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Abstract

The electrochemical-grade natural graphite flake prices are increasing day by day. Reusing and recycling graphite materi-
als from the spent lithium-ion battery (LIB) is a prospective way to overcome the issue. This report presents the synthesis 
of reduced graphene oxide (RGO) from spent LIB by the improved Hummers method followed by calcination at 600 °C 
(RGO-600). S, N-RGO-600 was prepared by doping sulfur and nitrogen with RGO-600 through hydrothermal synthesis. 
Assynthesized S, N-RGO-600s have sheet-like morphology having uniform heteroatom doping. S- and N-doped RGO- 
600 delivers 375 F  g−1 at 5 A  g−1 compared to RGO-600 of 233 F  g−1 and retains > 98% capacitance over 20,000 cycles. 
The lead–carbon hybrid ultracapacitors fabricated using in-situ activated  PbO2 as cathode and S, N-RGO-600 composite 
electrode as anode deliver a specific capacitance of 564 F  g−1 at 5 A  g−1 and retain 90% capacitance after 15,000 cycles. The 
high capacitance and stable cycle life of RGO and S, N-RGO are due to easy access of electrolyte ions through mesoporous 
and layered graphitic carbons with redox-active functional moieties of sulfur and nitrogen. This work illustrates an easy and 
scalable synthesis root for RGO and S, N-RGO.

Keywords Sulfur, Nitrogen-doped RGO · Improved Hummers method · Pseudo-capacitance · Anode material · Lead–
carbon hybrid ultracapacitor · Electrochemical performance

Introduction

The radical revolution in the electric-vehicle industry and 
the electronic world is always raising the demand for sus-
tainable and renewable power resources due to the diminu-
tion of fossil fuels and increasing environmental pollution 
[1–3]. Therefore, environmentally friendly, highly efficient, 
lightweight, and reliable energy storage devices are essential 
for the innovative electronic society [1, 2]. The lithium-ion 
batteries have successfully taken over the market due to their 
high energy density of 150–250 Wh  kg−1 today. But high-
power density supercapacitors with reliable energy density 
systems are urgently needed for pulse power requirements [3, 

4]. However, having low energy density (< 7 Wh  kg−1), the 
EDLC and pseudo-supercapacitors cannot meet the demand 
of the market [4, 5]. At the same time, the researchers are 
focusing on hybrid supercapacitors, as they form a bridge 
between supercapacitors and batteries with higher energy 
density than the normal supercapacitors without scarifying 
the cyclability and high-power density [5, 6].

The carbon-based supercapacitors are the most stable 
energy storage devices due to the unique and novel structural 
morphology (0–3 dimensions) of carbon materials [1–3, 5, 
7, 8]. The lithium- and sodium-based hybrid supercapacitors 
have emerged due to their high operating voltage window 
of ~ 4 V, subsequently higher energy. These hybrid capaci-
tors use nonaqueous costly electrolytes and are unsafe due 
to flammable electrolytes [5, 6, 9, 10]. The aqueous-based 
supercapacitors are safer and have better cycle life than non-
aqueous systems [9, 10]. Likewise, lead–carbon hybrid ult-
racapacitors (Pb-C HUC) are an emerging research field as 
they use aqueous  H2SO4 electrolytes, have long cycle life, 
and serve for surge current applications [11–14]. The Pb-C 
HUC uses an almost similar concept to the lead-acid battery, 
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but only the negative lead electrode of the lead-acid battery 
is replaced with a supercapacitor-based carbon electrode. 
Moreover, the carbon negative electrode in Pb-C HUC sys-
tems resolves the unsolved sulfation issue of lead-acid bat-
teries that occurs at the lead negative electrode [12–13. The 
charge storage in Pb-C HUC is due to the Faradaic redox 
process due to the  PbO2 cathode and electrical double layer 
(EDLC) charge storage of the carbon anode. Thus, selecting 
a suitable carbon material is essential for the development 
of Pb-C HUCs [13, 14].

The most stable and effective carbons used as electrode 
material for energy storage applications are graphite or 
graphite derivatives like graphene, graphene oxides (GO), 
reduced graphene oxides (RGO), and heteroatom-doped 
RGO. Graphite demand is growing by 10–12% per year, so 
also the price. As vein graphite (99.9% pure) have limited 
resources, they cannot fulfill the demand alone [15–19]. 
Flake graphite and synthetic graphite can meet the demand 
as electrode materials for energy storage devices, but raw 
material purification requires high processing costs [15, 16, 
20]. Therefore, recycling and reusing flake graphite from its 
different waste sources, such as graphite material from LIBs, 
is an obvious choice to mitigate the scarcity of resources 
and reduce environmental pollution. Also, comparative stud-
ies reveal that Li-intercalated recycled graphite electrode 
delivers improved electrochemical performance than the as-
synthesized graphite anode [20–24].

