may be associated with the formation of P-O-C and/or P-C bonds [25,39].

The 31P NMR spectra of the GOT11 and GOT12 samples treated at 100 ◦C exhibit peaks
in the region from 7 to 10 ppm, associated with the formation of P-O-C and/or P-C bonds;
these bonds are known to occur in reactions in which the amount of phosphorus used is
much higher than that of carbon, as used in this work [30,40]. Peaks in the region from −10
to −20 ppm are also detected, which are attributed to the condensation of the phosphate
groups leading to the formation of polyphosphoric acids (Q2 and Q3 units, corresponding
to the final and average groups in phosphate linear chains, respectively) [41].

It is worth observing that the most significant changes of the phosphate species only
occur after the treatment at 150 ◦C. The first notable aspect of the 31P NMR spectra of the
thermally reduced samples is the difference in the signal-to-noise ratio of the spectrum of
the GOT91_150 sample compared to the GOT11_150 and GOT12_150 samples, which is due
to the much larger P content of these two latter samples, as indicated by the XRF results
(Table 1). Therefore, it is possible to note the similarity between the profiles of the 31P NMR
spectra of these samples (GOT11_150 and GOT12_150), exhibiting a main peak around
−3.0 ppm, associated with orthophosphoric acid. It is interesting to note the tendency
of a slight shift of the peaks closer to 0 ppm to lower chemical shifts with increasing
thermal treatment temperature, which can be attributed once more to the increase in the
effects associated with the electrical conductivity and the diamagnetic susceptibility of
the graphene layers in these samples, as already reported in studies involving chemically
activated carbons [41].

Figure 5 shows the FTIR spectra of the prepared GOs and rGOs. The GO samples
synthesized with different proportions of H2SO4/H3PO4 (GOT91, GOT11 and GOT12)
exhibit all typical GO vibration bands around 1050, 1618 and 1720 cm−1 commonly related
to the stretching vibrations of C-O, C=C and C=O (of carboxylic acids) bonds, respectively.
A broad band can also be observed at ~3200 cm−1, associated with the stretching vibrations
of -OH groups. According to previous studies on sulfur species in the chemical structure of
GO [28,42,43], bands near 1215 and 1416 cm−1, such as the ones observed in the spectra of
the samples of the GOT91 group, can be related to S=O stretching vibrations of sulfates.
The same set of bands can be observed in the spectra of the samples of the GOT11 group
(at 1225 and 1390 cm−1) but, knowing the considerable phosphate content of these samples
(as verified by XRF and 31P NMR), these bands can be related to P=O stretching vibration
as well [44,45].
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Phosphate groups are known to assemble into a polymeric arrangement and this
network is dominated by linkages between PO4 tetrahedra. As discussed previously, 31P
NMR results suggest that most phosphates are present in GO samples in the form of
Q0 and Q1 units (or orthophosphoric and pyrophosphoric acids, respectively). After the
thermal treatment of the GO samples at 150 ◦C, the 31P NMR results suggested that there
was a rearrangement of the phosphate groups into H3PO4 clusters (Q0 units), probably
interacting with the water molecules present in the GO structure [25]. In FTIR spectra,
vibration bands of Q0 and Q1 units often appear around 890–990 cm−1 and 1080–1100 cm−1,
respectively [19,20,46]. As shown in Figure 5, it is possible to observe bands in these ranges
in the FTIR spectra of GO and rGO samples (with different sulfur and phosphorus contents),
mainly at 990 cm−1, which is associated with H3PO4 molecules (Q0 units). The band
associated with Q1 units is likely to be overlapped by the C-O vibration band at 1050 cm−1

of GO. However, after treatment at 150 ◦C, a band at this range can still be observed in
the spectra of the rGO samples, suggesting the presence of ortho- and pyrophosphoric
acids, in good agreement with the 31P NMR results. In addition, after thermal treatment at
150 ◦C, broad bands around 2300 and 3000 cm−1 are observed, associated with vibrations
of the -OH group in P-OH bonds. The stretching vibration of these P-OH bonds was
previously associated with bands at 2430 and 2870 cm−1 and bending modes at 766 and
1256 cm−1 [47]. Water stretching vibrations were found at 3050 and 3350 cm−1 [21]. These
bands were similarly observed in the spectra recorded for the samples investigated here. It
is also interesting to note that even after GO thermal reduction the band related to water
stretching vibrations can still be observed, which suggests the presence of adsorbed water
molecules closely interacting with orthophosphoric acid.

Finally, selected P/S-rGO paper samples (prepared at 150 ◦C) had their electrochemical
behavior evaluated. Electrodes containing the selected samples were built as shown
in Figure 1. Aiming to evaluate the influence of phosphorus-containing groups on the
electrochemical behavior of the studied samples, the electrochemical analyses were also
conducted using an rGO sample (treated at 150 ◦C) prepared from a GO sample that had
been synthesized by a modified Hummers method. This latter sample, labeled as GOH_150,
was prepared in the same way as the other rGO samples, but without the addition of
phosphoric acid during the synthesis (see Supplementary Information).

