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Abstract: Graphene, a 2D carbon structure, due to its unique materials characteristics for energy
storage applications has grasped the considerable attention of scientists. The highlighted properties of
this material with a mechanically robust and highly conductive nature have opened new opportunities
for different energy storage systems such as Li-S (lithium-sulfur), Li-ion batteries, and metal-air
batteries. It is necessary to understand the intrinsic properties of graphene materials to widen
its large-scale applications in energy storage systems. In this review, different routes of graphene
synthesis were investigated using chemical, thermal, plasma, and other methods along with their
advantages and disadvantages. Apart from this, the applications of N-doped graphene in energy
storage devices were discussed.

Keywords: N-doped graphene; synthetic routes; energy storage; Li-ion batteries; Li-sulfur batteries;
graphene characterization

1. Introduction

Over the years, there is increased consumption and rapid use of fossil fuels for sustainable
energy [1]. However, considering the environmental friendliness and cost, most of the research
studies are targeted at production, effective conversion, and storage of renewable and sustainable
energy [2]. Owing to this, the role of the energy storage system plays a vital role in different energy
technologies such as electric vehicles and portable devices [3,4]. Nowadays, graphene (Gp) has gained
prominence owing to its excellent electronic features and superior materials properties [5]. It is easily
achievable from graphite (Gr) in a single layer sheet of sp? hybridized carbon atoms organized in a
structure of honeycomb lattice (HL) [6,7] with exceptional characteristics that include superior electrical
conductivity with exceptionally high mechanical strength, excellent chemical stability, and increased
surface area [8,9].

The instantaneous developments of energy technology have been progressed for the enriched
energy rechargeable batteries (ERB). Therefore, extensive research has been carried out over the last
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years to improve ERB [10,11], which requires materials with excellent properties. For over two decades,
various energy storage technologies such as Li-ion batteries (LIBs), Na-ion batteries (NIBs) [12,13],
Zn-ion batteries (ZIBs) [14], Li-S batteries [15,16], and K-ion batteries [17] have been introduced
due to their improved and high energy densities in energy technologies [18]. In battery technology,
the Gp-based materials appear to be highly desirable material considering their various feasible
electrical, mechanical, and physical properties [19]. Gp shows fluorescent over a wide range of
wavelengths due to its heterogeneous electronic structure, flexibility, optical transparency, and high
mobility for the optoelectronic devices [20]. Gp imparts an essential role in optic based devices
such as optical frequency convertors, terahertz devices, optical frequency converters, and flexible
smart windows [21,22]. Moreover, it has become the best alternative material used for photocatalysis
treatment in which it acts as an electron scavenger, so recombination of electron-hole was remarkably
decreased. Consequently, enhancing the overall efficiency of the catalyst [7,9].

Therefore, Gp has been considered as a multifaceted nanomaterial for other advanced energy-based
applications such as Al-Gp ultrahigh cathode [23], Mg/Gp cathode electrode [24], SiOx/Gp composite
anode [25], Gp induced ZnO anode [26], Gp induced Li/Na anodes [27], Sn-SnSb nanoparticles induced
on N-doped Gp sheets as anode [28], Gp additives on Pb-acid electrodes [29], Fl-modified Gp anode [30],
and Nano-Si composite with N-doped Gp as anode [31] have been utilized in various LIBs, NIBs,
and metal-air batteries. Hence, it is equally important to synthesize Gp on a large scale to quantify the
demand for this material in various applications. There are extensive studies available in the literature
on the Gp applications. However, this work highlights N-doped Gp synthetic routes along with their
characterization techniques in the battery domain followed by their applications in rechargeable and
(Li-ion, Li-S) and Metal-Air batteries. This review aims to simplify the importance of N-doped Gp in
battery research to promote their future market penetration.

2. Gp Synthesis Routes for Battery Application

Gp synthesis states various methods for its fabrication depending on the desired purity, and size
of the product. The first attempt of monolayer Gr synthesis was performed in early 1975 when
B. Lang et al. [32] revealed the formation of Gr with mono and multilayers by using a carbon thermal
decomposition process on single platinum substrates. This method continued further investigations
due to the lack of uniformity of Gr layers. Furthermore, synthesis of Gp was conducted again in
2000 [33]. Though, Novoselov et al. [34] were accredited for the discovery of Gp in 2004. They have
first revealed the Gp synthesis using the exfoliation process. Until now, the approach has been pursued,
along with efforts to develop new techniques for efficient synthesis of large-scale development of Gp.

In the last decade, several methods were established and utilized to synthesize Gp. The most
common Gp synthesis methods utilized are mechanical exfoliation (ME) [35], chemical exfoliation
(CE) [36], chemical synthesis (CS) [37], electrochemical exfoliation [38], and chemical vapor deposition
(CVD) process [39]. Other reported methods of Gp synthesis include the unzipping process of carbon
nanotubes (UPCNTs) [40] and microwave process (MP) [41]. In ME process, the limitation of Gp layer
thickness is up to 10 nm, which is 30 times thicker than the normal Gp [42]. In the CE route, solution
dispersed Gr is chemically exfoliated by introducing a large number of alkali ions between the Gr
layers. This process has also been applied to the graphite oxide (GrO) synthesis [43].

The thermal chemical vapor deposition (TCVD) process has demonstrated the most substantial
route to produce large-scale Gp [44]. TCVD is conducted in a resistive heating furnace. Besides,
plasma-enhanced chemical vapor deposition (PECVD) [45] involved methane and other gas ratios
to synthesize Gp using plasma-assisted growth. These synthesis routes also exhibit some limitations
depending on the properties of Gp. For example, the ME process has produced monolayer or
multilayered Gp. However, the consistency of producing a similar Gp structure using this method
is too difficult. Besides, the CS method is conducted in low-temperature conditions, which makes it
a suitable process to synthesize Gp on multitypes of substrates at ambient temperature, specifically
on the substrate made from a polymeric material. Nonetheless, Gp large areas fabricated in this
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route are dispersed and nonuniform. However, Gp produced by the reduced graphene oxide (rGO)
process typically leads to the incomplete GO reduction that causes a successive debasement of
the electrical characteristics based on its reduction degree [46]. Synthesis of few layered graphene
(FLGp), with enhanced electrical, morphological, and textural properties for the application as anode
material in Li ion batteries has also been reported through CVD, microwave exfoliation, and thermal
techniques [47-49].

