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Applications of Graphene Derivatives in All-Solid-State
Supercapacitors
Edwin T. Mombeshora,*[a] Edigar Muchuweni,[b] and Hamed Hashemi[a]

The recent progression in electronics and humankind’s increased
dependence on electronic gadgets have significantly impacted
energy supply and demand metrics. In the past, batteries have
been able to meet these demands adequately. However, their
low power density (Ps) has inspired alternative energy storage
advancements that can foster a transition to net-carbon-zero via
renewables. Supercapacitor (SC) innovations, such as the recent
emergence of solid-state supercapacitors (SSCs), have gained
tremendous attention owing to their mechanical robustness,
safety, possible flexibility, long cycle life, portability, prospective
high Ps, and suitability for advanced energy technologies. Com-
plimentary to the affordable and lightweight material design

requirements is the enormous potential of the graphene family
in SSCs owing to facile synthesis advantages, easy scalability and,
processing high electrical conductivity, low costs, and mechan-
ical robustness among others. Therefore, the review highlights
the recent efforts to advance SSCs with the graphene family in
electrodes and electrolytes. The work discusses SC basic con-
cepts and main characterization techniques, and applications
of the graphene family in both electrolytes and electrodes of
SSCs. Finally, the merits, demerits and prospects of incorporating
graphene derivatives to advance SSC performance and sustain-
ability are outlined. Key research directions, including machine
learning, are also recommended from the reviewed studies.

1. Introduction

The energy supply and demand dynamics compel robust devel-
opmental strategies in the energy storage sectors when porta-
bility, cleanliness and efficacy are considered. For example, the
Internet of Everything has escalated data and power man-
agement needs.[1] Also, the drive towards a net-carbon-zero
economy requires raising dependence on renewables to alle-
viate environmental hazards and unforeseen health complica-
tions. Dealing with intermittent glitches of most renewable
energy resources and achieving sustainability requires effective
energy storage facilities. Owing to their applicability in wearable
devices, active radio frequency, artificial skins, and intelligent
electronics,[2,3] rechargeable batteries and supercapacitors (SCs,
Figure 1a) are the most common portable energy storage sys-
tems. While sustainability aspects of batteries and SCs could be
addressed by improving their lifespan, thus, lowering the cost
of maintenance,[3] the key to achieving higher energy storage
capabilities could be hinged on the choice of materials for these
devices.
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Carbon-based materials, such as porous carbon,[4,5] carbon
nanotubes,[6,7] nanofibers,[8] graphene,[9,10] nanocellulose,[11] and
graphene derivatives[12,13]; that can be derived from biomass have
shown positive traits as electrodes applicable in flexible SCs.
For example, Li et al.[14] fabricated flexible polyaniline (PANI)-
carbon nanotube (CNT)-reduced graphene oxide (RGO)-based
solid-state SCs (SSCs) with coulombic efficiency of ∼98% and
specific capacitance (Cs) retention of 97% after 2000-fold bend-
ing cycles (0 – 180°). Biomass is a renewable resource, thus,
reliance on biomass for deriving electrode materials has a pos-
itive impact on device costs and sustainability. Interestingly,
graphene derivatives for SCs have also been derived from waste
materials from spent batteries.[15] This is an important realization
as far as circulatory goals are concerned. Henceforth, the mate-
rial of focus in this review is graphene and associated derivatives
(graphene family) as they are key in environmental sustainability
through pollution mitigation.

Graphene is the basic building block of carbonaceous mate-
rials, and these comprise sp2 C–C forming a 2D honeycomb
framework with a surface area, band gap, and electrical conduc-
tivity of 2630 m2 g−1, 0 eV, and ∼6 × 105 S m−1, respectively.[16–20]

Graphene derivatives, mainly graphene oxide (GO, area: 2600 m2

g−1, band gap: 2 – 4 eV, and electrical conductivity: ∼6 × 10−6

S m−1)[19] and RGO (area: ∼500 – 800 m2 g−1, tunable band gap:
0.2 – 2 eV, and electrical conductivity: ∼5 × 102 – 105 S m−1),[19]

retain the graphene backbone but with non-stochiometric oxy-
gen moieties, primarily hydroxyl and epoxides, located at the
basal plane and edges, respectively.[17] The oxygen moieties dis-
tinguish graphene derivatives from the intrinsic properties of
graphene. Readers are referred to a comprehensive review[17]

for a more detailed discussion on graphene derivatives. The
factors that become important in graphene derivatives include
heteroatom content, species, locations and distribution. These
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factors govern both feasible chemical modifications, that is,
derivatization and nature of interactions in composites, and
inherit properties of the graphene derivatives, which ultimately
influence the performance of SCs.

In retrospection, batteries, which are more commonly used
as energy storage devices, largely rely on redox flow batteries,
Pb-acid and Li-ion technologies.[21,22] Each of these technolo-
gies has associated drawbacks to sustainability if their use is
continued in high volumes. For instance, the cost of Li-ion bat-
teries is rising due to Li scarcity. Furthermore, these batteries
are restricted to ambient temperatures to prevent deteriora-
tion, and they are highly flammable and explosive. On the other
hand, Pb-acid batteries have consequential hazardous effects on
the environment. In contrast, SCs offer several advantages and
are expected to reach a global market of 8.3 Billion USD by
2025.[23] A basic SC assembly consists of two electrodes, a sep-
arator and a sandwiched electrolyte (Figure 1). Using solid-based
electrolytes instead of the traditional liquid is a further advance-
ment that addresses sustainability issues of SC technology.
These devices are typically known as all-solid-state supercapac-
itors (ASSCs/SSCs), in which a solid electrolyte is sandwiched
between two electrodes (Figure 1b). Therefore, this work critically
discusses the advances and challenges associated with using
graphene and graphene derivatives in SSCs at the device level.
The difference between the device and electrode level of SCs

is in their two and three-electrode systems, respectively, depen-
dence in characterizations. The three-electrode system used to
characterize an electrode comprises the working, the reference,
and the counter electrodes. One of the thrusts of the review is to
highlight current shortfalls, such as ion depletions, mechanical
issues, operational stability and short-term stability on conven-
tional SCs. The review also seeks to initiate new pathways by
using graphene derivatives in SSCs as electrodes and electrolytes
that facilitate further modifications for addressing current short-
falls. The recent merits of graphene derivatives as additives of
electrolytes and electrodes for SCs include electrical conductiv-
ity boost, lightweight, remarkable flexibility, low costs emanating
from abundant sources and facile synthesis methods. Hence, the
review also signposted the prospects of incorporating machine
learning (ML) for SSC designing and graphene derivatives into
SSCs as electrodes to potentially improve morphological prop-
erties, mechanical stability, cycle stability, capacitive properties,
energy and power densities.

The major setback of SSCs is their inferior performance
in terms of energy density (Es), Cs, and Ps due to lower ion
migration rates when compared to conventional liquid-based
SCs.[26] On the other hand, conventional SCs, which are liquid-
based, are linked with easily wettable electrodes and facile ion
transport,[27] thus, performing better than SSCs. Conventional
SCs are normally in bulky and rigid sandwich designs with
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Figure 1. Illustration of (a) SCs during charging/discharging cycles, Adapted with permission, Ref. [24]. Copyright (2022), Elsevier. (b) SSCs, and (c) actual
SSCs under test. Adapted with permission, Ref. [25]. Copyright (2023), Elsevier.

sealed liquid electrolytes that are fire-hazardous in cases of
leakages and short-circuiting.[28] The significance of the emer-
gence of SSCs relative to conventional designs of SCs includes
being lightweight, small-sized, easy to fabricate and handle,
safe, sustainable, mechanically robust, and flexible.[29–33] The
elimination of binders in recent SSCs not only minimizes dead
weight but also cuts down associated costs. Furthermore, SSCs
solve the problems of non-elasticity and electrolyte leakages of
conventional SCs. Hence, SSCs are relatively more environmen-
tally benign than the conventional SCs. The possible elasticity
in SSCs allows energy storage and release under physical twists
and, therefore, can be integrated into wider applications without
restrictions. Traits associated with development towards SSC
have the potential to offer necessary support to the develop-
ment of portable, small-sized and wearable electronics for a
diverse of needs in the fourth industrial revolution to achieve
commercialization, dependability and sustainability. Therefore,
the basic concepts of SCs were discussed as a build-up to the
SSC concept.

2. Supercapacitors

SCs are receiving a great research focus in electric vehicles,
backup energy systems, and portable electronics due to their
positive environmental impacts, long cycle lifetimes (>105

cycles), low maintenance costs, quick charge/discharge charac-
teristics, stability over a wide electrochemical voltage window,
and high-power density (Ps, with high power output ranging
from 0.01 to 10 kW kg−1).[2,34–38] The high Ps is driven by either
near-surface or surface electrochemical processes that, in turn,
improve diffusion and adsorption rates, respectively.[39] To
achieve extensive applications and transfer from laboratory
scale to market, the major focus for SCs is to enhance Es, cur-

rently ≤ 10 W h·kg−1 for carbon-based materials,[40–42] while
retaining high Ps.

2.1. Classification

Based on the charge storage mechanism, SCs fall into two
main classes, namely electrochemical double layer capacitors
(EDLCs) (Figure 1a) and pseudo supercapacitors (PSCs), that
can be hybridized in some instances, that is., to function
with both mechanisms in one device (hybrid SCs).[2,43,44] EDLCs
store charge electrostatically on the electrode surface through
adsorption, whereas in PSCs, storage is through reversible
Faradaic reactions.[2,45,46] Advanced mechanistic investigations
have revealed that pseudo-capacitive characteristics are pos-
sible through surface redox activities and ion insertions into
channel or tunnel pathways of a crystalline framework, followed
by fast redox reactions with minimum structural changes.[47–49]

Electro-active surfaces, porosity and electrolyte nature are major
drivers of Cs in EDLCs, alternatively for PSCs, performance largely
depends on operational voltage, material type, pore size dis-
tribution, electro-active surfaces and morphology, among other
factors.[37,47,50] Compared to EDLCs, PSCs have a higher theo-
retical capacity and poor cycle life.[51] For both EDLC and PSC
types, the device can be said to be either asymmetric or symmet-
ric. Symmetric SCs are made up of identical electrode materials,
while in asymmetric SCs, electrode materials have differences
mostly in structure and composition.[52,53]

The major mechanism difference between conventional SCs
and SSCs is that the electric potential distribution in SSCs does
not change to 0 V within the double layer near the elec-
trodes, thus, there is an electrical potential difference beyond the
double layer (Figure 2).