Reduced graphene oxide synthesized from the spent  
lithium-ion battery by Hummers method followed by chemi-
cal reduction achieved a specific capacitance of 112 F  g−1  
at 0.5 A  g−1 due to easy diffusion and dislocation of electro-
lyte ions in the layered carbon framework. The electrodes 
are stable up to 20,000 cycles in 0.5 M  H2SO4 electrolyte 
because of a high degree of reduction and surface area of 
RGO (115.5  m2  g−1, pore diameter ~ 4 nm) [25]. Nanoporous 
graphene synthesized by improved Hummers method fol-
lowed by wet chemical reduction delivered a specific capaci-
tance of 264 F  g−1 at 1 A  g−1 and fabricated symmetric 
supercapacitor has 95% cycling stability after 20,000 cycles. 
Such improved capacitance of the nanoporous graphene is 
due to the unique reduction of GO by Mg/Zn metal strips 
that result in a high BET surface area of 1294.6  m2  g−1 [28]. 
Furthermore, sulfur-doped rGO synthesized by microwave 
method shows a specific capacitance of 237.6 F  g−1 at 0.1 
A  g−1 due to the pseudocapacitive charge storage nature of 
S-based functional moieties. The electrodes are stable over 
10,000 cycles with 106% capacitance retention in a 1 M 
 H2SO4 electrolyte medium because of wrinkling and folded 
structural morphology [30]. A high percentage (6.8–8%) of 
N doped in graphene sheets by the carboxylation method 
shows a specific capacitance of 217 F  g−1 at 0.5 A  g−1 due 
to easy access of electrolyte ions and good wettability of the 
electrode material [33]. The involvement of pyridine and 

pyridinic functional moieties favored by the presence of car-
boxylic groups in the few-layered N-doped graphene (~ 3–5) 
results in such capacitance [33]. Additionally, the dual 
doping of S and N in the graphene results in an improved 
specific capacitance of 344 F  g−1 at 1 A  g−1 in 6 M KOH 
electrolyte medium. The enhanced specific capacitance is 
due to effective disorderness and many edge defects gener-
ated by sulfur- and nitrogen-based functional moieties in the 
graphene structure [39]. More details of literature results of 
RGO, S-doped RGO, N-doped RGO, and S, N-doped RGO-
based supercapacitor electrodes are presented in Supplemen-
tary Table T1 [25–41].

This work reports the synthesis of S, N-doped RGO 
from spent Li-ion battery anode materials. Graphene oxides 
were obtained by improved Hummers method followed by 
doping of S and N using thiourea and thermal reduction 
at 600 °C. The π–π stacking of graphitic carbon layers in 
RGO enhances the specific capacitance compared to com-
mercial or disordered carbons. Furthermore, doping with S 
and N like Lewis centers to RGO synergistically increases 
the charge storage behavior of S, N-RGO-600 in an aqueous 
electrolyte medium.

Here, we have revealed a commercially scalable and fast 
approach for synthesizing unique sheet-like RGOs from 
spent Li-ion batteries through the “improved Hummers 
method.” The physical interpretations of the synthesized 
materials were performed by microscopic (FESEM and HR-
TEM) and various spectroscopic methods like Raman, XPS, 
XRD, and BET. The S, N-doped RGO electrode delivers 
the capacitance of 583 F  g−1 at 1 A  g−1 (375 F  g−1 at 5 A 
 g−1) and is stable over 20,000 cycles with > 98% capacitance 
retention. Finally, Pb-C HUC full cells were fabricated using 
S, N-RGO-600 as an anode, and in situ activated  PbO2 cath-
ode in 4.5 M  H2SO4 delivers a capacitance of 564 F  g−1 at 
5 A  g−1 and retains 90% capacitance after 15,000 cycles.