By contrast, the TCVD method is beneficial for the fabrication of large-area devices and promising
for future semiconductors made from metal-oxides replacing silica [50]. Epitaxial Gp is another
method employed to prepared Gp by applying a thermal process on the surface of Silicon carbide
(SiC) [51]. Conversely, this process has some limitations of producing Gp, such as the requirement of
high temperature as well as the incapability of heat transfer on other substrates.

Gp has been be synthesized by using two different techniques, either top-down or bottom-up
methods [52] as represented in Figure 1.
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Figure 1. Flow chart for Gp synthetic routes. Reproduced with permission from [52]. Copyright ACS
Publications, 2018.

3. Characterization Tools for Gp Materials

Gp has been identified and characterized by different characterization methods such as RS
(Raman spectroscopy) that investigates the structure of Gp and TEM (transmission electron microscopy)
that helped to distinguish the Gp structure. The SEM (scanning electron microscope) and AFM
(atomic force microscope) have been used widely to characterize the morphology of Gp. Methods such
as UV-Vis and XRD have been used as advantageous approaches to support the findings.

3.1. Raman Spectroscopy (RS)

RS is considered an important tool for the characterization of Gp [53]. The allotropes of carbon
show unique characteristic peaks in RS at approximately 2700, 1580, and 1350 cm ™!, respectively [54,55].
These peaks help in determining the number of layers in the Gp. The D and G bands have been
assigned to the disorder of carbon of sp? nature and tangential stretching mode (E2g) of highly oriented
pyrolytic Gr (HOPGr) [56,57]. The 2D band refers to the second-order Raman scattering process [58].
There have been a variety of studies for the synthesis of Gp by chemical reduction process (CRP)
that includes an up surged thickness of defects as compared to the other techniques [59]. Figure 2a
illustrates the RS of Gr and Gp, and the three characteristics peaks of Gp (2D, G, and D) appeared
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at 2680, 1580, and 1350 cm™!, respectively [60]. Generally, Gr and Gp are distinguished by varying
intensities of their three characteristic bands as shown in Figure 2a. Besides, the quality of Gp has been
reviewed by Raman analysis by estimating the intensity ratio of 2D and G bands. A large I12D/IG ratio
and a relatively small D peak amplitude proves that a high-quality Gp was formed [61]. In Figure 2b,
Gr prepared by CVD showed a higher intensity ratio than synthesized by ME. Consequently, CVD is
considered as one of the most suitable techniques to produce Gp of high-quality [60].
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Figure 2. (a,b) Raman spectra of Gr and Gp. Reprinted with permission from [60]. Copyright RSC
Publishers, 2017.

The Raman spectra of FLGp obtained by microwave assisted exfoliation indicated D, G, M-K
scattering, 2D, and 2D’ bands at around 1352, 1578.6, 2445, 2702, and 3234.3 cam™, respectively.
Furthermore, the intensity ratio Ip/Ig of around 0.6 was assigned to graphitization degree. Whereas,
the value of Ig/Ip of 1.2 indicated the presence of less than 20 Gp layers [47]. Likewise, Raman spectra
of N-doped Gp foam obtained by CVD process was found to show discrete G and 2D bands at around
1580 and 2705 cm™!, respectively.

3.2. Transmission Electron Microscopy (TEM)

TEM uses electrons in high voltage for transition through a very thin layer of sample and then
the reflected signal is received and processed to be in micrograph for observation of morphological
variations of Gp [62]. The characterization of Gp using TEM analysis is very imperative due to its
capability to capture the image in the nano or even at the atomic level [63]. By analyzing through TEM,
single layer Gp is usually considered as a transparent layer. The high and low magnification images of
single layer Gp, with the related selected area electron diffraction (SAED) pattern (inset) that displays
the hexagonal shape of the crystalline Gp, are shown in Figure 3a,b [60].

Furthermore, FLGp were observed in the TEM images as shown in Figure 4a—f [60]. The SAED
patterns (Figure 4g—i) are uneven and not sufficient to justify the multilayers (2, 3, 4, 5, 6, and 7) of Gp.
Hence, other characterizations are essential to support the TEM findings.
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Figure 3. TEM micrographs of single layer Gp at (a) low and (b) high magnification. Reprinted with
permission from [60]. Copyright RSC Publishers, 2017.

Figure 4. TEM micrographs of Gp edges with different layer numbers: (a) two layers, (b) three layers,
(c) four layers, (d) five layers, (e) six layers, and (f) seven layers. The SAED patterns of two, three,
and five layers of Gp taken from the center of the domain are presented from (g—i). Reprinted with
permission from [60]. Copyright RSC Publishers, 2017.

3.3. Scanning Electron Microscopy (SEM)

The SEM analysis is extensively utilized to study the morphological characteristics of Gp.
The electron microscope and the optical microscope have generally the same principles of working.
However, the electron microscope uses the exceedingly exciting electrons as a source instead of
the visible light uses in the optical microscope [64]. Besides, the optical microscope has a limited
magnification and resolution because of the visible light extensive wavelength source, while the
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wavelength of the accelerated electron is much lower than visible light which gives FESEM or SEM a
high resolution [65].

Cao et al. have successfully synthesized Gp from natural Gr flakes using Hummers method
through liquid oxidization. Following that, a 2-dimensional Gp sheet was observed using SEM.
Correspondingly, fold structure was seen on both the edge and the surface of the sample (Figure 5),
considered as typical morphology of multilayered Gp [66]. The estimated thickness of the sample was
around 100 nm.

| structure of
the surface

structure of
the edge

Figure 5. (a,b) SEM micrograph of synthesized Gp. Reprinted with permission from [66]. Copyright
MDPI Publishers, 2015.