Readers are referred to reviews by Yongrui et al.[55] and
Mombeshora et al.[35] for more details on charge storage
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Figure 2. Illustration of difference in electric potential distribution between
(a) Liquid-based SCs and (b) SSCs. Adapted with permission from Ref. [54].
Copyright (2020), Elsevier.

Figure 3. The illustration of the charge storage mechanism through mixed
processes.

mechanisms and classifications. To know the SC types, thorough
characterization is necessary.

2.2. Main Characterization Techniques

Experimental techniques such as cyclic voltammetry are useful
in analyzing charge storage mechanisms using the power law
(Dunn’s equation)[3,56,57]:

ip = avb (1)

where a and b are constants, ip is the peak current measured
at oxidation voltage, and v is the scan rate in mV s−1, respec-
tively. The linear form of Equation 1 allows the value of b to be
obtained from the slope of log ip against log v. The electrochem-
ical charge storage will be attributed to mixed, battery-like and
diffusion-controlled, and surface-controlled kinetic processes
(a capacitive mechanism) when values of b are 0.5 < b < 1
(Figure 3), ∼0.5 and ∼1, respectively.[43] This approach is practi-
cal in determining the energy storage mechanism in composites

and accounting for observed Cs changes. For example, the trans-
formation of solvothermally synthesized RGO from capacitive to
primarily battery-like and diffusion-controlled storage mecha-
nisms in PANI-RGO was established using this technique.[56] The
rationale of the transformation was porosity changes and the
induction of PSC from PANI. EDLCs and PSCs display rectangular
and redox peaks, respectively, on the voltammogram (brown
and blue shading in Figure 3). For illustration, hybrid SCs of
GO and transition metals, such as Au-Mn3O4//GO, have been
reported to display mixed capacitive (67%) and diffusive (33%)
processes (b ∼ 0.7).[58]

On the other hand, a linear and symmetrical triangular-
shaped Galvano gram from the galvanostatic charge/discharge
technique indicates an ideal and fast ion response typical of
EDLCs (Figure 4a).[59] However, the falsification of linearity of
the galvanostatic charge/discharge curves means that the mate-
rial has some pseudo-capacitive characteristics (Figure 4b),[60]

and the severity of distortion is an indicator of the pseudo-
capacitive contribution. It has also been reported that discharge
time decreases with an increase in current density (Figure 4b).
In addition, the stability aspect of SCs is determined by both
CV and galvanostatic charge/discharge cycles, and in both tech-
niques, the more the Cs retention over a large number of cycles,
the better the stability characteristics.

For the Nyquist plots from impedance spectroscopy, the
intercept in the real-axis of the high-frequency region and the
diameter of the semicircle represents the magnitude of the
equivalent series resistance (ESR) due to intrinsic factors owing
to electrode nature, electrolyte ion and contact factors, and
charge transfer resistance, respectively (Figure 5).[59] The major
limitation of SCs is the contemporary low Es. One key aspect of Es

is the operational voltage window, governed by the electrolyte
properties. Hence, the possibility of using graphene derivatives
in electrolytes for SSCs has been reviewed in the next section.

3. Applications of Graphene Derivative in
Electrolytes of SSCs

The influence of electrolyte properties, such as ion mobility,
size, diffusion coefficient, viscosity, conductivity and operational
voltage window, on SC performance has been realized.[62,63]

Expansion of the operational voltage window of electrolytes pos-
itively contributes to an increase in ES. Liquid forms of organic

Figure 4. The illustration of (a) ideal (EDLC) and (b) distorted capacitive characteristics.
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Figure 5. Illustration of a typical Nyquist plot and respective equivalent
circuit. Adapted with permission, Ref. [61]. Copyright (2022), Elsevier.

compounds,[64] water-based,[65] ionic liquids,[66] and molten
salts[67] are common electrolytes for SCs made up of graphene
and graphene derivatives. Aqueous electrolytes are safe, envi-
ronmentally friendly, affordable, and usually associated with low
ESR. However, a major weakness of liquid forms is conceivable
leakages, while other forms also suffer from safety concerns.
Leakage-proof packaging of liquid-based SCs raises the cost of
devices and minimizes flexibility and portability, and most of the
liquids involved are corrosive and toxic for layman contact in
case of leakages.[63,68,69] In addition, the conductivity and oper-
ational voltage window of aqueous electrolytes are ∼102 S m−1

and 1 – 2.2 V, respectively.[43] Notwithstanding this, ionic and
organic electrolytes, due to their wider operational voltage win-
dow, have the potential to improve the Es of SCs, however,
they are also unsafe, expensive, and have low conductivity.[43,70]

Faced with all these apprehensions, researchers must actively
investigate electrolyte designs that are safe, affordable, highly
conductive, and functional in a broad temperature range as
an alternative solution. Ionic liquid electrolytes have advanced
appreciably in terms of operation in a wider temperature range
due to their high thermal stability and variable temperature
range tolerance.[71,72] For example, work by Sun et al.[72] was on
the development of an ionic liquid-based solid-state electrolyte
(PVA-Agar-GO-EMIMBF4-Li2SO4) with self-healing capabilities of
up to 95% after 5 cycles and operational in the −30–80 °C
temperature range (Table 1). This demonstrates that widening
the operational temperature range and flexibility enhancement,
via H-bonds, of SCs is feasible through designing novel and
optimized electrolyte composites.

Using solid-state electrolytes, such as ceramics and solid
electrolytes confining ionic liquids (ionogels),[30,73] is a viable
approach for SCs that are recommended in solving liquid elec-
trolyte issues. These solid-state electrolytes fall into three major Ta
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classes. The classes are inorganic (e.g., 2D dichalcogenide-based),
redox-active, and solid polymer electrolytes.[28,74] The solid poly-
mer type is further categorized as porous solid-, dry solid-,
and gel-state polymer electrolytes.[28,75,76] Solid-state electrolytes
function in both extreme cold and high temperatures.[31] An
ideal solid-state electrolyte should be mechanically robust to
support flexibility, highly conductive at ambient temperatures
and thermally, chemically and electrochemically stable. The most
applied class of solid-state electrolyte is the solid polymer. Poly-
mer backbones in solid-state electrolytes hinder ion migration,
hence, low ionic conductivity is induced due to the high crys-
talline nature of the material.[34,77,78] In addition, the low limit
oxygen index (< 20%) makes polymer-based electrolytes highly
flammable in air and the use of fire retardants (e.g., polysilox-
ane and phazenes) causes long-term stability and efficacy issues.
To counter this, gel-state polymer electrolytes (GPE) have offered
easy preparation steps, high ion conductivity with conducting
polymer additives (10 S m−1),[79] safe operational conditions,
chemical stability, and mechanical advantages to SCs.[80] The
gel is an intermediate state between solid and liquid, thus, a
good compromise between the shortfalls and attributes of two
phases in terms of ion migration, flexibility and robustness. The
affordability aspect of gel-state electrolytes requires further clar-
ification since the technology is still in its infancy. However, the
large dependency on polymers might introduce significant costs
in the new designs. Also, stability issues linked to polymers need
to be carefully monitored in GPE. GPE and other solid-state elec-
trolytes also suffer from electrode/electrolyte interfacial contact
hindrances inducing high resistances.[31,81]

GPE comprise polymer frameworks, such as poly (acryloni-
trile) (PAN), polyvinyl alcohol (PVA),[82] polyacrylamide (PAM),[83]

and poly (methyl methacrylate) (PMMA)[84]; electrolyte salt,
plasticizer (organic solvent), and usually water as the main
solvent.[55,63,85] The plasticizer prevents liquid electrolyte leakage,
while the polymer framework induces flexibility and stretchabil-
ity traits.[55] GPE is referred to as hydrogel when water is used as
a solvent. However, water limits the operational voltage and tem-
perature windows of SSCs, and has poor electrode/electrolyte
contact.[86,87] In essence, the ionic conductivity of polymer-based
electrolytes can be improved by additives. For instance, adding
glutaraldehyde to the PVA-H2SO4 achieved a conductivity of ∼8
S m−1.[88] However, additives that induce redox processes at the
electrode/electrolyte interface may quicken the deterioration of
the electrodes.[76] A crucial consideration is to ensure that the
additive/polymer has strong intimacy since the conducting poly-
mers usually have weak chemical interactions. However, GPEs are
imperfect, and SSCs with only GPEs have often suffered from
self-discharge issues that cause fast decay of open circuit voltage
(Voc) down to 50% of the charging voltage.[84] This has prompted
researchers to investigate the possibility of additives to solve this
problem, hence, the current work reviewed graphene derivatives
as an option.