Experimental

Synthesis of RGO by improved Hummers method

Spent 18,650 Li-ion cells (original capacity: 3.7 V/2.5 Ah) 
based on  LiCoO2 cathode and graphite anode are provided 
by Nile Ltd. Hyderabad, India. The LIBs were discharged 
below 2 V and dismantled in the glovebox. The anodes were 
carefully separated, and carbon materials were leached out 
by ultrasonication in water. The obtained black mass was 
washed thoroughly using 1 M HCl and distilled water. Then 
GO was synthesized by the “improved Hummers method” 
[42, 43]. In detail (Fig. 1), 1 g of black mass was mixed with 
120 ml concentrated  H2SO4 and 12 ml  H3PO4 followed by 
adding 6 g of  KMnO4. The mixture was stirred at 70 °C for 
24 h. 3 ml of  H2O2 was then added dropwise to the cold 
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stirred solution, and stirring was continued for another 12 h. 
After that, the material was washed with 1 M HCl and water 
till neutralization and dried (labeled as GO). The thermal 
reduction of GO was carried out at 500, 600, and 700 °C for 
1 h. Subsequently, the reduced GOs were leveled as RGO-
500, RGO-600, and RGO-700.

Preparation of S, N‑doped RGO

As RGO-600 gives better electrochemical performance 
(explained later in the “Results and discussion” section), 
S, N heteroatoms were doped to RGO-600. First, S and N 
doping was done by hydrothermal treatment at 180 °C for 
15 h using synthesized GO and thiourea in a weight ratio of 
1:3 using a 100 ml autoclave (Fig. 1). Then the carbons were 
washed with distilled water and dried at 100 °C. Finally, 
reduction of the S, N-doped GO was carried out at 600 °C 
for 1 h in a tubular furnace in an argon atmosphere. The 
synthesized carbons were labeled as S, N-RGO-600.

Morphological and structural characterizations

The morphologies of synthesized carbons were carried out 
by scanning electron microscopy (JEOL JIB 4700F FIB-
SEM) and transmission electron microscopy (TEM-JEOL, 
JEM 2100FX). Furthermore, XRD was analyzed by Rigaku 
SmartLab X-ray diffractometer with Cu-Κα (λ = 1.54 Å) 
radiation (40 mA, 40 kV) over a 2θ range from 10 to 90°. 
Disorderness of materials was examined by Raman analysis 
with LabRam HR800 Raman spectrometer by using Ar + ion 
laser having 532-nm green line as the excitation source. A 
Micrometrics ASAP 2020 Brunauer–Emmett–Teller (BET) 
analyzer was used for  N2 adsorption–desorption studies to 
measure specific surface areas. X-ray photoelectron spec-
troscopy (XPS) was carried out using an Schimadzu, AXIS 
 supra+ XPS instrument (Japan) with Al Kα as an X-ray beam 
at 15 kV and 40 mA. The binding energy was calibrated vs. 
C1s (284.6 eV) and Origin 9.0 pro having Gaussian function 
used for deconvolution of XPS spectra.

Electrode preparation and cell fabrications

The anodes were prepared by coating the synthesized car-
bons (RGOs and S, N-RGO) on a 0.5-mm-thick graphite 
sheet. Prior to that, the slurry of carbons was obtained by 
mixing 80 wt.% active material, 10 wt.% C-black, 10 wt.% 
polyvinylidene difluorides in dimethylformamide solvent. 
After coating the slurry, the composite electrodes were dried 
at 90 °C for 12 h in a vacuum oven. The cathodes  (PbO2) 
were prepared by in situ electrochemical activation followed 
by drying at 60 °C for 6 h in a hot air oven; detailed explana-
tions were given in our previous works [13, 14]. The Pb-C 
HUC full cells were fabricated using prepared anodes and 
cathodes with a geometrical area of 4  cm2 (2 × 2  cm2) and an 
absorptive glass mat separator. For all kinds of electrochemi-
cal analysis, 4.5 M  H2SO4 is used as an electrolyte similar to 
that for a lead-acid battery.

Initially, the electrochemical performance of anodes (RGOs 
and S, N-RGO) was studied with 1  cm2 active surface area in a 
three-electrode set-up (with Pt counter and Hg/Hg2SO4 refer-
ence electrode in 0.0 to − 0.6 V potential range). The hybrid 
Pb-C full cells were electrochemically analyzed in a voltage 
window of 0.6 to 2.3 V. Various electrochemical experiments 
like CV, GCD, C-rate, cycling stability, self-discharge, and 
float cycling were conducted using a multi-channel cell test 
system (1470E Solartron analytical, Oak Ridge, TN, USA) for 
both 3-electrode cell and 2-electrode full cells. The impedance 
studies were carried out (using 1470E coupled with an FRA 
model 1255, Solartron analytical, Oak Ridge, TN, USA) in a 
frequency range of 1 MHz to 10 mHz with an AC amplitude 
of 5 mV.

The specific capacitance (Cs) values of carbon composite 
electrodes and full cells were obtained using the following 
equations, respectively.