Khai et al. [67] synthesized mono to multilayer Gp using a microwave-assisted solvothermal
method. The prepared Gp was analyzed using FESEM with an observed dimensional range of 3-10 mm.
Figure 6a—d shows single-layer Gp films at low and high magnifications. Besides, surface crumples in
the detected sheet and folding at the edges of the Gp films were observed. In contrast, the multilayer
Gp was synthesized by Gui et al. [68] using a solvothermal technique. This method has displayed
agglomerations and wrinkles which was due to the presence of oxygen-containing functional groups.
These results have represented good agreement as reported by Khai et al. that supports earlier
studies [67,69].
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Figure 6. FESEM micrographs of multilayer Gp at (a) low, (b,c) moderate, and (d) high magnification.
Reprinted with permission from [67]. Copyright Elsevier, 2013.
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By employing the CVD method, Hawaldar et al. [70] synthesized a Gp sheet and then analyzed
it by using FESEM (Figure 7a). It has demonstrated the wrinkled morphology of the Gp surface
(Figure 7b) through FESEM micrograph in high magnification for the Gp double-layer on a copper grid.
In another study, the surface area of Gp with growth times of 10 and 15 min has been found higher as
observed by Dang et al. [71] (Figure 7c,d).
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Figure 7. (a) FESEM micrographs of Gp sheets grown on copper, (b) FESEM micrograph of a double
layer Gp sheet on a copper grid, produced by hot filament thermal chemical vapor deposition
(high magnification). FESEM micrographs of Gp at (c) 10 min and (d) 15 min growth times Reprinted
with permission from [60]. Copyright RSC Publishers, 2017.

Furthermore, the characterization of Gp using SEM is very popular due to its lower cost as
compared to FESEM and its capability to examine the micrographs at moderate magnification.
Similarly, Tu et al. [72] examined the surface of Gp film prepared by the CVD method which showed
few white wrinkled marks on the surface of the Gp sheet as shown in Figure 8. Petnikota et al. reported
that the SEM micrographs of FLGp obtained by microwave exfoliation of Gr has shown the FLGp sheets
with lateral dimension of 1 um? and specific surface area of about ~8.2 m?-g~! [47]. The morphology
of MgO decorated FLGp examined by FESEM was indicated to have MgO spotted on Gp sheets.
Whereas, the Gp sheets were exhibited as transparent and semitransparent cubes of varying size [48].
The MgO-FLGp composite exhibited the surface area of 393 m?/g and an average pore volume of
0.9 cm®/g.
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Figure 8. SEM micrograph of a Gp with seven layers on (a) Cu substrate and (b) Si substrate.
Reprinted with permission from [60]. Copyright RSC Publishers, 2017.

3.4. Atomic Force Microscopy (AFM)

Generally, AFM has been employed for the Gp characterization through magnitudes in the
nanometer range under diverse conditions, i.e., liquids, ultrahigh vacuum, or normal atmosphere [73].
The roughness and thickness of the Gp have been determined by Lui et al. [74]. Figure 9 displays the
Gp synthesized by CVD on four different surfaces using AFM. It has been found that the long reaction
time increases the thickness and the surface roughness of the Gp.

Figure 9. The AFM micrographs of SA1, SA2, SA3, and SA4 were gained in the close contact mode
(8 X 3 mm). Reprinted with permission from [60]. Copyright RSC Publishers, 2017.
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Gao et al. [75] synthesized the Gp sheet on the substrate of palladium by utilizing the surface
segregation process. It was observed by AFM that the uniform shape of the Gp sheet completely
covered the palladium surface as shown in Figure 10a,b. However, few carbon nanowires (CNWs)
were observed on top of the Gp due to the growth of 3D carbon. The sample edge showed the Gp
discontinuity, where the area of an uncovered palladium surface was observed Gp as shown clearly in
Figure 10c,d.
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Figure 10. AFM micrographs of Gp produced on Pd (111) substrate. Micrographs (a,b) were obtained
from the center of the Gp sample, micrograph (c) was obtained from the edge of the Gp sample,
where (d) micrograph illustrates the Gp layer height corresponding to monolayer Gp. Reprinted with
permission from [60]. Copyright RSC Publishers, 2017.

AFM is considered as one of the effectual methods used to justify the Gp layer thickness.
Liu et al. [76] have synthesized multilayer Gp by the exfoliation process on the expandable Gr in a
supercritical solvent (N, N-dimethylformamide). Figure 11a,b illustrates the layers of Gp using AFM
tapping mode. It can be seen that the thicknesses and sizes are varied while the majority of the Gp
sheets areas were approximately 3 nm. Similarly, Figure 11c,d reveals the micrographs of the exfoliated
Gp sample with an approximate height of 1.2 nm which suggested the existence of monolayer Gp.
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Figure 11. AFM micrographs of (a) multilayer Gp films (2 X 2 mm), (b) multilayer Gp films (0.8 x 0.8 mm),
(c) single layer Gp films (3 X 3 mm), and (d) single layer Gp films (1.25 x 1.25 mm). Reprinted with
permission from [60]. Copyright RSC Publishers, 2017.

3.5. X-ray Diffraction (XRD)

XRD analysis is employed to examine the size, crystallinity, atomic arrangement, defects, and other
structural features of materials. X-rays produced by the XRD device are diffracted, scattered, refracted,
absorbed, and transmitted through a diffraction pattern [77]. Moreover, Bragg’s law helps to determine
the atomic planes separation in a material [78]. Each component in the mixture shows different
diffraction patterns than other components.

Although XRD analysis is useful for Gp characterization, it is not a sufficient tool to detect the
single layer of Gp. Naebe et al. [79] prepared and characterized functionalized Gp, which has better
mechanical properties and higher thermal stability than GO. The results of XRD have exhibited Gp,
GO, Gr, and functionalized Gp (Figure 12a). A sharp peak of diffraction at 20 = 26.5° refers to the
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pristine Gr with (002) plane of well-ordered carbon atoms and interlayer spacing (d = 3.35 A°) that has
disappeared and a new peak at 26 = 10.5° was observed for GO with d-spacing of 8.41 A°. It has been
indicated that large quantities of oxygen atoms are attached on the surface of the GO.
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Figure 12. (a) XRD pattern for Functionalized Gp, Gp, GO, and Gr, (b) XRD plots of Gp, GO, and
natural Gr. Reprinted with permission from [60]. Copyright RSC Publishers, 2017.