Consequently, the oxygen moieties on graphene derivative
surfaces qualify it as an additive to electrolytes, as they facil-
itate redox processes and promote wettability on electrode
surfaces.[16,36,89] The oxygen moieties aid in proton capture and
H-bonding formations with polymers, which promote charge

Figure 6. Illustration of the application of graphene derivatives in
solid-state electrolytes.

transport, thus, graphene derivatives can function as solid-state
electrolyte components.[16] Theoretical studies have also hinted
that GO materials are applicable as additives to polymer-based
electrolytes such as agarose (a natural product of seaweed gel)
to solve high flammability and low ionic conductivity (enhanced
from ∼0.36 to ∼0.74 S m−1) problems through an intimate H-
bonding linkage between hydroxyl moieties of agarose and
oxygen-containing groups of GO (Table 1).[34] Agarose buffers
flammability via a dehydration process. However, the amount
of graphene derivatives needs to be optimized. Excess amounts
of graphene derivatives will cause aggregation, and ultimately
charge transfer deterioration. This was demonstrated by Somesh
et al.,[90] who showed that incorporating a 2 wt.% of AgAlO2-
RGO into PVA/AgAlO2-RGO solid-state electrolyte improved Cs by
∼46 fold, beyond which the performance deteriorated (Table 1).
Notable impacts of graphene-based materials in electrolytes for
SSCs include minimization of dead mass by avoiding concentra-
tors, binders and additional conductive additives.[91,92] Two main
classes result from the graphene derivative inclusion in gel-state
electrolytes, namely, hydrogel and aerogel, owing to their differ-
ent synthesis methods, that is., GO reduction in water and other
solvents, respectively. Readers are referred to a detailed review of
early graphene derivative-based gels reported by Zhang et al.[91]

However, the present review focuses more on the period from
2022 to 2024, which was not covered in the cited review.

Interestingly, in recent times, the widely applied graphene
derivative in solid-state electrolytes is GO,[34,72,93–97] even though
it has relatively lower conductivity than RGO (Table 1 and
Figure 6). This could be because of the vast oxygen-containing
functionalities that form strong H-bonds with polymers such
as PVA via OH moieties. Therefore, GO is more suitable as an
electron pathway because of better intimacy. Reviewed works
indicate that solid-state electrolytes are commonly ternary com-
posites in which the polymer induces the quasi-solid state
features, and the cations transfer the charges between elec-
trode surfaces (Table 1). The highly conductive LiOAc-Agarose-
GO[34] and PVA-PAM-GO-KOH[95] not only have high Cs but also
achieved low Cs drops after 104 charge/discharge cycles (Table 1).
GO has also been demonstrated to positively impact a cation-
based solid-state electrolyte by Lei et al.[98] (4 × 103 conductivity
enhancement). This means that despite having a few reports
on graphene-based solid electrolytes, the graphene derivative
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additives have positive prospects in GPE, as most reviewed
articles culminated in enhanced energy storage performances.
Hence, more studies are needed on graphene derivative-based
solid-state composites for SSCs as a future research direction.

The PVA-based electrolytes in combination with group one
cations are commonly reported in SSCs involving graphene and
graphene derivatives (Tables 2, 3). The main inspiration is most
likely to be facile synthesis and affordability merits. Furthermore,
the group one cations are combined with anions, namely SO4

2
ˉ

and OHˉ (Tables 2, 3). However, the choices of cations, anions,
and combinations to form gel-state electrolytes for SSCs seem
random with no defined criteria in the literature.

Therefore, future studies should investigate the effect of
cationic and anionic sizes in gel-state electrolytes using the same
graphene-based electrode materials to shed more light on these
critical aspects. Thus, the review also focused on the recent
developments of graphene derivative-based electrodes of SSCs,
among other breakthroughs.

4. Graphene Derivatives as Electrode Material for
SSCs

Based on the Equation 2:

Es = 1
2

CsV 2 (2)

improving Cs directly enhances Es. In addition, Cs is greatly influ-
enced by the intrinsic factors of the electrode.[59,99,100] This is the
reason for the contemporary major focus on SC electrode mate-
rials. Therefore, this has led to a majority of reports being at
electrode levels and this could be an incomplete story to gauge
the real progress attained to date. The current work was solely
at the device level for two reasons. First, it is easier, if not the
only possibility to characterize graphene derivatives for SSCs.
Second and most importantly, the motivation was to establish
the actual device performance of the materials. Recently, some
literature has given characterization at both levels and this is a
positive shift of research directions. Modifying the physicochem-
ical properties of the electrode material will, in turn, alter Cs

and ultimately Es.[101,102] For instance, since electrical potential is
generated at the electrode/electrolyte interface by the electrons
being deficient and excess in the conduction band,[53] tuning the
electronic structure to improve charge transfer of the electrode
material induces changes to Es. Understanding the charge stor-
age mechanisms in novel materials is a fundamental research
direction towards designing advanced SSCs. For example, fab-
rication of hybrid capacitors is only possible when their mode
of charge storage is known, and the approach aids the balanc-
ing of Es with Ps in devices. The materials with EDLC and PSC
characteristics will contribute to Ps (owing to high electro-active
surfaces, electrochemical stability and electronic conductivity)
and Es enhancement, respectively.[36,39,53] The energy stored in
both types of SCs is proportional to the number of active
materials.[47] For example, PSC materials such as transition met-
als are good electrode materials, however, their nature often
limits electro-active sites and, hence, presents a hindrance to

electron/ion transfer and long-term stability in ECs.[2,101,103] Read-
ers are referred to a review by Kumar et al.[103] for an in-depth
review of metal-graphene derivative materials for SCs.

Therefore, the limitations in PSC materials have triggered the
inclusion of EDLC materials such as graphene derivatives in rep-
resentative electrodes (Tables 2, 3). Bahaa et al.[104] fabricated a
CoSe2/PVA-KOH/Fe-TiN-N-doped graphene SSC via a hydrother-
mal method on Ni foam. Their device achieved an expanded
operational voltage window of CoSe2 from 0.8 to 1.8 V (Table 3).
Zhang et al.,[105] connected three Co3O4 nanorods/PVA-KOH/RGO
SSCs, made by pressing the active material at 6 MPa pressure
onto Ni foam, in series raised the operational voltage window
from 1.4 to 4.4 V at 5 A m−2 (Table 3). Similarly, Vandana et al.[106]

improved the operational voltage window from 0.74 to 2.44 V
using SnO2 quantum dots (QDs)-GO-PPY bladed onto titanium
foil (Table 2). This illustrates another strategy to expand Es of
SSCs that has been achieved in recent studies in both symmetric
and asymmetric SSCs (Tables 2, 3). The highlighted works sug-
gest that future research drivers must consider understanding
the energy storage mechanisms in electrode materials as the
basic step needed for novel hybrid SSC designs. Therefore, it is
clear that the compositing of graphene derivatives with pseudo-
capacitive materials is promising in expanding the operational
voltage window of SSCs and, in turn, positively impacts Es. This
is emphasized by SSC symmetric devices reviewed in this work.
For example, pristine graphene and RGO achieved lower Es val-
ues when compared to their composite counterparts (Table 2). In
addition, the effects of covalency of bonding between graphene
derivatives and electrolyte ions on performance[36] are underex-
plored, despite possibly being a critical factor. The covalency of
bonding between components needs dedicated investigations
as a future research direction.

Pristine graphene, with a theoretical Cs of 550 F g−1,[107] has
high agglomeration rates due to π─π stacking, thus, induc-
ing poor electrolyte penetration, contact resistance and low Cs

values.[108] The laser engraving technique has been reported as
a suitable strategy to avoid weaknesses of pristine graphene
in SSCs. For example, Zhao et al.[109] directly used a laser to
engrave conductive graphene-assembled films to form SSCs
with low ESR (4.1 �) and long-term stability (∼98% Cs reten-
tion after > 2.5 × 104 cycles). Additionally, Jagdale et al.[110]

also designed a flexible SSC on micropatterned laser-scribed
graphene, comprising of 3.5 nm Co(OH)2, nanosheets with high
Es (22 mW h cm−3), and Ps (6.8 W cm−3), along with outstand-
ing stability (∼96% Cs retention after 2 × 104 cycles). These two
studies signify high Cs retentions when laser engraving is used in
SSC fabrication, thus, it is a lucrative way to enhance the lifespan
of future devices. On an industrial scale, laser engraving is easy
to manage during fabrication and it ensures good reproducibil-
ity. Another suitable technique is the 3D printing of SSCs using
graphene ink at low temperatures such as the 40 °C reported
by Kumar et al.[111] that achieved a Cs of 137 F g−1 at 0.5 A g−1

(Table 2). Furthermore, Raihan et al.[112] used printed graphene
for fabricating flexible PVA-H3PO4-based SSCs that attained Cs

of ∼377 mF cm−3 at 0.25 μA and Cs retention of ∼100% after
104 cycles. Also, Han et al.[113] reported a mechanically strong
(∼52 × 103 N m kg−1) and highly conductive (119 S m−1) 3D
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Table 3. The application of graphene derivatives as an active material of Asymmetric SSCs.