Cs =
iΔt

mΔV
F g−1 (half − cell)

Cs =
2Im ∫ Vdt

ΔV2
F g−1 (full cell)

Fig. 1  Synthetic methodology for S, N-RGO-600

2015Journal of Solid State Electrochemistry (2022) 26:2013–2025



1 3

where i and Im are applied current and current density, m is 
the mass of anode active material, Δt is the discharge time, 
ʃVdt is the area under discharge curve in GCD of the full 
cell, and ΔV is the voltage window.

Results and discussions

Morphological investigations

The surface morphologies and structure of the carbon mate-
rials play a significant role in charge storage application. 
The morphologies of all reduced graphene oxide samples 
(RGO-500, RGO-600, RGO-700) at various magnifications 
are shown in Fig. 2. SEM images show the formation of 
the packed sheets with distinct folded structures. RGO-600 
shows the formation of smaller graphite flakes with particle 
sizes around 8–10 μm (Fig. 2c) as compared to RGO-500 
of ~ 50 μm (Fig. 2a) and RGO-700 of ~ 120 μm (Fig. 2e). 
Carbonization at 600 °C in Fig. 2d shows the formation of 
thinner carbon sheets with some surface texture compared 
to that of 500 °C and 700 °C.

A temperature of 600 °C could be the optimum car-
bonization temperature as it facilitates better exfoliation of 
graphitic carbon sheets. Carbonization at 500 °C produces 
larger particles due to low carbonization temperature. Simi-
larly, at high carbonization temperatures of 700 °C (Fig. 2e 
and f), the agglomeration of sheets leads to the formation of 

larger particles compared to RGO-600. This further induces 
better electrochemical charge storage for RGO-600 com-
pared to RGO-500 and RGO-700, which are discussed later 
in the electrochemistry part of the results and discussion. 
Therefore, sulfur- and nitrogen-doped reduced graphene 
oxides have been synthesized by hydrothermal method and 
carbonized at 600 °C (S, N-RGO-600). The physical and 
electrochemical characterizations are carried out and thor-
oughly studied for RGO-600 and S, N-RGO-600 materials 
only.

The RGO-600 and S, N-RGO-600 materials were analyzed 
by HR-TEM and elemental mapping, as shown in Fig. 3. The 
HR-TEM image of RGO-600 (Fig. 3a) signifies that reduc-
tion at 600 °C results in unique ultrathin carbon sheets hav-
ing wrinkles that appear due to the folding of thin graphene 
sheets. The high magnification images of S, N-RGO-600 
(Fig. 3b–c) further confirm the presence of small and thin 
stacked graphene flakes. Figure 3d and e show the elemen-
tal mapping of C, O, N, and S in S, N-RGO-600. Figure 3e 
illustrates the uniform distribution of S and N throughout the 
carbon matrix that depicts the effective insertion of Lewis 
centers through the hydrothermal method.

Structural analysis of RGO‑600 and S, N‑RGO‑600

The XRD patterns of RGO-600 and S, N-RGO-600 shown in 
Fig. 4a indicate two diffraction peaks due to (002) and (100) 
graphitic planes. The graphitic (002) sharp peak indicates 

Fig. 2  SEM images: a, b RGO-500, c, d RGO-600, and e, f RGO-700 at various magnifications
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the higher order orientation of aromatic carbon rings in the 
3D arrangement. The (100) peak is due to the layer structure 
in the aromatic rings [34, 39, 44]. No other metal impuri-
ties were observed in the XRD pattern indicating proper 
leaching of metals (basically copper and transition metals) 
in the carbon matrix. A little peak shift was observed for S, 
N-RGO than RGO-600 that confirms the enhancement in the 
d-spacing, i.e., 0.348 nm for RGO-600 and 0.366 nm for S, 
N-RGO-600. The Raman spectra analysis was carried out to 
understand the effect of dual doping. The spectra presented 
in Fig. 4b show that for RGO-600 and S, N-RGO-600, it 
illustrates the characteristic D and G bands. The D band is 
due to  sp3 carbons or defects in the graphitic domain, and 
G band appears due to in-plane vibration of  sp2 carbon cor-
responding to  E2g mode [30, 32, 33, 37]. The  ID/IG ratios 
calculated from the spectra are 1.08 and 1.24 for RGO-600 
and S, N-RGO-600, respectively. Thus, it confirms that the 
increase in the  ID/IG ratio for S, N-RGO-600 is due to the 
dual doping of S and N heteroatom to the RGO matrix, 
enhancing the disorderness.