Consequently, the interlayer spacing of GO is expanded. The functional groups elimination, such
as oxygen in GO at a high temperature caused the (002) peak disappearance and the formation of
reduced Gp films. Wang et al. [75] have stated that the reduced FLGp film had no (002) peak after
microwave irradiation as shown in Figure 12b.

4. Significance of N-Doped Gp for Energy Storage Systems

N-doping improves the physiochemical properties of Gp host materials to enable batteries with
superior electrochemical performances. Due to the lone pair of an electron in the outer shell, the N-atom
is more electronegative which promotes the electrochemical conductivity and acts as an electrocatalyst
for different metal ion batteries [80]. The Li-S technology faces multiple technical issues in terms of
the electronically insulating sulfur and the shuttle of its discharge polysulfides products (i.e., lithium
polysulfides LiySy (1234)). It necessitates polar N-doped host materials to mitigate the shuttle and
promote the electrical performance of Li-S batteries [81]. The N-content also leads to enhanced
interaction between N-doped materials and Li ions to achieve better performance [82]. In this review,
the authors have summarized various synthesis techniques of N-doped Gp materials and emphasized
their applications as Li-S, Li-ion, and Metal-Air batteries.

4.1. N-Doped Gp in Conventional Li-lon Batteries

Lithium metal is considered as the holy grail of all anode materials due to its lowest reduction
potential (~3.04 V vs. SHE) and a very high theoretical capacity of ~3400 mAh g~! [83]. However,
the use of Li metal is unsafe due to its (electro-)chemical instability with organic electrolyte. Gr has
been a suitable alternative and the first-choice anode material for Li-ion battery (LIB) since the first
commercial application by Sony in 1991. Despite the better stability of Gr anodes with conventional
electrolytes, a major shortcoming is their limited theoretical capacity (%372 mAh g~!) that curtails
their suitability for high energy applications. Over the years, various other types of carbonaceous
materials have been used as anode materials such as Gp, CNTs, carbon nanofibers (CNFs), and so
on. Nevertheless, the intrinsic limitation of lower storage capacity remains. In this regard, chemical
doping of such materials with various dopants such as P, B, and N is an effective strategy.

Approaches of various defects have been created in the materials rendering them higher Li*
ion storage sites and boosting the specific capacity of the electrodes. In particular, N-doping is
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advantageous since N-atoms are more electronegative than carbon atoms which ensures stronger
interactions with Li-ions. Reddy et al. [84] demonstrated the growth of N-doped Gp layers through
liquid precursor-based CVD method using hexane and acetonitrile. The electrodes were prepared
by directly growing the N-doped Gp on copper current collectors. Results demonstrated a two-fold
increase in the specific capacities for the N-doped Gp electrodes when compared with pristine Gp.
The enhanced capacity was attributed to the improved Li-ion mobility due to a higher number of
surface defects caused by N-doping. By simple pyrolysis of polypyrrole and GO nanosheet as a
precursor, a micro/mesoporous structure of N-carbon/rGO was derived with a specific surface area
of 327 m? g1 (Table 1). While tested as anode, the electrodes delivered a good reversible capacity of
~750 mAh g~! at 100 mA g~! for 200 cycles (Figure 13a,b) which was significantly higher than that of
N-carbon (Figure 13c). Comparing the Nyquist plots of both electrodes, N-carbon/rGO demonstrates
much lower resistance as shown in Figure 13c.
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Figure 13. Battery cyclic performance (a) N-carbon/rGO; (b) N-carbon; (c) Nyquist plots for
N-carbon/rGO and N-carbon [85], (d) schematic depiction of the synthesis procedure of DHCSs/RGO
composites, (e) SEM images of (B) MR spheres/GO after mixing (C) DHCSs/RGO-700; TEM images (D)
MR spheres/GO and (E) DHCSs/RGO-700. (F—H) Elemental mapping of DHCSs/RGO-700 (I) HRTEM
image of DHCSs/RGO-700 Reprinted with permission from [52], Copyright ACS Publisher, 2018.

Efforts are also underway to design 3D structures based on carbon materials such as
GO. Hollow carbon spheres/rGO are developed by compositing with poly(vinyl alcohol) (PVA)
through polycondensation of oligomers (melamine and formaldehyde) followed by the KOH
activation/reduction of the nanocomposite (schematic Figure 13d) [52]. The morphology and
composition of the 3D structures was confirmed by SEM/TEM images and elemental mapping
(Figure 13e). The usage of DHCSs/RGO exhibited an excellent capacity of 1395 mA h/g at 0.1 A/g
and 606 mA h/g at 5 A/g as anode materials. Multiwalled N-doped CNTs have also been synthesized
and characterized for LIB applications. Bulusheva et al. [86] reported the synthesis of CNTs through
the aerosol-assistant catalytic CVD method. The authors used toluene and acetonitrile for nanotube
morphologies and N-contents. They found the highest reversible capacity of 270 mAh g=! at the
current density of 0.2 mA cm~2 and the highest value of exchange current density at the lowest
N-content of (=1 at. %). Reportedly, Tin (IV) oxide nanocrystals (SnO,-NCs) have been embedded
with N-doped rGO sheets through in situ hydrazine monohydrate vapor reduction method [87].
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When tested for LIB, the SnO,NCs@N-rGO exhibited excellent discharge capacity, cycle life, and rate
capability. In another work, N-doped Gp-CNTs lamellar architecture was utilized as anode material
for LIB [88]. The N-content was 11.1% that resulted in a high surface area of 293 m?g~! (Table 1).
The unique architecture and N-doping helped in achieving a high reversible capacity of ~500 m Ahg~!
at a current density of 1 Ag~!. Sui et al. [82] synthesized Gp-based hydrogel using N-doped porous
Gp. The Gp/melamine-formaldehyde hydrogel was freeze-dried followed by thermal treatment.
The material exhibited a higher discharge capacity (672 mAh g~!) as compared to N-free Gp porous
material (450 mA h g~!) at a current density of 100 mA g~!. Further, the initial capacity was retained for
200 charge/discharge cycles at 400 mA g~!. Through pyrolysis of polypyrrole/GO nanosheet precursor,
N-doped carbon/rGO was synthesized and used as anode material for LIBs [85]. The N-content was
doped up to 15.4%, which helped in obtaining micro/mesoporous structures with a high specific surface
area of 327 m? g~!. The materials exhibited a reversible capacity of 1100 mA h g~! at 100 mA g~! and
cyclic stability (1000 cycles) at a high current density of 1 A g~!. Another unique synthetic route of Gp
preparation was evaluated by Puttapati et al. using sunlight converged through lenses on GO [89].
Solar rGO was introduced as an excellent anodic material for Li-air batteries. The exhibited discharge
and charge capacities were 1480 and 880 mAh g~!, respectively. Moreover, an elevated current density
of 100 mA g~! was tested with columbic efficiency >95% and specific capacity of ~500 mAh g~! even
after 60 cycles. It was displayed as reliable and excellent Li storage material.