Active Material
(Anode//cathode)

Electrolyte Cs or specific capacity Es Ps Stability Ref
Cycle
(104)/Bent

% Cs

drop

Graphene application

Ni-Co LDH-Co3O4//graphene PVA-KOH 286 F g−1 at 1 A g−1 67 W h kg−1 800 W kg−1 1.05 9 [70]

Al-doped Co9S8-N-doped
graphene//activated PANI derived
carbon nanorods

PVA-KOH 134 F g−1 at 1 A g−1 53 W h kg−1 950 W kg−1 1 7 [124]

Asphalt-graphene QDs-NiCo LDH//AC PVA-KOH 360 F g−1 at 1 A g−1 113 W h kg−1 751 W kg−1 0.5 29 [125]

CoSe2//Fe-TiN-N-doped graphene PVA-KOH – 92 W h kg−1 280 W kg−1 1 5 [104]

CeCoSx-sodium alginate-S,N co-doped
graphene//AC

PVA-KOH 92 F g−1 at 0.5 A g−1 30 W h kg−1 800 W kg−1 0.5 17 [10]

CoWO4-CoMn2O4-N-doped
graphene//AC

Filter paper-KOH 282 F g−1 at 0.001 A g−1 0.06 W h kg−1 0.60 W kg−1 – – [61]

Ni-MnO2-CNTs-N-graphene//CNTs-N-
graphene

PVA-LiClO4 90 × 106 F m−3 at
10 A m−2

79 × 103 W h m−3 – 1 9 [64]

GO application

Co-Cr-LDH-GO//RGO PVA-KOH 131 F g−1 at 0.002 A g−1 47 W h kg−1 1540 W kg−1 1 9 [162]

Fe3O4-GO//GdMnO2-Ni(OH)2 PVA-KOH 120 F g−1 at 2 A g−1 60 W h kg−1 2330 W kg−1 1 10 [163]

Ni(OH)2-GO//AC PVA-KOH 3220 F m−2 at 0.005 V s−1 134 W h m−2 0.034 W kg−1 0.1 20 [164]

ZnO nanowire-GO//FTO PVA-LiCl 7 F g−1 at 0.2 A g−1 5.62 W kg−1 – 3 0 [165]

ZnO nanowire-GO//FTO PVA- LiCl 2200 F g−1 at 0.03 A g−1 2 W h kg−1 – 0.5 0 [117]

RGO application

ZnO nanowire-RGO//FTO PVA- LiCl 875 F g−1 at 0.03 A g−1 1 W h kg−1 – 0.5 30

RGO//Ni–Mn3(PO4)2 PVA-KOH 192 C g−1 at 0.6 A g−1 48 W h kg−1 580 W kg−1 0.5 +8 [174]

Ni3-xCox(PO4)2�nH2O//RGO PVA-KOH 102 F g−1 at 0.2 A g−1 36 W h kg−1 160 W kg−1 0.4 16 [166]

Co(OH)2-RGO//AC PVA-KOH 154 F g−1 at 0.5 A g−1 28 W h kg−1 1750 W kg−1 0.4 11 [167]

Co3O4 nanorods//RGO PVA-KOH 1900 F m−2 at 5 A m−2 1.87 W h m−2 12.60 W m−2 0.1 17 [105]

CoS2-graphitic C-RGO//RGO PVA-KOH 233 F g−1 at 1.5 A g−1 83 W h kg−1 1200 W kg−1 1 13 [168]

CuO-TiO2-RGO//AC PVA-H2SO4 564 F g−1 at 0.001 A g−1 50 W h kg−1 500 W kg−1 0.5 22 [169]

MnO-RGO//AC Polyvinylidene
fluoride-hexafluoro
propylene

76 F g−1 at 0.1 A g−1 195 W h kg−1 270 W kg−1 1 22 [175]

MXene-RGO//NiCo2S4 PVA-KOH-K4[Fe(CN)6 98 F g−1 at 4.5 A g−1 36 W h kg−1 3690 W kg−1 0.4 5 [176]

N-(Nb2C-RGO)//N-(Nb2C-RGO) PVA-H2SO4 176 F g−1 at 0.5 A g−1 10 W h kg−1 2400 W kg−1 10 0 [170]

Ni–Cr LDH-GO//RGO PVA-KOH 108 F g−1 at 2 A g−1 39 W h kg−1 1330 W kg−1 1 3 [177]

Al-CoxP-RGO//PANI-derived carbon
nanorods

PVA-KOH 217 F g−1 at 1 A g−1 77 W h kg−1 1050 W kg−1 1 10 [52]

Br-RGO//N-RGO PVA- NaClO4 251 F g−1 at 1 A g−1 55 W h kg−1 1250 W kg−1 1 15 [11]

CuCo2O4-RGO//Ni-RGO Polyethylene
oxide-LiOTf

4390 F m−2 at 3 A m−2 2 W h m−2 2.70 W m−2 0.5 5 [171]

FeNi2S4-Co9S8-RGO//NiFe-AC Cellulose-KOH 1308 C g−1 at 1 A g−1 69 W h kg−1 860 W kg−1 0.85 5 [140]

Ni MOFs-RGO//AC PVA-KOH 102 F g−1 at 1 A g−1 36 W h kg−1 800 W kg−1 0.1 1 [178]

NiCo2O4-Ti3C2Tx MXene-RGO//Ti3C2Tx

MXene-RGO
PVA-KOH 87 F g−1 at 1 A g−1 41 W h kg−1 1120 W kg−1 1 13 [25]

NiMoO4-RGO-polypyrrole
(PPy)//AC-Graphite

PVA-KOH 218 F g−1 at 1 A g−1 44 W h kg−1 600 W kg−1 ∼70° 29 [2]

NiWO4-RGO//AC PVA-KOH 94 F g−1 at 5 A g−1 33 W h kg−1 12.37 0.5 17 [3]

Zn//B-C QDs-RGO Gelatin ZnSO4 271 F g−1 at 0.5 A g−1 890 W h m−2 96 × 104 W m−2 1 2 [172]

Zn//N-P-RGO Potassium
polyacrylate-sodium
carboxymethyl
cellulose-
Zn(CH3COO)2-
CH3COOK

195 F g−1 at 0.5 A g−1 107 W h kg−1 380 W kg−1 0.8 13 [173]
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Figure 7. Illustration of graphene derivative applications as electrodes of; (a) symmetric and (b) asymmetric all-solid-state supercapacitors.

printed Co3O4-RGO for energy storage application (Table 2). Their
reported mechanical strength of graphene derivative compos-
ites highlights the potential of compositing and 3D printing in
reinforcing the durability of SSCs as a future research direction.

Graphene derivatives as an alternative displayed high
electro-active surface area, electrochemical robustness, and
EDLC characteristics induced by their carbon backbone. Thus,
graphene derivatives are associated with ultrafast charge/
discharge traits of <104 cycles at the electrode/electrolyte
interface.[2,21,114] In particular, RGO is generally known to have
better mechanical strength, electro-active surface area, and
electrical conductivity than GO, hence, RGO is mostly used in
recent SSCs at the device level (Tables 2, 3 and Figure 7). To
enhance the surface area, Mo et al.[115] reported a potassium
citrate activation at 600 °C for chitosan-nitrogen-doped GO
(N-GO, ∼ 4 at. % N) that raised surface area by two-fold when
activation temperature was raised from 500 to 600 °C and
displayed an increase in EDLC contribution to Cs with scan rate
(76% to 97% for 2 and 200 mV s−1, Table 2). This supports the
idea that a large electro-active surface area positively impacts
charge storage through the EDLC mechanism. However, details
about the most appropriate method for the electro-active sur-
face area determination remain unclear in the literature. Some
studies have highlighted that surface area measured utilizing
nitrogen sorption analysis does not necessarily coincide with
electro-active surface area.[116] This is rationalized by the fact that
the method utilizes the Brunauer–Emmett–Teller (BET) equation,
which gives the total surface area that is not certainly available
as electro-active surfaces for charge storage.[6] This is logical
when electrolyte ionic sizes are considered against the size of
the N2 molecules used in the BET equation.

It is essential to note that the ultimate energy storage perfor-
mance is governed by synergistic factors of graphene derivatives
and other components in the electrode material, counter elec-
trode, and electrolyte. Therefore, a more accurate comparison
of graphene derivatives requires pristine materials and similar
experimental parameters. The development of standardized test-
ing protocols for materials is needed shortly to revolutionize the
entry of graphene derivatives in commercial markets. A critical
analysis of recent works on symmetric SSCs reviewed (Table 2)
assumed that all comparison constraints are negligible and con-
sidered only champion performances of SSCs with graphene,
GO, and RGO for respective electrolytes. Analysis of Cs suggests
that RGO-based SSC electrodes had superior values in both PVA-

Na2SO4 and PVA-H2SO4 electrolytes. The Cs of graphene- and
GO-based electrodes were second in PVA-Na2SO4 and PVA-H2SO4

electrolytes, respectively. Remarkably, the Es in the same elec-
trolytes were within similar ranges for GO and RGO but better
than that of graphene. For Ps, GO electrodes were highest in
the two electrolytes followed by those of graphene. GO-based
electrodes displayed champion Cs, Es, and Ps in PVA-KOH while
RGO had the lowest values in Cs and Es. Despite the expected
norm of having RGO performing better than GO in SSCs, Altaf
et al.[117] reported an opposite trend in their photo-assisted SSCs
fabricated by the spin coating method (Table 3). They rational-
ized their results through paramagnetic resonance spectroscopy
and Voc analysis in dark and UV light illumination in which they
deduced a higher leap in Voc with GO material that took over
2 h to relax. This highlights how photo-assisted SSCs containing
graphene derivatives have the potential to bring new perspec-
tives to energy storage. Therefore, future research approaches
need thorough characterization and optimization steps.