The nitrogen adsorption–desorption hysteresis loop 
in Fig. 4c for RGO-600 and S, N-RGO-600 shows a type 
IV isotherm. The specific surface areas analyzed by the 
Brunauer–Emmett–Teller (BET) method are 136 and 87 
 m2  g−1 for RGO-600 and S, N-RGO-600, respectively. The 
decrease in surface area for doped material is due to the 
involvement of high molecular weight sulfur and nitrogen 
atoms as the carbonization temperature is the same for both 
the materials [36, 44]. Additionally, the pore volume and 
average pore size measured by the Barrett-Joyner-Halenda 
method (Fig. 4d) are 0.18  cm3  g−1 and 10 nm for RGO-600 
and 0.04  cm3  g−1 and 10 nm for S, N-RGO-600, respectively.

XPS survey scan spectrum of RGO-600 (Fig. 4e) shows 
C1s and O1s peaks, whereas the survey scan of S, N-RGO-
600 (Fig. 4f) has additional N1s and S2s and S2p peaks that 
confirm the S and N heteroatoms doping to RGO-600. S, 
N-doped RGO-600 contains 1.6% of S and 1.0% of N. The 
deconvoluted spectra of S2p (Fig. 4g) show that peaks at 
163.6 and 164.7 are due to  S2p3/2 and  S2p1/2 for the R-SH 
group, whereas peaks at 165.1 and 165.6 are due to  S2p3/2 

Fig. 3  TEM images: a RGO-600; b, c S, N-RGO-600, EDS mapping; d selected image for mapping of S, N-RGO-600; e C, O, N, and S elemen-
tal mapping (of Fig. d)
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and  S2p1/2 for the C-S-C group. The peak at 168.1 eV arises 
due to oxidized sulfur moieties in the S, N-RGO-600 mate-
rial. Furthermore, deconvoluted N1s peak in Fig. 4h shows 
that the presence of four different types of nitrogen bonds 
in S, N-RGO-600 is positioned at 397.3, 398.6, 400.2, and 
404.2 eV, corresponding to pyrrolic, pyridinic, quaternary, 
and oxygenated nitrogen groups. Supplementary Figure S1a 
and b present the deconvoluted spectra for C1s and O1s. 
The high-resolution XPS scan for C1s (Fig. S1a) has the 
most intense peak at 283.5 eV, ascribed for C–C and C = C. 
The other three peaks detected at binding energies 284.4, 
285.6, and 290.1 eV relate to C-N, C-S, and oxygenated car-
bon groups. The O1s deconvoluted spectra (Fig. S1b) show 
three intense peaks at 530.4, 532.4, and 534.5 eV, assigned 
to the  COO−,  CO3

2−, and absorbed oxygen groups, respec-
tively. The oxygenated functional groups are favorable for 
the adsorption of the electrolyte ions, which improves the 
charge storage property of S, N-RGO-600. Investigation of 
the XPS survey scan and deconvoluted spectra analysis con-
firms the effective doping of the sulfur and nitrogen in the 
RGO [37–39, 41].

Electrochemical characterizations of composite 
electrodes

The charge storage phenomena of the RGO composite 
electrodes were examined by the GCD, CV, and EIS. 
The GCD plot in Fig.  5a at 1 A  g−1 exhibits triangu-
lar asymmetric charge–discharge profiles that depict 

pseudocapacitive charge storage behavior of all compos-
ite electrodes. RGO-600 material delivers more capaci-
tance (416 F  g−1) than RGO-500 (358 F  g−1) and RGO-700 
(291 F  g−1). S, N doping to RGO-600 further enhances the 
capacitance, delivering 583 F  g−1 at 1 A  g−1, even though 
BET surface area is comparatively higher for RGO-600. 
This signifies nitrogen and sulfur doping to RGO-600 
is an effective strategy for enhancing the charge storage 
property. The galvanostatic charge–discharge profiles 
of S, N-RGO-600 are shown in Fig. 5b–c. The specific 
capacitance obtained at current densities of 0.5, 1, 2, 3, 
5, 7, and 10 A  g−1 is 666, 583, 500, 435, 375, 326, and 
286 F  g−1, respectively. As the current density increases 
from 0.5 to 10 A  g−1, charge–discharge curves convert to 
a symmetrical triangular shape due to fast kinetics. Also, 
no voltage drop (IR) occurs, indicating good stability of 
electrodes. At low current density, the electrolyte ions  (H+, 
 HSO4