Goh et al. [49] synthesized the N-doped Gp foam by using eggshells in the Gp foam (GE/GF)
through CVD process. The GE/GF anode exhibited the first discharge capacity of 424 mAh g1,
and the reversible capacity was 328 mAh g~!, while the capacity enhanced to 368 mAh g~! at 45 cycles.
The cycling stability of electrode revealed the initial Coulombic efficiency which increased to 77.5%.
It suggested the in-filling of foam by Gp eggshell which decreased the decomposition of electrolyte
and the surface side reactions.

4.2. Role of Gp-Based Materials in LSBs

Reportedly, Gp-based materials have been used to enhance the performance of LSBs [90,91].
The insightful role of these materials has been indicated by using 2D g-C3N4/Gp composite,
which showed the discharge capacity of 612.4 mAh g=! at 1 C after 1000 cycles [92]. Similarly,
Gp nanoflakes implanted sulfur cathode CoP@G/CC-S have been reported to offer a discharge capacity
of 930.1 mAh g~! at 3 C and a real capacity of 8.81 mAh cm~2 at 0.05 C with increased sulfur loading
(up to 10.83 mg cm™2) [93]. 3D-rGO with host Li,Sg catholyte has been also used with discharge
capacity 1607 mAh g~! at 0.1 C and efficiency of over 200 cycles with sulfur loading 6.6 mg cm~2 [94].
Designed sulfur cathodes using Gp with the effect of particle sizes of 13 um and 500-1000 nm [95],
Gp embedded WS, nanoclusters (degradation 0.067% per cycle at 1 C during 250 cycles) with
sulfur loading (10.83 mg cm™2) [96], and Gp sheets grafted with Nij;Ps nanoparticles (degradation
0.074%jcycle at 1 C during 500 cycles) with sulfur loading (3.5 mg cm~2) [97], have also been reported.

Likewise, other Gp based materials such as Gp quantum dots with 99% efficiency (capacity
3mA cm~2 and sulfur loading (4 mg cm~2) above 200 cycles [98] and Gp compounded with LiFePO,
sulfur cathode for enhanced sulfur loadings (4.3-8.4 mg cm~2) [99] have presented a great potential to
advance electrochemical performance and amplified charge transfer with elevated properties of energy
storage among LSBs.

4.2.1. Li-Sulfur Batteries

Li-sulfur (Li-S) chemistry offers much higher energy densities than the current Gr and LiCoO,
based LIBs. Efforts are underway to improve the Li-S system by addressing various issues associated
with the S cathode including lower electronic conductivity of S, loss of active materials due to polysulfide
shuttle, and high volumetric expansion of S during Li insertion/de-insertion [100]. The use of Gp-S
composite has been shown as an effective strategy to solve the aforementioned issues [101]. The doping
of Gp in particular with N atoms increases the conductivity and enhances surface interaction with
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polysulfides at molecular interactions. The process immobilizes such polysulfides species which can
greatly improve the electrochemical performance of the batteries [102].

Recently, N-doped Gp and CNTs as sulfur host advances the cycling performance with discharge
and retention capacity of 1465.1, 1315.1, and 849.1 mAh g~! after 200 and 500 cycles, respectively,
at 1.0 and 2.0 C [103]. Additionally, N-doped Gp porous cables have been utilized the sulfur cathode
and lithium anode as another example with a capacity of 525 mAh g~! and degradation of 0.14%
per cycle over 100 cycles at 0.5 C [25]. Additionally, N-doped graphitic electrodes also have been
found promising such as cathode (capacity 1473 mAh g~!, degradation 0.075% above 500 cycles at
0.5 C) with sulfur loading (3 mg cm~2) and the cathode (capacity 833 mAh g~! above 120 cycles
at 1 C) with sulfur loading (6 mg cm~2) [104]. Likewise, optimization of N-doped Gp (discharge
capacity 1311 mAh g~! at 0.2 C, capacity: 950, 762, and 580 mAh g~ at 1, 2, 3 C) with sulfur loading
(4 mg cm™2) has been observed [105]. Moreover, cobalt in N-doped Gp for high sulfur content (capacity
1210 mAh g~!, degradation 0.029% over 100 cycles at 0.2 C) with sulfur loading (6 mg cm~2) [106] and
N, sulfur co-doped Gp augmenting Li; TisO1, anode (capacity 130 mAh g~! at 80 C and 123 mAh g~!
at 100 C) displayed cathode (89.5% retention capacity above 500 cycles at 5 C) [94], have shown
multifunctionality to accelerate redox kinetics among LSBs electrodes. Wang et al. demonstrated
outstanding performance of 3D N-doped Gp and S composite (3D-NGS) cathodes [107]. A high amount
(87.6 wt%) of S was loaded in N-Gp via a facile one-pot solution method as shown in Figure 14a.
The amount of N was 10% and the surface area of the Gp was 398 m? g_l (Table 1). The cathodes
exhibited a capacity of 671 mA h g~! after 200 cycles at a high current of 1500 mA g~! (Figure 14b).
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Figure 14. (a) Schematic of the synthesis of 3-dimensional N-doped Gp-S composites and (b) rate
and cyclic performance (¢) TEM and the corresponding element mapping images of Ni@NG; (d) the
sub-angstrom resolution HAADF-STEM image of Ni@NG, (bright spots represent single Ni atoms);
(e) XANES; (f) FT-EXAFS spectra Reprinted with permission from [107]. Copyright RSC Publishers, 2014.