To circumvent the current shortfalls of SSCs, various elec-
trode advances have been made with graphene derivatives
(Tables 2, 3). Despite a few recent reports on graphene applica-
tion in symmetric SSCs (Table 2, Figure 7a), their utilization has
achieved appreciable Cs. For example, the 3D printing approach
to SSCs using pristine graphene[111] and the same electrolyte
has shown that these devices were inferior to their blade-
coated[118] and solution-casted[119] counterparts in both Cs and
Es (Table 2). This highlights how an SSC fabrication method can
impact performance owing to electrode qualities. Furthermore,
the outcomes could also have been influenced by the graphene
material synthesis method which were microwave-assisted pyrol-
ysis and solution casting in the counterparts, respectively, and
unspecified in the 3D printed study. Reported N-doping of
graphene displayed a significant improvement in Ps (16 kW kg−1)
though the Cs improvement was negligible.[120] This could be
due to faster redox activities induced by nitrogen moieties.
Another way to tailor graphene is by decorating its carbon back-
bone through compositing with transition metals[64,104,108,121–125]

and conducting polymers[126,127] (Tables 2, 3). For illustration, 2D
MoSSe sheets were composited with graphene-graphitic petals
using the hydrothermal method to enhance charge transport
pathways for energy storage through the PSC mechanism and
intimate chemical linkages.[108] The Rct of the composites was
smaller (2.7 �) compared to that of 2D MoSSe sheets (195 �)
and SSC displayed almost 100% Columbic efficiency after 4000
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cycles. A binder-free PANI-MWCNT-graphene-graphite-based SSC
attained 424 F g−1 at 1 A g−1 in PVA-H2SO4 electrolyte, which was
sufficient to power 6 light-emitting diodes (LEDs) of 1.8 V.[126] This
was ascribed to improved wettability (contact angle decreased
to ∼29° from ∼58°) and ∼2-fold increment in surface area. The
study is a demonstration of the possibility of eliminating binders
in SSCs. Two highly flexible PPy-graphene SSC devices, synthe-
sized by the hydrothermal method and connected in series, with
Ps of 900 W kg−1 in PVA-H2SO4 electrolyte were able to light up
an LED of 2 V while bent at angles of 90° and 135°.[127] These stud-
ies are feasible examples that highlight the practical significance
of graphene derivatives in SSCs. Al-CoS2-N doped graphene SSC
achieved a 92% Cs retention after 104 cycles owing to a decline
of Rs (from 17.4 to 1.02 �) and Ps of 800 W kg−1 in PVA-KOH
electrolyte.[122]

Heteroatom doping and other surface functionalities intro-
duce pseudo-capacitance traits.[11,24,56,61,123,128,129] Hence, improve
energy storage capabilities, while lowering the kinetics due to
redox reactions on particular moieties.[2,3,114] N-doping positively
tailored the electronic properties of graphene derivatives (Fermi
level), consequently improving Cs.[21,36,130] From the compositing
perspective, additives to graphene derivatives improve electro-
active surface area (improve porosity), and modulate crystallinity,
thus, improving lifespan and performance by inducing 2D con-
ducting channels in the electrode.[3,48,130–139] For example, perfor-
mance (Es: ∼44 W h kg−1 and Cs: ∼218 F g−1) and lifespan were
enhanced through a ternary composite of PANI, N-GO and sulfur-
doped GO (S-GO) with no capacity deterioration after 1500 cycles
(> 100% of initial the Cs).[21] In another study, evenly dispersed
nanoscale Fe2O3 particles on the highly conductive Ti3C2Tx/S, N-
RGO composite maintained layer spacing between nanosheets,
which facilitated a larger electroactive area and shortened the
ion diffusion path length, enabling the SSC to operate effec-
tively under extreme conditions of −20–60 °C with 100% Cs

retention after 104 cycles and Ps of 0.66 W kg−1 (Table 2).[46]

Moreover, the FeNi2S4-Co9S8-RGO composite displayed an 84%
capacity retention when the current density was raised from 1
to 36 A g−1 (Table 3).[140] Also, the Co[(CN)6Fe]-GO composite
achieved a high-rate capability in flexible SSCs when current
density was raised from 1 to 15 A g−1 (71% Cs retention) owing
to large electro-active surfaces induced by Co[(CN)6Fe] uniform
dispersion, conductivity attributes from GO/Co[(CN)6Fe] intimacy
and GO volume expansion buffering (flexibility and stability).[99]

These studies are a testament to the positive attributes that can
be achieved by compositing graphene derivatives with transition
metals to improve physicochemical traits (Tables 2, 3). Therefore,
the synergistic effects are not only due to pseudocapacitive con-
tributions induced by chemical aspects but also physical ones by
ensuring limited agglomerations and generation of porous chan-
nels. The impact of physical attributes is in providing a larger
electroactive surface from electrochemical processes, particularly
for the EDLC mechanism.

The flexibility and buffering effect on swelling of graphene
derivatives have also been utilized in polymer-based composites
for SSCs (Tables 2, 3).[141–149] The effect of porosity in SSC elec-
trode materials can be rationalized by identifying the influence
of pore sizes. A few reports have focused on the pore size effect

on charge storage; thus, future studies could aid in filling this
gap, particularly in the case of PSCs. Given the current limitations
of the nitrogen sorption analysis for surface area determina-
tion due to non-one-one mapping with electroactive surface
area, modelling could strategically help in this regard. Accord-
ing to some recent studies, micropores in graphene derivatives
directly and positively impact energy storage, particularly via
PSC,[143] while mesopores and in-plane nanopores promote elec-
trolyte ion/electron transport within the electrode and shorten
diffusion path length, respectively.[59] These are interesting prim-
itive deductions which still need more confirmation studies with
different materials such as graphene derivatives.

Cellulose derivatives, such as nanofibers,[150,151] nanofibrils,[152]

and nanocellulose,[144,153] have enabled super elasticity and super
hydrophilicity in graphene derivative-based SSCs for flexible
electronic applications (Table 2). This development is welcomed
since cellulose is derived from biomass, which is vastly avail-
able and renewable, thus adding to sustainability goals for future
SSCs. Cellulose nanofibril-RGO composite pasted on Cu foil using
Ag paste displayed a high Cs of 312 F m−2 at 30 A m−2 and Cs

retention of 82% after 5 × 103 cycles in PVA-H2SO4 (Tabe 2).[152]

A different study on cellulose nanofiber-RGO films dipped in
PVA-KOH then physically assembled achieved an inferior Cs 250
F cm−3 (193 F g−1) at 1 A g−1 but higher Cs retention of 94%
after 5 × 103 cycles (Tabel 2).[150] While differences could be due
to the SSC fabrication methods and dissimilar GPEs used, the
impact of dimensional and morphological variations between
nanofibrils (lower surface area, shorter, and less elongated) and
nanofibers (larger surface area to volume ratio, longer, and thin-
ner) cannot be ignored. A similar rationale can be deduced for
nanocellulose reviewed in the current work with Cs of 117 F g−1

at 0.3 A g−1 and Cs retention of 83% after 104 cycles (Table 2).[153]

Nevertheless, the commendable cycle stability and deterioration
could also be additionally influenced by the high oxygen con-
tent of GO relative to RGO and the N- and F-doping. A further
attempt to improve the performance of cellulose nanofiber-RGO
in SSCs using conducting polymers was not fruitful. The ternary
composite of PPY-cellulose nanofiber-RGO SSC made by gen-
tle pressing of the electrode and nanofiber hydrogels together
attained an even lower Cs retention and Cs of 87% and 196 F
g−1 at 0.1 mA g−1, respectively (Table 2).[151] Though still scarce,
nanoscale cellulose composites with graphene derivatives were
only reported in symmetric SSCs in recent times (Tables 2, 3).
Given the ease of modifications of cellulose through alcoholic
reactions,[154] more use of cellulose as a future research pathway
will aid the generation of flexible novel materials for SSCs.

To sum up, composites with transition metals and polymers
are the most promising approach for graphene derivative appli-
cations in symmetric SSCs (Table 2). This is deduced from the
highest Cs for graphene, GO, and RGO, which were 2520 F m−2

at 30 A m−2 (for MoSSe-graphene-graphitic petal)[108]; 1492 F
g−1 at 2.5 A g−1 (for AC-GO-TiO2-Zn),[131] and 180 × 106 F m−3

at 0.5 A m−2 (for Co3O4-polydopamine-RGO)[148] for symmetric
SSCs, respectively. Similarly, the highest Es for graphene, GO,
and RGO were 0.15 kW h kg−1 (for Nb9VO25-histidine-serine-B-
graphene quantum dots),[123] 0.01 kW h kg−1 (for AC-GO-TiO2-
Zn),[131] and 12 kW h m−3 (for Co3O4-polydopamine-RGO)[148] for
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symmetric SSCs, respectively. This means that future symmetric
SSC designs could take advantage of the preliminary evaluations
from this review, showing that metal oxide-polymer-graphene
derivative ternary composites are the best performers in this
regard. Comparatively, RGO is the most studied graphene deriva-
tive for symmetric SSCs and most likely this is due to its
stable cycle stability and better conductivity traits. To mention
a few studies from the reviewed works done with 104 cycles,
Cs drop of 21%,[155] 2%,[156] 2%,[74] and 0%[46] for RGO, PET-RGO,
PEDOT-RGO-MoS2, and Fe3+-Ti3C2Tx-S-, N-RGO, respectively, were
reported (Table 2). These reports highlight the benefit of syner-
gism on cycle stability induced by compositing. In addition to
the Cs and Es deductions, recent reports suggest that N-doping
of graphene derivatives in transition metal-polymer-graphene
derivative ternary composites holds great potential as a future
research direction for SSCs. Fundamentally, variations in perfor-
mance are inclined to a widespread of parameters which may
reduce the accuracy of comparisons between separate studies.
Turning to ML, as a preliminary step in future research, is a
potential route to a breakthrough.

Similarly to symmetric SSCs, applications of graphene in
asymmetric SSCs are low (Table 3).[10,61,64,70,104,124,125] The Ni-Co
LDH-Co3O4//graphene asymmetric SSC device cast by blade
coating recorded Cs, Es, and Cs retention of 286 F g−1 at 1 A g−1,
67 W h kg−1 and 91% after 1.05 × 104 cycles (Table 3).[70] This
performance was more progressive when compared to graphene
in symmetric SSCs (Table 2). However, only one recent pristine
graphene study for asymmetric SSC was obtained, thus, it is
insufficient for a satisfactory comparison. Besides, the superb
performance of graphene in symmetric SSC could be due to the
Co-based anode. The asphalt-graphene QDs-NiCo LDH//AC SSC
demonstrated high Cs, Es, and Ps of 360 F g−1 at 1 A g−1, 113 W
h kg−1 and 751 W kg−1, respectively.[125] This study highlighted
the significant potential of the under-explored graphene QDs for
SSCs. Another outstanding study was with the Ni-MnO2-CNTs-N-
graphene//CNTs-N-graphene SSCs with wider operational tem-
perature and voltage windows of − 20–70 °C and 2.4 V in
PVA-LiClO4, respectively, and recorded Cs and Es of 90 × 106 F
m−3 at 10 A m−2 and 79 × 103 W h m−3 attributed chiefly to
a higher packaging density.[64] Interestingly, recent derivatiza-
tion of graphene for asymmetric SSCs mostly involved Co oxide
as composites and recorded high Cs retentions after 104 cycles
(Table 3 and Figure 7b).[10,61,124,125] The highest Cs was achieved
with the asphalt-graphene QDs-NiCo LDH//AC device (360 F g−1

at 1 A g−1)[125]; however, the Ps was lower than when graphene
was applied in symmetric SSCs (Tables 2, 3). There is no clear
explanation from recent literature why graphene composites
mostly involve Co. Deductions of a proper rationale are also
hindered by the low numbers of graphene studies in this area.