−) easily enter the interior of the electrode, improv-
ing the utilization of electrochemically active areas and 
thereby increasing specific capacitance. The marginal 
pseudocapacitive behavior is due to the functional groups 
and protonation in sulfuric acid solution. At high current 
density, electrolyte ions cannot enter the interior electrode, 
absorbs only on the surface of the electrode, and exhibits 
EDLC-type behavior [45–50]. The charge storage study 
(Fig. 5d) of all the composite electrodes has been carried 
out at various current densities between 0.5 and 10 A  g−1. 
The calculated specific capacitance values are presented 
in Supplementary Table T2. The capacitance values of 

Fig. 4  Physical characterizations of RGO-600 and S, N-RGO-600: a XRD, b Raman, c BET,  N2adsorption-desorption curve, d pore size distri-
bution plot, e, f XPS survey scan spectrum, and g, h deconvoluted spectra of S2p and N1s of S, N-RGO-600
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RGO-600 are more than RGO-500 and RGO-700 compos-
ite electrodes at all current densities. Besides, S, N-RGO-
600 stores more charges than RGO-600. The enhanced 
capacitance for S, N-RGO-600 is due to the synergistic 
effect of Lewis acid centers of sulfur and nitrogen in the 
carbon matrix and the porous-layer structure.

Specific capacitance at various current densities for 
RGO-600 and S, N-RGO-600 composite electrodes was 
evaluated by the GCD method, starting with a high current 
density of 5 A  g−1 and then fluctuating the current densities 
as shown in Fig. 5e. Both the composite electrodes depict 
stable capacitance retention even after 10 A  g−1. S, N-RGO-
600 composite electrodes deliver a nearly 30% increase in 
specific capacitance at all the current densities compared to 
RGO-600.

The cycling stability of the RGOs and S, N-RGO-600 has 
been studied by the continuous GCD method at 5 A  g−1, as 
shown in Fig. 5f. All the composite electrodes retain > 98% 
of capacitance over 20,000 cycles in an acidic 4.5 M  H2SO4 
electrolyte medium.

Furthermore, the diffusion kinetics of the electrodes are 
analyzed at various CV scan rates (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 
4, 4.5, and 5 mV  s−1) for the RGO-600 and S, N-RGO-600 

electrodes, as shown in Fig. 6. Power law has been used to 
understand the charge storage contribution.

According to power law, scan rate (ν) and peak current (i) 
are related by the equation:

where a and b are adjustable parameters, vary with scan 
rates, and can be estimated by using a log(i) vs. log (v) plot 
(Fig. 6b). If b = 0.5, the charge storage process is diffusion-
controlled, and if b = 1, the method is a pure capacitive phe-
nomenon [51, 52]. The b values derived from Fig. 6b and g 
lie in the range of 0.7 to 1.0, which illustrates that the charge 
storage processes are a combination of both capacitive and 
diffusive types for RGO-600 and S, N-RGO-600 composite 
electrodes.

Furthermore, to examine the percentage of capacitive and 
diffusion-controlled charge storage at any specific scan rate, 
“Trasatti method” has been used. It states the total current 
(i(v)) at any particular potential is the sum of capacitive 
 (S1v) and diffusion current  (S2  v

1/2) given by:

i = a�
b

⇒ log(i) = log(a) + b log(�)
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Fig. 5  Electrochemical characterizations: a GCD plot at 1 A  g−1 for 
RGO-500, RGO-600, RGO-700, and S, N-RGO-600 composite elec-
trodes; b, c GCD plot of S, N-RGO-600 at 0.5–10 A  g−1; d specific 
capacitance at various current densities for RGO-500, RGO-600, 

RGO-700, and S, N-RGO-600 composite electrodes; e specific capac-
itance at various current densities (0.5, 1, 2, 3, 5, 7, 10 A g.−1) for 
RGO-600 and S, N-RGO-600; and f cycle life studies for RGO-500, 
RGO-600, RGO-700, and S, N-RGO-600 composite electrodes
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Fig. 6  Study of capacitive and pseudocapacitive charge storage per-
centage; RGO-600 and S, N-RGO-600. a, f CV at various scan rates 
(0.5 to 5  mVs−1); b, g log(i) vs. log(v) plot; c, h  v1/2 vs. i  v-1/2 plot; d, 