Tang et al. [108] proposed a 3D sandwich-like hierarchical design based on aligned CNTs and Gp
layers (N-ACNT/G). They claimed that the architecture provides 3D electron transfer pathways and
ion diffusion channels. Further, N-doping (0.8%) with more defects and active sites were introduced in
the structures that enhanced the electrochemical interactions with the PS. Li-S battery based on the
N-ACNT/G cathode materials delivered a high initial reversible capacity of 1152 mAh g~! at 1.0 C,
maintaining ca. 76% initial capacity after 80 cycles. In another work, Zhang et al. [109] embedded
single nickle (Ni) atoms on N-doped Gp (Ni/NGp) and utilized them as the separators for Li-S batteries.
The idea was to trap polysulfides by the oxidized Ni sites of the Ni-N4 structures. Further, the kinetic
conversion of the Li polysulfides during the charge/discharge is accelerated due to low free energy and
decomposition energy barrier that was possible by the charge transfer between the polysulfides and
the oxidized Ni sites. Figure 14a shows the schematic of the synthesis process where Ni @NG was
prepared with Ni-N4 sites through a pyrolysis approach. Porous structure is confirmed in Figure 14c
while the high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM)
confirmed the presence of Ni atoms (bright dots (*2-3 A)onNG (Figure 14d). The cationic coordination
environment of the middle Ni sites is confirmed by the X-ray near-edge absorption fine structure
spectra (XANES), where the absorption edge position of Ni/NGp is located between those of the Ni foil
(Ni%) and the NiPc (Ni'') as shown in Figure 14e. Furthermore, through Fourier transform extended
X-ray absorption fine structure (FT-EXAFS) spectra (Figure 14f, Ni-N rather than Ni-Ni bonding was
confirmed. All these characterizations confirmed the presence of Ni atoms in a well-distributed fashion
in the N-doped Gp structures. With such Ni/NGp modified separators, an excellent Li-S battery was
achieved where stable cycling life with only 0.06% capacity decay per cycle was observed. A similar
approach of Ni atoms on N-doped Gp and CNTs have also been shown in other work where the
modified separator achieves good electrochemical Li-S performance [110].
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4.2.2. Significance of Lithium-Sulfur Batteries

Over the years, gradual development in cathode/anode and electrolytes have incorporated
sulfur as a promising material in LSB. In this regard, the desirable energy properties of sulfur-based
materials such as explicit capacity of 1675 mAh g~!, frequency and energy density up to 2600 Wh Kg~!
have played a vital role [111,112]. Due to the sulfur low cost and high compatibility towards
energy storage applications, the emergence of LiS batteries has improved [113]. In recent times,
various impactful studies of carbon-derived materials (CDM) have developed to ensure the progress of
sulfur cathode, Li anode, electrolytes, and separators, for a variety of materials [114-116]. Particularly,
sulfur treatment, functional binder, functional interlayer, and SEI layer have been observed through the
adaptation of functional sulfur host, modified electrolyte, and modified separator [117,118]. Similarly,
the electrochemical performance of LSBs has been manipulated through polymer materials such as
polymer cathodes (polypyrrole, polyaniline, polythiophene), organosulfur polymers, polymer binders,
polymer electrolytes (polyvinylidene difluoride, polyethylene oxide), and polymer interlayers (Nafion,
polyacrylic acid, polydopamine) [119].

Due to the momentous polysulfide shuttle effect of sulfur cathode [120], various other
nanomaterials such as V,Os nanosheets fabrication with specific capacity (838.8 mAh g~!, 200 cycles,
0.1 C) [121], lithiation by combining FePS; flakes with excellent cycling stability (current density 1 C,
decay of 0.04%j/cycle up to 1000 cycles) [122], assembling N-doped carbon shell-CeO, nanoparticles
(reversible capacity of 1348 mAh g~! at 0.2 C, cycle stability of 632 and 458 mAh g™ at 2 and 5 C
after 500 cycles) with high sulfur loading (3.5 mg cm™2) [123], metal-organic frameworks derived
molybdenum carbide-CN-octahedrons (decay rate of 0.0457%, 600 cycles at 1 C, cycle capacity of
807 mAh g~!) with high sulfur loading (4.2 mg cm~2) [124], novel S/MoSe,/MoO, along with 66%
sulfur content (1100 mAh g~!, 77% capacity retention after 500 cycles 0.5 C) [125], to enable high
performance of LSBs.

4.2.3. Role of N-Doped Gp in LSBs

Significant attempts have been made to boost the efficiency of LSBs using N-doped Gp.
In this regard, N-doped Gp based lithium sulfur batteries (LSBs) have stated bulk energy storage
applications [126]. Recently, N-doped Gp and CNTs as sulfur host (discharge capacity 1465.1 mAh g~!
at 0.1 C, stability of 1315.1 and 849.1 mAh g~! over 200 and 500 cycles, respectively, at 2.0 C) [103],
N-doped Gp porous cables for sulfur cathode and lithium anode (energy density of 10.2 m Wh cm~2,
capacity 525 mAh g1, degradation 0.14% per cycle over 100 cycles at 0.5 C) [127], N-doped graphitic
electrodes such as cathode (capacity 1473 mAh g~!, degradation 0.075% above 500 cycles at 0.5 C)
with sulfur loading (3 mg cm™2) and cathode (capacity 833 mAh g~! above 120 cycles at 1 C) with
sulfur loading (6 mg cm~2) [104], optimization of N-doped Gp (discharge capacity 1311 mAh g~! at
0.2 C, capacity: 950, 762, and 580 mAh g~! at 1, 2, 3 C) with sulfur loading (714 mAh g~! at 1.5 mA
cm~2 above 400 cycles for 4 mg cm~2) [105], cobalt in N-doped Gp for high sulfur content (capacity
1210 mAh g~!, degradation 0.029% over 100 cycles at 0.2 C) with sulfur loading (6 mg cm~2) [106]
and N, sulfur co-doped Gp augmenting LisTisO;, anode (capacity 130 mAh g~ at 80 C and 123 mAh
g~ at 100 C) displayed cathode (89.5% retention capacity above 500 cycles at 5 C) [128], have shown
multifunctionality to accelerate redox kinetics among LSBs electrodes.
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Table 1. Electrical properties of various carbon-based materials.