For reviewed GO-based asymmetric SSC electrodes,[117,162–165]

spin-coated ZnO nanowire-GO//FTO remarkably achieved the
highest Cs and retention of 2200 F g−1 at 0.03 A g−1 and 100%
after 5 × 103 cycles, respectively[117] (Table 3). A different study
of drop cast ZnO nanowire-GO//FTO SSC also attained 100% Cs

retention after 3 × 104 cycles (Table 3).[165] Although the ZnO
nanowire-RGO//FTO studied under the same conditions showed
a 60% and 30% decline in Cs and Cs retention in PVA-LiCl relative

to GO-based electrodes,[117] other recent studies involving RGO
in different electrolytes have generally achieved better perfor-
mance in terms of Cs, Es, and Ps in asymmetric SSCs than GO and
graphene (Table 3).[140,166–173] This conclusion could be obscured
due to the limited availability of recent reports involving GO and
graphene using the same PVA-based electrolytes for SSCs rela-
tive to RGO (Table 3). On the other hand, more studies involving
RGO for SSCs are motivated by its superiority. Therefore, more
future studies are recommended for more insights in this regard
since the Zn nanowire example (Table 3) suggests the existence
of other factors influencing energy storage performances differ-
ent from conductivity metrics. Furthermore, ML could illuminate
this area better and provide a solid basis without wastage of
resources. The highest Cs, from the reviewed works, was 4390 F
m−2 at 3 A m−2 for the CuCo2O4-RGO//Ni-RGO SSCs fabricated by
molding and curing for ∼ one month (Table 3).[171] Interestingly,
this study revealed the suitability of RGO in both the cathode
and anode of a single asymmetric device. Using Zn electrodes
as an example in Table 3,[117,165,172,173] it is clear that the mor-
phology and state of the transition metal utilized in composites
with RGO are significant performance factors. Therefore, future
studies must critically consider proven morphologies, such as
nanowires, and oxide forms of metals in SSCs to generate novel
materials.

In the reviewed works, graphene derivative applications in
SSCs enhanced cycle stability with a minimum and maximum
Cs drop of 1% and 39% and 0% and 30% for symmetric and
asymmetric designs, respectively (Tables 2, 3). Relative to the
graphene derivative applications in symmetric SSC counterparts,
their applications in asymmetric SSCs produce devices with bet-
ter Cs retention after large charge/discharge cycles (Tables 2, 3).
Most reported flexible SSCs are symmetric and, thus, have an
inferior Es to their symmetric counterparts. This is because of the
lower operational window of the symmetric SSCs.[42]

4.1. Fabrication Methods Overview

Graphene derivatives are synthesized by either a bottom-up
or a top-down method. The top-down method involves micro-
mechanical cleavage of graphite to graphene employing a “sticky
tape” or liquid-phase exfoliation via GO as an intermediate.[9]

GO synthesis methods are wide-ranging comprising chlorate and
permanganate methods.[17] The most common approaches in
recent times are permanganate methods in the form of mod-
ified Hummers’ and Tour’s methods which involve H2SO4 and
NaNO3, and a combination of H2SO4 and H3PO4, respectively
as additional oxidants to permanganate. There are a variety of
versions of methods in literature which seek to tailor physico-
chemical properties for target applications. Key considerations
are experimental conditions and the physicochemical nature of
parent materials. Readers are referred to a recent review, by
Mombeshora et al.[17] for further details on graphene derivative
synthesis.

In the contemporary, RGO and doped species for SSCs are
mostly synthesized through hydrothermal/solvothermal routes.
This is because the methods are facile, scalable with the right
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solvent selection, utilize low temperatures, produce uniform
products as reagents are exposed to even conditions and have
no greenhouse gas emissions due to a closed autoclave. How-
ever, the major drawback is the safety risk if reagents generate
excessive internal pressure greater than what can be contained
within the autoclave during heating. Other less common reduc-
tion methods include sonochemical means in reductants such as
L-ascorbic acid[53] and thermal approach.[130] This sonochemical
method advantageously uses less material under environmen-
tally friendly conditions of temperatures, pressures, and no waste
gas emissions to achieve sheet separation and reduction simul-
taneously, thus, it is less tedious and has short reaction times.
However, the reported achievement of N-doping through ultra-
sonic protocols in relevant N-containing solvents is debatable.
The debate emanates from the less intense energy inputs used
against the often-required High energy to force N into sub-
stituting C in the graphene framework. The notion here is
that thorough characterization of N species is necessary to dis-
tinguish surface functionalities from dopants. The bottom-up
methods for SSCs are in situ growth of graphene derivatives
from elemental carbon on a relevant substrate such as car-
bon paper or Ni using the plasma-enhanced chemical vapor
deposition method.[108] In brief, this path involves pyrolysis of a
hydrocarbon followed by nucleation and growth on a substrate.
Hence, providing materials with better adhesion to the substrate.
However, the deposition of other impurities during synthesis
might negate the device’s performance. The purification steps
that selectively remove carbonaceous impurities are not easy to
devise. Also, the bottom-up method has high greenhouse gas
emissions that pollute the environment, often involves high tem-
peratures which need a longer duration to cool down, requires
high capital investment, and is relatively costly compared to the
top-down approach. Nevertheless, the merits are the scalability,
facile porosity, and dimensional control.

The graphene-based electrodes for SSCs, particularly for the
top-down, are fabricated mostly via the blade coating of active
material slurry onto a current collector such as Ni foam[53] and
graphite paper[179] (Tables 2, 3). In the fabrication protocol, small
amounts of conductive carbon black and binder are added to
the active material during the slurry preparation. The effect of
binders is often detrimental to the SSC performance but neces-
sary for improved electrical contacts. Therefore, only a sufficient
amount needs to be added and if possible, must be avoided.
Blade coating is followed by drying and determination of the
active material mass. Proper drying is necessary for correct active
mass and ultimately accurate Cs values. Recent developments
in this area also include in situ derivatization, such as reduc-
tion and N-doping, on current collectors using hydrothermal or
solvothermal methods (Tables 2, 3).[104] This method allows con-
trol of the dimensions of graphene derivatives and is scalable.[28]

Another way is pressing the active material onto the current col-
lector foam.[105] In this method excessive compacting must be
avoided as it will increase electrolyte penetration resistance by
minimizing porosity in the SSC device, thus, lowering energy
storage. Spin coating[117] and drop casting[165] of active material
onto appropriate current collectors is also feasible. Spin coat-
ing poses difficulties in morphology control and is wasteful,

posing economic drawbacks. In the pristine graphene applica-
tion in SSCs, laser engraving[109] is gaining momentum from
suitable graphene precursors such as polyamide. The engrav-
ing approach allows the development of 2D electrode materials
involving graphene derivatives and promotes the availability
of large surface areas in composites involving transition met-
als. However, carbonization and firing steps in this method can
be energy intensive as they use temperatures above 1000 and
∼3000 °C, respectively. Recently, the 3D permeating assemblies
that provide electron transport pathways have been reported
through 3D printing of pristine graphene ink in SSCs using tem-
peratures as low as 40 °C 95]. The 3D printing approach has high
precision through programmable layer-by-layer manufacturing
steps and allows the fabrication of diverse configurations.[180]

In summary, more tailor-made synthesis methods of graphene
derivatives for SSCs that offer facile and economic advantages
against conventional SCs and batteries are needed to support
the drive towards commercialization.

4.2. Charge Storage Mechanism Perceptions

Graphene derivatives, by a large electrode/electrolyte contact
area store energy through the EDLC mechanism particularly
in symmetric SSCs (Figure 7a).[88] In addition, when applied in
asymmetric SSCs, graphene derivatives can function in redox
activities. For instance, using PVA-KOH, the oxidative redox
process is:

RGO + 2OH− � RGO − OH + 2e− (3)

GO + 2OH− � GO − OH + 2e− (4)

As anodes of SSCs, graphene derivatives are oxidized (for-
ward reaction of Equations 3,4) and reduced during charging
and discharging, respectively,[181] and vice versa when applied
as cathodes. However, in most recent designs, particularly for
asymmetric SSCs (Table 3), anode is made of a transition metal
composite of graphene derivatives. Hence, an additional pseu-
docapacitive mechanism is:

M � Mn+ + ne− (5)

The hopping mechanism is also feasible when GPE elec-
trolytes are used in SSCs. In this mechanism, the rate of for-
mation and breaking of H-bonds between H3O+ and the H2O
molecules influences the rate of H+ transfer.[88] The energy can
also be stored through the diffusion of an H+-H2O complex
and this mechanism is hindered by the formation of H-bonds
with other H2O molecules.[88] A direct transfer of H+ can also
be facilitated via the amorphous phase of the polymer back-
bone through segmental movements that occur above the glass
transition temperature.[88] A similar mechanism can be extrap-
olated for GPE involving other group one cations (Tables 2, 3).
For redox-active solid polymer electrolytes, the pseudocapaci-
tive mechanism occurs through electron transfer between the
graphene derivative electrode and electrolyte.[28]

Molecular dynamic simulations and the first-principal
inputs of GO and RGO with 17 and 0 wt% oxygen content
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established H2O molecules under an electric field facilitate
energy storage.[26] This is attained through charge separations
between GO sheets and a distribution parallel to sheets due to
polarized water molecules. Since high oxygen content enhances
hydrophilicity and in most cases is trapped between sheets.
This theoretically suggests that GO has better energy storage
capabilities than RGO through this mechanism. This is mostly
not the case since simulations are based on ideal models and
vary from real-world scenarios. Furthermore, SSCs involving
properly dried electrodes will eliminate contributions from
trapped water. To sum up, the functions of graphene derivatives
in SSCs have been demonstrated. Finally, a summary of their
current status and future research directions that can be taken
is provided to highlight feasibility, limitations, solutions, and
merits.