i capacitive charge storage area at 5 mVs.−1; e, j capacitive and pseu-
docapacitive charge storage percentage for different scan rates
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The S1 and S2 values are adjustable parameters and can be 
evaluated from the plot of i(v)/  v1/2 vs.  v1/2, as shown in 
Fig. 6c and h. The capacitive current contribution was cal-
culated using the S1 and S2 values, and the corresponding 
capacitive charge storage contribution curve was plotted [14, 
51, 52]. Figure 6d and i depict the capacitive charge stor-
age contribution curve at 5 mV  s−1, and both the capacitive 
and pseudocapacitive (diffusion-controlled redox reaction) 
charge storage percentages are illustrated in Fig. 6e and j for 
various scan rates. Pseudocapacitive charge storage property 
is higher at low scan rates due to slow kinetics related to the 
 H+ ion diffusion. On the other hand, the capacitive charge 
storage is more at high scan rate due to fast kinetics related 
to the adsorption of electrolyte ions at the surface of the 
electrode. At 5 mV  s−1, S, N-RGO-600 and RGO-600 show 
24% and 21% pseudocapacitive type of charge storage. Het-
eroatom dopings improved the electrochemical performance 
of S, N-RGO-600 composite electrodes.

Electrochemical performance of Pb‑C HUCs

Lead–carbon hybrid ultracapacitors have  emerged to solve 
the sulfation issue of lead-acid batteries by replacing the 
lead anode with a supercapacitor-based carbon electrode. 
The Pb-C HUCs can have fast charge–discharge cycles and 
are essential for start-stop, electric vehicles, and high surge 
current applications. The electrochemistry of the cathode 
remains the same, but the electrode architecture is changed 
by aiming to keep low  PbO2 mass loading to balance with 
mass loading of supercapacitor carbon anode. In this work, 
the Pb-C HUC is fabricated by using an in situ activated 
 PbO2 cathode and S, N-RGO-600 composite electrode as  
anode in same lead-acid battery electrolyte (4.5 M  H2SO4). 
The CV scan at 0.5 and 1 mV  s−1 (Fig. 7a) illustrates the Pb-C  
cell can operate in the voltage range between 0.6 and 2.3 V. 
The redox behavior of the  PbO2 cathode by CV curve at 
2 mV  s−1 is shown in Supplementary Fig. S2 [13, 14]. The 
GCD curves (Fig. 7b–c) for the full cell at various applied 
current densities (1, 2, 3, 5, 7, and 10 A  g−1) are neither 
triangular nor symmetrical, indicating the pseudocapacitive 
behavior of a hybrid ultracapacitor. Furthermore, different 
slopes are observed in asymmetric GCD profiles, suggesting 
the involvement of redox reaction occurs at the  PbO2 positive 
electrode and EDLC along with the pseudocapacitive charge 
storage process at the negative carbon (S, N-RGO-600) elec-
trode. The Pb-C HUC delivers a specific capacitance of 754, 
681, 655, 564, 514, and 456 F  g−1 at current densities of 1, 2, 
3, 5, 7, and 10 A  g−1, respectively, calculated from Fig. 7b–c. 

i(v) = S
1
v + S

2
v

1∕2

⇒ i(v)∕v
1∕2 = S

1
v

1∕2 + S
2

In addition, there is no initial voltage drop indicating better 
charge storage behavior of Pb-C HUC.

Additionally, the feasibility of the full cell has been stud-
ied by self-discharge analysis. Capacitors have the disad-
vantage of high self-discharge. However, the hybrid super-
capacitors have a low self-discharge due to involvement of 
redox reactions. The self-discharge performance has been 
performed on fully charged Pb-C HUC cells after 10 initial 
GCD cycles at 1 A  g−1. Figure 7d shows the cell retains 
1.48 V after 5 h of OCV. A sharp decrease in the voltage 
during the initial 0.4 h is attributed to the partial loss of 
the double layer to attain the thermodynamical equilibrium 
stage. Furthermore, a slight decrease in voltage until 3.5 h 
is due to the loss of pseudocapacitive charge storage driven 
by surface redox-active functional moieties. Ideal capaci-
tors require some current (Ileakage) to maintain the potential, 
which can be modeled as a resister parallel with a capaci-
tor. The individual particles in the electrode material act 
as a capacitor having its own internal resistance, and thus, 
these require the Ileakage amount of current to charge gradu-
ally [53–55]. The leakage current study was carried out by 
fully charging and then holding at 2.3 V for 5 h (Fig. 7e).  
The Ileakage reduced quickly during initial 1 h and stabilized 
in 4 h. After 5 h, the Ileakage value is 1.8 mA. Such low leak-
age current value for these Pb-C HUCs opens an opportunity 
for real-time application. To understand the cell feasibil-
ity to a better extent, float cycling analysis has been car-
ried out for 150 h, as shown in Fig. 7f and g. Initially, the 
cell undergoes 5 GCD cycles, holds for 5 h at a maximum 
voltage of 2.3 V, and then again undergoes another 5 GCD 
cycles (Fig. 7g) and continues for 150 h of floating (exclud-
ing GCD timing). The specific capacitance was calculated 
from the 4th discharge curve of each set of 5 GCD cycles. 
The cell retains 88% of capacitance after 150 h of floating 
(Fig. 7f), which illustrates the good stability of the cell. The 
cycle stability of Pb-C HUC cells was performed at a high 
current density of 5  Ag−1 for 15,000 cycles, as shown in 
Fig. 7h. The Pb-C HUCs are very stable and retain 90% 
capacitance after 15,000 cycles. The stable cycling is due 
to easy access of electrolyte ions through mesoporous and 
layered graphitic carbons with redox-active functional moie-
ties [25]. In addition, impedance studies were also conducted 
during different stages of the cycling stability study. The 
cell impedances were analyzed after the 1st, 9000th, and  
15000th cycles, as presented in Fig. 7i. The low-frequency 
region shows a slight reduction in capacitive nature with 
increasing continuous GCD cycles for 15,000 cycles. The 
high-frequency part of the impedance plot explains a minor 
increase in the solution resistance  (Rs) during 15,000 cycles. Rs  
values after 1st, 9000th, and 15000th cycles are 1.3, 3.2, and 
3.7 ohms, respectively. The low Rs value and low-frequency  
curve incline towards the imaginary axis illustrate the Pb-C 
HUC cell’s excellent supercapacitive nature. Finally, as 
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Fig. 7  Electrochemical study of Pb-C HUC full cells, a CV at 0.5 
and 1  mVs−.1, b, c GCD profile at various current densities, d self-
discharge study, e leakage current analysis, f, g float cycling study, 