Current Reversible Voltage Initial Surface Area
N-Doped Electrodes (mA o) Capacity Window (V) Coulombic ~ N-Content (m? g-1) Ref.
& (mAhg1) eff. (%) 8

Gp nanosheets 42 900 0.01-3.0 - 2% - [129]
CNFs 100 1280 0.01-3.0 48.4 10.25 wt% 2381 [130]
Mesoporous carbon 100 1780 0.01-3.0 55 10.1 wt% 805.7 [131]
Porous carbon 100 1181 0.01-3.0 55 5.5% 1300 [132]
Porous Gp 100 742 0.01-3.0 62% 5.8 at% 1170 [82]
Carbon nanosheets 100 1913 0.01-3.0 49.2% 4.7% 2494 [133]
Gp nanoribbons 100 740 0.01-3.0 63% 3.7 at% - [134]
Gp nanosheets 100 8324 0.01-3.0 44.8% 19.46 at% 504 [135]
CFs 30 650 0.005-3.0 82.8% 12.6 wt% 381 [136]
Carbon sponge 500 553 0.001-3.0 34.7% 2.38 at% 613 [137]
Carbon spheres 500 666 0.01-3.0 60% 5% 67.4 [138]
Carbon capsules 50 1046 0.01-3.0 90% 13.3% 595 [139]
Gp frameworks 200 700 0.005-3.0 52.3% 2.6 wt% 610 [140]
Gp microspheres 100 1643 0.005-3.0 66.9% 9.63% 948 [141]
N-doped Gp 50 1177 0.01-3.0 - 2.1 at% - [142]
Carbon/rGO 100 1100 0.003-3.0 58.3% 15.4 wt% 327 [85]

Gp/N-doped -
carbon nanosheets 500 554 ) } B ) (8]
Gp/CNTs 1000 ~550 0.01-3.0 60.1% 11.2at % 293 [88]

nano-lamellar design

3D-Gp 1500 ~670 1.7-2.7 ~100% 10.1 at% 398 [107]
CNTs/Gp 1C ~1150 1.6-3 ~98% 0.86 217 [108]

sandwich design

4.3. N-Doped Gp Materials for Metal-Air Chemistries

While LIBs continue to dominate the energy storage market, serious doubts remain on their
suitability to fulfill the needs of high energy applications such as electric vehicles and grid-storage.
The expansion of storage systems based on LIBs to reach higher energy density values suitable
for transportation is unlikely to happen due to the limited electrode charge/discharge capacities.
This demands development of new chemistries that can overcome such limitations. Due to their
tremendous capacity in terms of higher energy densities, metal-air batteries have gained considerable
interest as alternative storage devices. Gp derivatives have been examined as promising electrodes
due to their high electron mobility of up to 15,000 cm?/V-S at atmospheric conditions. Electrodes are
composed of highly porous materials which allow ions movement and high capacitance.

Gp derivatives have been examined as promising electrodes due to their high electron mobility of
up to 15,000 cm?/V-S at atmospheric conditions. Electrodes are composed of highly porous materials
which allow ions movement and high capacitance. For example, compared to the current LIBs, practical
Li-air batteries have been offered three times higher energy density (in the range 500-900 Whkg ™).
Metal-air batteries include Li-air [143], Zn-air [144], and Al-air [145] chemistries. An attractive feature
of a metal-air battery is the use of an air electrode with an open structure to draw O, from the air that
is the cathode active materials. With O, from air as the main reactant, a significant reduction has been
achieved in the weight and volume of the battery pack making it suitable for EV applications.

The metal air batteries consist of an electrochemical cell, which applies oxidation of metal at the
anode and reduction of oxygen at the cathode to produce a current flow. The process has challenged
in optimal oxygen evolution reaction (OER) and oxygen reduction reaction (ORR), generally termed
as charge and discharge for the metal-air battery system. Air cathode, the catalyst for O, reduction
reaction, is mainly the limiting factor of metal-air batteries. Carbon-based nanomaterials have been
used as suitable catalysts since the porous carbonaceous structures with high surface areas provide more
active sites for electro-catalysis. In earlier studies, Gr was a commonly used anode material in Li-air
batteries. However, it has shown relatively low specific capacity and high Coulombic efficiency. Due to
that, it was necessary to come up with novel Gp derivatives such as N-doped Gp which integrates
elevated capacitance and energy density among batteries [146]. Further, improved catalytic properties
have been achieved by N-doping since graphitic carbon can induce a +ve charge on the adjacent
carbon atoms by increasing oxygen absorption and fracture of O-O bonds. Reportedly, N-doping has
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encapsulated with Gp layers as a great electron transfer medium. Thus, improving its mechanical
properties, durability, and stability to display promising cycling capacitance as anode materials in Li-air
batteries [147]. Zhou et al. [148] demonstrated a 3D N-doped porous Gp foam (PNGFs) as an efficient
catalyst for ORR. A hard-templating approach was adopted as depicted in schematic Figure 15a.
The electrochemical activity of PNGFs was demonstrated by CV measurements (O, and N, saturated
1 M KOH). As shown in Figure 15b a double layer capacitive behavior is observed under N, saturation,
however, with O, saturation a clear cathodic peak at #1.02 V vs. RHE is observed confirming the
high catalytic activity of the samples towards ORR. Further, LSV conducted through rotating disk
electrode measurements demonstrated better electrocatalytic activities for PNGFs when compared
to other samples (Figure 15¢). Yun et al. [149] reported the formation of scalable graphitic carbon
quantum dots (CQDs) for the application of novel N-doped CQDs also known as the rGO. These porous
Fe, O3 (N-CQDs/rGO/Fe;O3) demonstrated fascinating electrochemical properties, specific capacity,
and extraordinary cycling performance. From various contents of Fe;O3, 34.9 wt% Fe,O3 was found to
have the optimal properties like rate capability (72.1%, 58.9%, and 46.2%) and capacity of retention
(5,50, and 100 A g~!), whereas the cycle performance was 80.4% capacity retention at 3 A g~! over
5000 cycles. Similarly, Ferrous-cluster implanted in nanoparticles of Fe;C as Fe3C(Fe) in N-doped
graphitic layers (NDGLs) exhibited maximum power density of 186 mW cm~2 when used for zinc-air
battery, which was higher than the Pt/C catalyst (167 mW cm~2) for the same system [150]. N-doped
Gp foam has also been utilized for Zn-air batteries [151]. The schematic depiction of the synthesis
procedure is shown in Figure 15d. The prepared N-doped Gp foam-carbon fiber paper (NGF-CFP)
exhibited favorable oxygen electrocatalysis. In the same study, NGF-CFP was reported to provide a
current density of 10 mA cm™2 at 2.16 V (charging) and 1.12 V (discharging), respectively. N-doped
graphitic carbon (MnxFe;_,C/NC) was encapsulated with manganese—iron binary carbide (MnxFes_,C)
NPs through facile pyrolysis of zeolitic imidazolate framework (Fe, Mn, Zn) [152]. The results showed
an energy density of up to 762 mWh g~!, power density of 160 mW cm~2 at 250 mA cm™2, open-circuit
voltage of 1.5V, and stability over 1000 cycles when tested for Zn-air battery.