5. Outlook and Perspective for Graphene
Derivatives and SSC Nexus

Practical challenges, merits, advances, and views for future
research directions of graphene derivatives for SSC are discussed
in this section.

5.1. Challenges and Recommendations for Practical
Applications

Although the development of SSCs is regarded as a positive
step towards sustainability in renewable energy resources, they
are still greatly inferior to liquid electrolyte-based SCs (com-
monly < 50% Cs). This means more work is still required to close
the gap and make SSCs commercially viable. Two fundamen-
tal issues need to be experimentally clarified in future works,
that is., establishing whether the inferiority of SSCs is due to
design changes or limitations of the solid-state electrolyte. Sys-
tematic studies that seek to optimize solid-state electrolytes for
specific designs followed by comparison under similar experi-
mental setups are possible solutions to this problem. Currently,
the potential of graphene derivatives in solid-state electrolytes
is underexplored. However, the few available reports suggest
that excessive amounts of graphene derivatives in the solid-state
electrolyte deteriorate the SSCs. Since graphene derivatives,
except for GO, are appreciably conductive, the most probable
rationale for poor performance is charge transport disruptions
from high agglomerations at high content. Therefore, modifica-
tions of current electrolytes with graphene derivatives can be
further explored by considering H-bonds as a future research
direction. This is suggested in the drive to improve toler-
ance of high-temperature issues since most graphene deriva-
tives contain numerous oxygen-containing moieties and can
be doped with nitrogen. Chemical linkages through H-bonding
can also potentially solve agglomeration issues when only
sufficient amounts for bonding are added through optimiza-
tion, thus, improving component intimacy for better charge
transport.

Relative to GO-based materials, superior electronic conduct-
ing attributes of RGO-based derivatives bring better perfor-
mances as electrodes. This brings a technical glitch since on
the one hand a high content of oxygen moieties allows facile
electrode fabrication with minimum defects due to aggrega-
tion. A thorough figure-of-merit that accounts for diversity in
the graphene family of materials and the influence of oxy-
gen moieties on performance and processability is suggested.
Another challenge associated with adopting graphene deriva-
tives in SSCs is the inconsistent pore size distributions and
morphologies which vary with the synthesis method.[17,39] This
dictates a need for developing specific chemical compositions
of graphene derivatives and tailoring protocols that offer more
room for improving electronic properties for SSC applications.
In the drive towards flexible electrode materials, it may seem
obvious that carbon cloth is the best candidate for flexibility
qualities among the other carbon-based materials. However, the
costs involved, hydrophobicity nature, and low electro-active sur-
face areas hinder their preference.[182] This underlines the need
for affordable alternatives, hence, graphene derivatives, that can
tactfully support the accessibility of renewable energy through
effective energy storage are recommended. The common self-
discharge problems in SSCs still require practical solutions,[29]

especially using graphene derivatives since they have high
electron conductivity.

5.2. Current Practical Advances of SSCs with Graphene
Derivatives

While optimization of synergistic factors induced by current col-
lectors, electrolytes, and electrode materials remains a critical
aspect in all forms of SCs,[183] one emerging and promising
proven concept[117,165,184,185] is to develop photo-assisted SSCs
from graphene derivatives. Photo-assisted SSCs practically allow
direct harnessing of sunlight from the sun into storable electrical
energy. For example, photo-assisted ZnO nanowire-GO//FTO[165]

and FTO/ZnO-RGO/PVA-LiCl/carbon paper[184] SSCs began to
function after a few min, supported digital clocks for > 2 h
under outdoor sunlight exposure. Hence, this technology poten-
tially has positive prospects in complementing solar energy. This
technology requires two fundamental qualities, that is., high
transparency to allow efficient energy harnessing and effective
energy storage. This is supported by the optical transparency
achievable with well-exfoliated graphene derivatives. To illus-
trate this, Jiang et al.[186] developed MXene quantum dot-laser
RGO composites with high transparency (> 90%), high cycle sta-
bility (98% after 12000 cycles) and capacitance of 10 mF cm−2.
Another emerging technology is the thermally charged SSC in
which a temperature change generates a voltage difference to
allow energy storage.[28,187] The charging and discharging pro-
cesses involve absorbing and releasing heat, respectively. This
approach is inappropriate for graphene derivatives due to their
temperature sensitivity. Their framework is denatured at ∼500
°C in air and oxygen moieties are removed in the 200 – 400 °C
range. Therefore, RGO and N-RGO under inert environments are
highly recommended for thermally charged SSCs.
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Figure 8. Scheme for ML model generation and validation.

Except for a few studies that use AC instead,[10,61] the current
asymmetric SSC design commonly utilizes graphene derivatives
as the cathode (Figure 7b). Therefore, this implies that most of
the current developments of graphene derivatives are inclined
toward modifying the cathodic performance. Reviewed works
(Tables 2, 3) suggest that a biased focus on their cathodic role
is not satisfactorily justified since numerous highly perform-
ing graphene derivative-based anodes for SSCs exist. Though
more work is still required to achieve devices with improved
flexibility and electrochemical performance, the current mod-
ification of SSCs with graphene derivatives has encouraging
outcomes. More work is currently focusing on the facile mod-
ification of graphene for better electronic properties. Common
modifications being sought are surface chemical functionaliza-
tion, doping, and compositing. The derivatization of graphene
has shown several positive prospects. These include improv-
ing solution processability via enhanced hydrophilicity, electro-
active surface areas from appropriate exfoliation brought by
oxygen moieties, better affordability particularly when derived
from biomass and expanding operational voltage window. This,
in turn, enhances the Es of SCs. Combining graphene deriva-
tives with other electrode material that functions in a different
potential window is a possible step to expand their opera-
tional voltage window. Other than only deriving the GO from
biomass for SSC applications, some studies have used biomass-
derived reductants, such as lemon and carrot juice (C/O ratio
increased from 2.5 to ∼ 5 and 4, respectively).[188] This illustrates
advancements that make graphene derivatives sustainable and
transform the energy sector towards “greener” characteristics.
Furthermore, binder-free SSCs involving graphene derivatives
are also emerging.[174] One typical approach is layer-by-layer fab-
rication through recent techniques such as 3D printing. These
approaches make them more affordable and minimize dead
mass and any negative effects of binders on device perfor-
mance. Therefore, the resulting SSCs have better performance
induced by mitigated agglomeration, random orientation with
vastly wrinkled sheets, atomistic perforations, and engineered
microporosity structure, which support the free movement of
electrolyte ions.[189]

5.3. Viewpoint for Machine Learning

In the recent drive towards ML of complex phenomena, ML is
being applied in graphene-related materials for SCs. ML uses
artificial intelligent function-fitting algorithms trained from some
experimental data to learn the underlying relationship between
data input and output to develop a model that can predict
outcomes for new datasets (Figure 8).[190,191] In SSCs, ML mod-
els can use electrochemical measurements and physicochemical
traits to predict Cs. Therefore, the physicochemical characteris-
tics of graphene derivatives that can be used in ML of SSCs as
inputs for data processing include atomic weight % (wt.%) of
carbon and dopants (e.g., boron, oxygen, sulfur, and nitrogen);
defect band to graphitic band intensity ratio from Raman spec-
troscopy; specific surface area, pore size, and volume.[190–192] For
synthesis and material tailoring purposes, ML can be used to
predict physicochemical properties such as defects in graphene
derivatives.[193]

On the other hand, electrochemical characteristics that can
be utilized are electrolyte characteristics namely composition,
dimensions, and conductivity; SSC configuration; operational
conditions such as potential window, current density, scan
speed, and method of analysis, charge transfer, and ESR as inputs
in the data preparation stage.[23,194,195]

In the preparation stage, numerous literature data will need
to be converted from categorical to numerical data through
hot encoding for compatibility reasons and randomly grouped
into training and test sets (Figure 8). The training set is scaled
from 0 (min) to 1 (max) range to minimize complex calculations
and the same scale is applied to the validation set. Examin-
ing important features of the data is critical but leads to some
limitations, for instance, if aqueous electrochemical measure-
ments are considered then the operational voltage window for
specific data points will be restricted to < 1 V.[191] Further-
more, if the specific surface area of graphene derivatives is
utilized, then the pore structure effects are lost yet they influ-
ence Cs. In addition, EDLC is regarded as the major contributor
to Cs when specific surface area is considered but this may
not be the case for most composites and doped species of
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graphene derivatives in which PSC contributions are significant.
The challenges of ML applications are that some reports may
lack required data inputs and require a vast amount of rep-
resentative database to generate an accurately trained model.
Since the output parameters are Cs, Ps, and Es, this stage is fol-
lowed by an analysis of the link between inputs and outputs
using supervised ML models (Algorithm selection in Figure 8).
In this way, ML has prospects in speeding up the design
and optimization of SSC processes by aiding understanding of
electrode, electrolyte, and electrode/electrolyte interface pro-
cesses, thereby minimizing wastage of resources during random
trials.