Figure 6 shows the cyclic voltammograms of the P/S-rGO and GOH_150 samples
obtained at 10 mV s−1 (Figure 6a) and 50 mV s−1 (Figure 6b). All samples exhibited a
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quasi-rectangular shape voltammogram, even at a high scan rate, demonstrating a good
capacitive behavior of the samples. In addition, a very good electrochemical stability of the
electrolyte at high potentials was observed, with no current increment related to oxygen
evolution being observed even up to 1 V. The P/S-rGO samples showed higher current
densities than the GOH_150 sample, which points to a higher Cs for the phosphorous-
containing samples. In the voltammograms obtained at low scan rate (Figure 6a), it can
be seen that the P/S-rGO hybrid samples exhibited a broad peak between 0.1 and 0.4 V,
suggesting a pseudocapacitive contribution reaction that could be linked to the oxygenated
and/or phosphorus-rich surface functional groups present in these samples [17].
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The Cs values were determined from the galvanostatic charge–discharge curves ac-
cording to Equation (1); their dependence on the current density is shown in Figure 7a.
For all current density ranges, the P/S-rGO samples presented higher Cs values than the
GOH_150 sample. The best behavior was obtained for the GOT91_150 sample, which
reached values up to 155 and 110 F g−1 at 1 and 8 A g−1, respectively. These values are
similar to those reported in the literature for other carbon-based materials [48–51].
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Taking into account that the specific surface area values (see Table S3, Supplementary
Information) of the rGO samples are small (less than 20 m2 g−1), the analyzed samples
show a significant capacitance per unit of surface area. This value is above ca. 5 F m−2 for
the GOT91_150 sample, which is substantially higher than the values generally reported
for carbon materials (0.1–0.2 F m−2) [50]. These results suggest the occurrence of a high
pseudocapacitive contribution through the oxygenated and/or phosphorus-rich surface
functional groups. Regarding this, it is observed that, on the one hand, the samples simulta-
neously containing phosphorus and sulfur (P/S-rGO samples) show a higher Cs value when
compared to the sample not containing phosphorus (GOH_150). On the other hand, among
the P/S-rGO samples, the sample with lower phosphorus content (GOT91_150) shows the
highest Cs value. Therefore, the highest CS value determined for the GOT91_150 sample
could be explained by the simultaneous presence of sulfur and phosphorus functional
groups linked to the pseudocapacitive phenomena, as observed in previous works on S and
P co-doped porous carbons [52,53]. Still regarding the analysis of the Cs vs. j plot (Figure 7a),
the GOT91_150 sample presents the best rate capability at 8 A g−1 (70% with respect to the Cs
determined at 1 A g−1), whereas the lowest rate capability (45%) is found for the GOT11_150
sample. These findings can be explained in terms of the differences in the equivalent series
resistance (ESR) values of these samples (see Figure S7, in the Supplementary Information),
as detailed below. Long-term charge–discharge cycling tests were performed at 4 A g−1

within the potential range of 0–1.0 V. The capacitance retention was calculated from the Cs
value determined for each cycle divided by the Cs value of the first cycle. Figure 7b shows
the capacitance retention as function of the cycle number for each sample. All the rGO
samples showed good capacitance retention (≈95%) after 1000 cycles. This demonstrates a
low degradation of the samples after successive charge–discharge cycles.

The Nyquist plots of the rGO samples obtained from the EIS measurements are shown
in Figure 8. It is possible to observe that all samples show a typical spectrum of a non-
ideal electrochemical capacitor, with straight lines with a nearly 45◦ phase angle at high
frequencies and more vertical lines at the low-frequency portions of the diagrams [54]. At
low frequencies, the GOT11_150 sample shows the most vertical curve, suggesting a better
capacitive behavior [55]. From the intercept of the curve with the real axis at high frequency,
it is possible to determine the series resistance (Rs), which includes the electrolyte solution
resistance, separator resistance and electrode resistance [54]. Sample GOT11_150 shows
the lowest Rs value (ca. 1 Ω), which indicates its good electrical conductivity. On the other
hand, the GOH_150 sample shows the lowest charge transfer resistance (Rct), which is
associated with the diameter of the semi-circle at high frequency [55]. The sum of Rs + Rct is
in agreement with the values of ESR determined from the galvanostatic measurements (see
Figure S7, in the Supplementary Information section), with the GOT11_150 sample having
the highest Rs + Rct value and the GOH_150 sample having the lowest one. Taking into
account that, in general, a higher content of oxygenated functional groups can determine a
drop in the electrical conductivity of carbon materials [51,54,56], these EIS results suggest a
higher content of oxygenated functionalities in the rGO samples obtained by the modified
Marcano–Tour method [22] than in the reduced sample obtained by the modified Hummers
method [23].