h cycle life study, i impedance plot (insert, high-frequency region of 
Fig. i), j, k illumination of LED light by series connection and run-
ning a toy fan parallel connection of three cells
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shown in Fig. 7j and k, three LED lights were illuminated 
for more than 10 min by connecting three Pb-C HUC cells in 
series, and a toy fan was run by connecting three Pb-C HUC 
cells in parallel. The charge–discharge profiles at 1 A  g−1 of 
three Pb-C HUC cells in series and parallel are presented in 
Supplementary Figure S3.

Overall, S, N-RGO-600 composite electrodes deliver 
maximum capacitance in both three-electrode half-cell 
and two electrode hybrid supercapacitors. The heteroatom-
doped composite electrodes have good cycle life and 
C-rate performance with better capacitance. This is due 
to the formation of layered carbon sheets like morphology 
with some surface texture and an optimum carbonization 
temperature that enhances active areas of S, N-RGO-
600. The substantial rise in specific capacitance is due to 
the considerable improvement in the disorderness of S, 
N-RGO-600 and d-spacing of the graphitic layers, which 
leads to better insertion/de-insertion of hydrogen ions fol-
lowed by adsorption/desorption in the layered graphitic 
carbon matrix. Also, the participation of redox behavior 
of the heteroatom-based functional groups along with oxy-
genated functional moieties in 4.5 M  H2SO4 electrolyte 
synergistically enhances specific capacitance.

Conclusions

In conclusion, reduced graphene oxides were synthe-
sized from spent Li-ion batteries by a scalable and simple 
improved Hummers method. Effectively, sulfur and nitrogen 
doping to RGO has been driven by a one-step hydrothermal 
method. SEM confirmed the formation of surface texture 
carbon sheets by carbonization of GO at 600 °C. XPS and 
TEM characterizations endorsed the efficient and uniform 
doping of S and N to the RGO-600 carbon matrix. The 
RGO-600 electrodes deliver up to 233 F  g−1 at 5 A  g−1, but 
S and N doping increases the capacitance up to 375 F  g−1 
at 5 A  g−1. Both RGO-600 and S, N-RGO-600 retain > 98% 
capacitance over 20,000 cycles in 4.5 M sulfuric acid elec-
trolyte medium. At 5 mV  s−1, S, N-RGO-600 and RGO-600 
show 24% and 21% pseudocapacitive type of charge storage.

The lead–carbon hybrid ultracapacitors fabricated using 
in situ activated  PbO2 as cathode and S, N-RGO-600 com-
posite electrode as anode deliver a specific capacitance of 
564 F  g−1 at 5 A  g−1 and retain 90% capacitance after 15,000 
cycles. The high capacitance and stable cycle life of RGO 
and S, N-RGO are due to easy access of electrolyte ions 
through mesoporous and layered graphitic carbons with 
redox-active functional moieties of sulfur and nitrogen.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 022- 05188-w.
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