The artificial neural network (ANN) is among the most
applied models in predicting Cs of SCs because of its accu-
racy predictability, capability to deduce underlying mechanisms
of complicated systems, generalizability, and compatibility with
non-linear data. ANN has multiple variances that aim at linking
inputs with hidden layers and involves systematic adjustment to
lower statistical biases and weight effects toward an accurate
output (Figure 8).[194] ANN requires known numerical values for
comparison during training and after sufficient training cycles, it
can predict energy storage outputs. For instance, ANN predicted
that oxygen and nitrogen content was inversely and directly
proportional to Cs in graphene derivatives, respectively.[191] This
agrees with most literature reports that suggest that GO is infe-
rior to RGO and N-doped counterparts particularly pyridinic,
which adds energy storage via a pseudocapacitive mechanism
and is highly conductive. Also, Mahmoudi–Qashqay et al.[194]

achieved Cs predictions within ∼6% error margin and with a
high degree of correlation (R-squared (R2) = 0.999) for Co3O4-
VS4-RGO-based electrodes. Other models, such as the light gra-
dient boost machine, extreme gradient boost, and random forest
models are comparable to ANN in predicting Cs of graphene
derivatives.[196,197] The performance of each model is checked
through the processes highlighted in Figure 8.

The models are then cross validated to check their per-
formance followed by comparing them. The model validations
are commonly done using mean square error (MSE), root mean
square error (RMSE), mean absolute error (MAE), and R2 parame-
ters against actual experimental data (Figure 8).[198] Thus, there is
a need to standardize SSC characterization protocols to support
ML growth. In addition, the widespread physicochemical charac-
teristics of graphene derivatives may bring large standard devia-
tions in the data. Saad et al.[190] minimized the widespread effect
by treating each graphene derivative material as a separate class.
Other useful references for future development include ML appli-
cations for predicting the synergism of hetero atom doping of
graphene using the Shapley additive explanation (SHAP).[191,192]

SHAP analysis is used to investigate the contributions of each
input to the target output through scatter and contour plots,
and inputs are then ranked according to impact on output
parameters. A positive and negative SHAP value implies positive
and negative contributions to Cs, respectively.[190,191] This interest-
ing path will rationalize most references to the synergistic effect
made in the literature.

ML relies heavily on the data from which it was trained and
improper interpretations lead to failure in capturing physical

mechanisms.[191] Hence, to some degree, ML may be limited to
established technologies and does not account for the underly-
ing physics of SSCs as each input is considered in a numerical
value form. ML modelling is still scarce in SSCs and the most
probable reasons are linked to the fact that graphene derivative-
based SSCs are still emerging. In brief, this review proposes that
future research focuses on this area. This will pave the way
for accelerated development of novel SSC designs. Given the
interlinking of contributing factors to Cs, ML will simplify techno-
logical and scientific problems and provide fast-track solutions.
Furthermore, ML will allow the development of tailoring proto-
cols from graphene derivative synthesis steps to SSC devices.
In this regard, ML will significantly aid the rationalization of
compounding effects of physicochemical properties of graphene
derivatives, solid-state electrolytes, SSC fabrication method, test
conditions such as current density and scan speed and SSC test
methods on Cs, Es, and Ps.

5.4. Future Research Directions, Prospects, and Conclusions

Future research directions should include a focus on devel-
oping novel solid-state electrolytes that not only exhibit high
ionic conductivity,[55,199] but also, high flexibility. Improving flex-
ibility attributes through graphene derivatives will positively
support the growing demand for wearable and smart elec-
tronics and a wider operational temperature range as future
advancements. The fabrication of flexible SSCs is still in its
infancy and reviewed recent works suggest that the most com-
monly applied solid-state electrolyte is the GPE (Tables 2, 3).
This could be rationalized by their superior conductivity rela-
tive to dry-solid polymer electrolytes.[63] Considering the superb
operational voltage window of up to 6 V,[55] one prospective
game changer is the development of solvent-free ionic liq-
uid gel electrolytes in combination with graphene derivatives.
Another lucrative future approach is the integration of graphene
derivatives with solid-sate electrolytes in 3D configurations to
maximize electrode/electrolyte interface contact. Additionally,
since solid-state electrolytes are essential in the future provision
of mechanically stable, durable, and temperature-resistant SCs,
this supports the notion that current developments involving
graphene derivatives in SSCs represent a positive step towards
enhanced durability. Long-term stability is possible by achieving
wider operational temperature ranges, thus ensuring minimal
freezing that maintains high ionic conductivity and reduces
decomposition at lower and higher temperatures.

Developments of new SSC designs and standardized opti-
mization studies can also illuminate the design aspect needed
for Es improvements. In this regard, nano- and micro-sized SSCs
are research directions with promising traits for current energy
storage needs. Several general design pathways, such as coax-
ial, interwoven, typographic, twisted, knitted, and lithographic
techniques,[30,200] are suitable prospects for SSC. However, most
configurations were for pristine graphene and are still primitive
for practical graphene derivative applications. To date, hybridiza-
tion of graphene derivatives with pseudo-capacitive materials
and doping of graphene derivatives seem to have high potential
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to improve Es, whilst maintaining high Ps. Therefore, synthe-
sizing novel materials for electrodes and electrolytes becomes
a foundational aspect of SSC transformation in the next few
years. This motivates a future focus on graphene derivatives
in both electrodes and electrolytes of SSCs. This basis should
also acknowledge and factor in the impact of the synthesis
method of graphene derivatives as this contributes to the overall
performance of the materials in SSCs.[17,143]

Future research approaches must further explore the combi-
nation of graphene derivatives with ultrathin 2D pseudocapaci-
tive layered materials, such as reported Co(OH)2 nanosheets,[110]

chalcogenides,[55] Mxenes,[201] and borophene[129] as electrodes
for flexible SSCs. On the one hand, these materials will add
favorable energy storage functionalities to graphene deriva-
tives. For instance, Mxenes are layered structures of carbides,
nitrides of transition metals, and carbon with high electrical con-
ductivity, interlayer diffusion pathways and electroactive area
for energy storage function.[87,201] Layered 2D materials theo-
retically possess an enhanced electroactive area with valence
electrons for better electrode/electrolyte interactions,[202] thus,
they are promising in future SSCs. However, the electrolyte ion
penetration is reduced by invertible agglomeration during SSC
fabrication.[203] On the other hand, the shortfalls of 2D mate-
rials can also be modified with graphene derivatives, such as
N-doped graphene, given the noted improvements when they
are used. The graphene derivatives can also play a role in max-
imizing the available electroactive area by minimizing layers
from collapsing onto each other in 2D materials. Therefore, this
potential approach can advance novel materials and SSC flexi-
ble designs as a future research direction. The derivatization of
graphene minimizes dead mass by promoting the exfoliation of
sheet and engineering porosity. Thus, it is a practical step in
enhancing electrochemical properties for SSC development.

Positive attributes of SSCs involving graphene derivatives
in real-world applications include a wider operational voltage
window, for instance, PVA-Na2SO4 polymer electrolytes have
recorded an operational voltage window as high as 2.0 V and
attenuation rates of 48% within a self-discharge period of a
day.[99] This highlights the significant potential of graphene
derivatives in enhancing the Es of SSCs. The commonly reported
approach for composites of graphene derivatives in SSCs encom-
passes conductive enhancers and separators to reduce aggrega-
tion. High intimacy between graphene derivatives and additives
via chemical linkages in typical materials has achieved com-
mendable performances in SSCs. A fundamental morphological
approach involving graphene derivative composites will trans-
form materials into a 3D graphene sheet that can offer more
surfaces for energy storage.

To sum up, the key areas that still require further research in
SSCs include the study of the role and performance impacts of
graphene derivatives in electrolytes, and performance improve-
ments, particularly Es, against the conventional liquid electrolyte-
based SCs. Comparative studies of PVA-group one sulfates with
GO- and RGO-based electrodes are recommended as future
research directions to enable better comparisons in SSCs. A bet-
ter way to mitigate the lack of standardized testing protocols is
to compare electrolytes in one study. The 3D morphology engi-

neering using other emerging 2D materials and graphene QDs
for SSCs is also an attractive area for further studies. Investigat-
ing the compatibility of graphene derivatives in both flexible and
photo-assisted devices, end-of-life analysis and environmental
impact of graphene derivative-based SSCs, and recycling options
are also areas that still need more work. Concerning long-term
stability tests, more studies under controlled harsh environments
of humidity, moisture, temperature, and light irradiation are
critical to enlighten their practical applicability. This will give
insights into the areas for suitable SSC applications that can
emanate from these materials. The SCs generally lack a standard-
ized testing protocol that would make comparisons between
researchers and materials easy. Therefore, ML modelling is a pro-
posed future solution to determine quantifiable relationships
among critical factors of graphene derivative-based SSC elec-
trodes and their impacts. Graphene-based SSC electrodes offer
more room for achieving environmental sustainability through
cost-effective biomass sources. However, indirect harm to the
environment from the use of toxic chemicals, such as N2H4,
H2SO4, and H3PO4, that are harmful to aquatic life and carcino-
genic to humankind, and emission of greenhouse gases, such as
NOx and COx, during material synthesis must be monitored care-
fully and avoided where possible. In addition, recycling protocols
similar to batteries can be applied to graphene derivative-based
SSCs. These involve mechanical separation, thermal treatment,
and mechanochemical treatments. Chemical means, such as acid
leaching and purification through a dissolution process of other
components, are also feasible recycling steps. These feasibili-
ties make graphene derivative-based SSCs attractive for future
innovations. In addition, graphene-based SSC electrodes allow
porosity, electroconductivity, redox activity, stability tailoring,
and widening of operational voltage window. Hence, highly per-
forming electrode materials for SSCs are feasible with graphene
derivatives since tailoring their electronic structures and physic-
ochemical properties makes it easy to achieve the prerequisites.
Therefore, graphene derivatives in SSCs can effectively support
the power dynamics required for the internet of everything. The
use of graphene derivatives, particularly RGO, is promising for
future state-of-the-art SSCs that need to meet current demands
for flexibility, safety in handling, portability, long cycle life, and
mechanical robustness in advanced electronics. The future of
technologically advanced electronics such as biomedical equip-
ment, wearable electronics, and microsensors will benefit hugely
from the SSC developments.
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