Yang et al. [153] reported the synthesis of metal-free N-doped Gp-based 3D nanoribbon networks
(N-GRW) for ORR-OER metal-air battery systems. The zinc-air batteries showed an open-circuit
voltage of 1.46 V, a specific capacity of 873 mAh g1, and a peak power density of 65 mW cm™2,
with excellent ORR-OER cycling stability. Transition-metal chalcogenides, Co9S8 have been embedded
with N, S-doped Gp-based heterostructure materials, and MWCNTs through hydrothermal reaction
followed by the calcination method for the application of ORR-OER energy storage systems [154].
The prepared material exhibited an onset potential of 0.946 V (vs. RHE) in an alkaline medium and the
electrode activity of (AE = Eqgr 10 — Eorr,12 of 890 mV). Qin et al. [155] synthesized nanocomposites
of porous titanium-metal organic frameworks and N-doped Gp (Ti-MOFs/NG). The Ti-MOFs/NG
composite exhibited 1.14 V and 17.84 mV dec™!in 0.1 M HCIO; as onset potential (Eg) and the Tafel
slope, respectively, whereas relative current density was found as 99.88% of the original value after
10,800/s measurements in 0.1 M KOH. These values indicate favorable characteristics of Ti-MOFs/NG
composite for ORR. In a comparative study of pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic
N*-O7, it has been found that pyridinic-N-dominated doped Gp (NDGs-800) exhibited excellent
energy storage and electrocatalysis characteristics compared to others [156]. The performance of
the rechargeable Zn air battery based on NDGs-800 was compared with a reference battery based
on mixture of Pt/C + Ir/C (1:1 by weight) catalysts as shown in Figure 15e. The NDGs-800 based
electrode shows a discharge—charge overpotential of 0.76 V at a 10 mA cm~2, slightly larger than that
of Pt/C + Ir/C (0.68 V), suggesting good reversibility of the rechargeable Zn-air batteries. Further,
the cyclic performance is shown in Figure 15f where the voltage difference was retained for more
than 78 h (up to 234 cycles) when cycled at 10 mA cm~2 (20 min per cycle) that was much improved
compared to Pt/C + Ir/C. The feasibility of the Zn-air battery was practically demonstrated where two
serially connected cells with a OCV =3 V were able to glow an LED as shown in Figure 15g.
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Figure 15. (a) Schematic representation of the synthesis procedure of PNGFs; (b) CV of PNGFs in 0.1 M
KOH saturated with either N, or O,; () LSVs of various electrocatalysts on a rotating disk electrode
in 0.1 M KOH saturated with O,; (d) Schematic presentation for synthesizing NGF-CFP through a
facile two-step route, i.e., electrochemical expansion and nitrogen plasma treatment (e) Voltage profiles
for the Zn-air batteries; (f) cycling performance at 10 mA cm?; (g) Two serially connected Zn-air cell
glowing an LED (=3.0 V). Reprinted with permission from [151], Copyright ACS Publishers, 2017.

Apart from using Gp derivatives as electrode for Li-air batteries, the technology of fabrication of
various electrolyte materials, which may be non-aqueous, hybrid, or solid state electrode materials
also play an important role in enhancing their efficiency [157]. Various fabrication techniques have
been used in this consideration which are discussed extensively in literature [158,159].

5. Conclusions

In summary, this review presents the impact of N-doped Gp-derived carbon for rechargeable
lithium-ion, Li-S, and Metal-Air batteries. Realizing the impact of N-doping, different reliable routes
of Gp synthesis techniques are summarized to emphasize the impact of Gp-based materials for
energy storage applications. The mechanically robust, highly conductive, and promising architectural
design of Gp is vital for improving the electrochemical performances of various energy storage
devices including Li-ion, Li-S, and Metal-Air batteries. Advanced techniques that are important
for the in-depth characterization of Gp-derived materials have been briefly discussed. Substantial
achievements have been reported through Gp-doped materials for such applications. Besides, the
presence of different functional groups associated with Gp sheets has been proved as active materials
in Li-S and Lithium-air batteries. Additionally, advanced computational studies would help in a
better understanding of complex chemical/electrochemical processes happening in Gp based energy
technologies. Moreover, the role of such Gp-doped materials should be extensively studied related to
binders, electrodes, electrolytes, and separators. Apart from cathodes, the Gp-derivatives significantly
lower the intermediate polysulfide shuttle effect. It has also shown that N-doped Gp in Li anodes
prevents impulsive degradation.
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To enhance the scale-up production of Li-ion batteries, sulfur utilization, sulfur loadings,
energy capacity, electrolyte ratio, and the cost is still an ongoing challenge crossroad of the current era.
The functionalization of Gp has entailed a vital role in rechargeable batteries to amend the efficacy
of sulfur loadings. Consequently, notable progress is required for the quantitative analysis of these
loadings and Gp functional doping. Chemometric studies of sulfur loadings and functional groups
of graphenaceous materials should be done to optimize ratio and reduce the cost. Novel strategies
should expand for the high performance of lithium batteries to overcome the impediments of their
scale-up production.

As a promising emergence of recent times, challenges such as fading capacity, operational costs,
and instability are still there which requires improvements among these energy storage devices.
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