The specific energy density (Ws) and the specific power density (Ps) were calculated
considering the total mass of the two electrodes in the supercapacitor, as follows:

Ws

(
Wh·kg−1

)
=

CS ·E2
2

28.8
, (2)

Ps

(
W·kg−1

)
=

WS
td

. (3)

In these expressions, Cs is the specific capacitance of one electrode (F g−1), E2 is
the voltage range during the galvanostatic discharge (V), and td is the discharge time (s).
Figure 9 shows the Ragone plots obtained for the rGO samples. At low Ps values, the
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highest Ws value was achieved for the GOT91_150 sample (4.9 Wh kg−1 at 238.7 W), while
the lowest one corresponded to the GOH_150 sample, which is in accordance with the Cs
values obtained for these samples (i.e., the sample with the higher Cs reached the higher
Ws value). On the other hand, for all the samples, as Ps increases, the Ws values decrease.
This behavior is particularly noticeable for the GOT11_150 sample, which is consistent
with its higher ESR (Figure S7, Supplementary Material) and relatively low rate capability
(Figure 8a).
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It is interesting to note that the GOH_150 sample exhibited a particularly high Ps
value for the lowest Ws value (0.9 Wh kg−1 at 1902.5 W). If we take into account the Cs
values determined at higher currents (i.e., high power), this may seem inconsistent at first,
since this sample does not have a high Cs value among the rGO samples analyzed here.
However, its lower ESR enables a higher voltage range (E2) during the charge–discharge
experiment (see Figure S7 in the Supplementary Information section), which results in
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a higher energy accumulation. In sum, on the basis of these results, it can be concluded
that the energy and power values of the supercapacitors developed from the synthesized
materials are still low compared to what has been reported for other carbon materials [54].
It is clear, though, that the simultaneous presence of P- and S-containing groups in the
rGO samples prepared by the simple route described here is beneficial for the promising
electrochemical properties of these materials (such as good electrochemical stability in
wide voltage windows, high capacitance per unit of surface area and low degradation after
successive charge–discharge cycles), which stimulates the pursuit of further investigations
aiming to improve the energy- and power-related properties for possible applications of
these materials as supercapacitor electrodes.

4. Conclusions

By modifying the H2SO4/H3PO4 ratio used on the GO synthesis by the Marcano–Tour
method [22], it was possible to synthesize graphene oxide samples with good degree of
oxidation and varied phosphorus and sulfur contents. The thermal treatment of the P/S-
GO samples at 150 ◦C led to the production of P/S-rGO samples containing 0.3–5 wt.%
of phosphorus and 2–7 wt.% of sulfur depending on the synthesis conditions. These
species were found to be present mostly as phosphate and sulfate groups, as evidenced
by solid-state NMR and FTIR results. The P/S-rGO samples obtained at 150 ◦C had
their electrochemical characteristics evaluated, and sample GOT91_150 (containing both
phosphorus and sulfur) exhibited the best capacitance behavior, reaching a maximum Cs
value of 155 F g−1 at 1 A g−1, with a good rate capability at higher current density and
good capacitance retention after 1000 charge–discharge cycles. Altogether, these results
suggest that the simultaneous presence of sulfur and phosphorus plays a fundamental
role in enhancing the capacitive properties of reduced graphene oxide samples. Even
though there is still room for improvement of these features, especially regarding the
energy- and power-related properties of the supercapacitors prepared from these materials,
the presented methods represent a facile and low-cost alternative for the production of
P/S-enriched rGO papers with promising properties (such as good electrochemical stability
in wide voltage windows, high capacitance per unit of surface area and low degradation
after successive charge–discharge cycles) for use in electrochemical energy-storage devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/c9020060/s1, Figure S1. X-ray diffractogram of the GOH sample
after thermal treatment at 80 ◦C for 24 h (protocol C), compared to the XRD pattern of the graphite
precursor (BG). Figure S2. X-ray diffractograms of the GOH sample after thermal treatments at
various temperatures and times, according to the protocols described in Table S1. Figure S3. TG
curve of the GOH sample. The dotted lines indicate the temperatures used in the thermal treatment
protocols described in Table S1. The TG experiments were conducted in a Shimadzu TGA-50H
instrument, using alumina pan at a heating rate of 5 ◦C/min, under O2 flow (50 mL/min). Figure S4.
13C NMR spectra of the GOH sample and of the rGO samples D24 and E24, which were prepared by
thermally treating GOH aliquots at 100 and 150 ◦C, respectively, for 24 h. Figure S5. FITR spectra of
the GOH sample and of the rGO samples D24 and E24, which were prepared by thermally treating
GOH aliquots at 100 and 150 ◦C, respectively, for 24 h. Figure S6. SEM images of GO samples and
rGO papers prepared at 150 ◦C. Figure S7. Galvanostatic charge-discharge curves of the rGO samples
obtained at a constant current density of (a) 1 A g−1 and (b) 8 A g−1. Table S1. Description of the
thermal reduction protocols used to obtain rGO from the GOH sample. Table S2. S contents of the
GO sample synthesized by the modified Hummers method and the corresponding reduced materials.
Table S3. Specific surface area of the rGO samples, determined from N2 adsorption isotherms at 77 K.
Refs. [57–73] are cited in the supplementary material.
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