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Graphene and related materials (graphene oxide, reduced graphene oxide) as a subclass of carbon materials and
their composites have been examined in various functions as materials in supercapacitor electrodes. They have
been suggested as active masses for electrodes in electrochemical double-layer capacitors, tested as conducting
additives for redox-active materials showing only poor electronic conductivity, and their use as a coating of active
materials for corrosion and dissolution protection has been suggested. They have also been examined as a
corrosion-protection coating of metallic current collectors; paper-like materials prepared from them have been
proposed as mechanical support and as a current collector of supercapacitor electrodes. This entry provides an

overview with representative examples. It outlines advantages, challenges, and future directions.

graphene reduced graphene oxide nanocomposite supercapacitor

electrochemical energy storage

Following the enthusiastic reports about the properties of graphene and later of graphene-related materials like
graphene oxide (GO), reduced graphene oxide (rGO) and further materials like crumpled graphene [RI2314]
suggestions of their use in electrochemistry—wherein carbon in its numerous forms has been a popular material
for electrodes or as components of electrode materials has been around for decades—and in particular in devices
for electrochemical energy conversion and storage (EES) B¢ followed. These suggestions later included their use
in supercapacitors RIZIEIRILOI112]ASI[14][15]16][17][18] As an electrode material in the latter application (as well as in

battery applications), materials should meet some general requirements:

« Large surface area, more specifically electrochemically active surface area (EASA) 22201 \which will result in

large interfacial capacitance;

» Defined porosity, which translates into accessibility of the EASA, enabling its use in particular at high current

densities (the defining property of a supercapacitor) and thus improved capacitance retention [21;

» High electronic conductivity supporting large current densities without excessive Ohmic losses and associated

Joule heat generation (with heating of a supercapacitor known to contribute to ageing [22):;
» Sufficient chemical, electrochemical, mechanical, and thermal stability affordability.

Further development beyond the pristine materials mentioned above has resulted in 3D materials like graphene

foam or monoliths B2 and porous graphene films prepared with a sacrificial template 241231 Nanocarbon
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materials (or carbon nanostructures) for application in energy conversion and storage including the ones
addressed in this entry have been reviewed [28127128] for gpplications in flexible storage devices [22: for further

graphene nanomaterials, see %, For other nanostructured materials in energy-related applications, see 311,

Combining graphene and its relatives with other redox-active materials may result in composites having
advantageous properties of both constituents, possibly without some of their flaws. These materials and their use
in supercapacitors are the focus of this entry. Graphene and its relatives and their use in supercapacitors has been
studied extensively and has been reviewed broadly; the respective literature is introduced in the respective

sections. Use of these materials beyond supercapacitors is beyond this entry.

In supercapacitors, some of the impressive properties of graphene as a quintessential 2D material are exploited: its
large surface area (whether the BET-surface area or the expected EASA is another question), its high electronic
conductivity, and its stability [8]. When processing the freshly made and most likely sheet-like shaped graphene
into an electrode material, almost inevitably, agglomeration or restacking (sometimes very illustratively called
graphitization [1]—although this term has a different and well-established meaning in the industry) caused by van
der Waals and m-Tt-interactions happens [32]. This way many advantages, in particular the large accessible
surface area, are lost. Among the many approaches tried to suppress this process, the use of non-flat, i.e.,
crumpled, graphene has been suggested and studied extensively [1-4,33]. For enhanced ion transport even
through the 2D-layers of graphene, porous graphene [4,34] and Holey graphene [35] have been suggested [36].
When combined with the defined porosity of the electrode material as tried with graphene (see, e.g., [24]), further

benefits beyond avoiding restacking may become available.

For a successful application of graphene and its relatives in a supercapacitor electrode they must be processed
into an electrode. Graphene as well as rGO can be made into paper-like materials by simple suction filtration
processes [38]. Such materials can be used straightforwardly as electrodes (see Section 3.1) or as support for
electrodes subsequently being coated with an active material (see Section 3.5). Whether the latter combination of
graphene paper as a current collector coated with an intrinsically conducting polymer ICP should be called a
composite, as in [49], appears to be doubtful. Further developments of the use of graphene and its relatives either
as active mass or as a support and current collector may be based on 3D structures like foams and monoliths
[18,23].

Some of the highly promising properties of graphene and its relatives have recommended their use in
supercapacitors rather early, in particular in supercapacitor electrodes. This may happen in various functions
ranging from being the sole active material to being an auxiliary material as reported in the following sections.

General overviews on graphene in the various types of supercapacitors are available [23,50].

Utilizing its large surface area and its high electronic conductivity, graphene alone is already an attractive electrode
material for an electrochemical double-layer capacitor EDLC [51]. Unfortunately, aggregation, i.e., restacking, of
graphene sheets tends to reduce the actually available surface area, and in addition this also makes wetting and

ion transport more difficult. Mixing with other carbon materials like activated carbon, carbon black, carbon
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nanotubes, and mesoporous carbon has been tried [48]. These constituents act as spacers in the composites thus
formed, prohibiting restacking and creating more accessible interparticle volume for electrolyte ingress and ion
transport. Sometimes deplored poor ion transport between graphene layers can be remediated by using Holey
graphene [35]. Performance of this material in terms of electronic conductivity and wetting can be further improved
by heteroatom doping. Doping of graphene, in particular substitutional doping with nitrogen, has been claimed to

increase electronic conductivity of the obtained material [55]; see also [51].

Addition of graphene or any of its relatives as a conductivity-enhancing constituent in a mixture can be
implemented in various ways; in a popular procedure, the active material and the additive are dispersed aided by
ultrasound. An even better effect in terms of even more increased conductivity and conceivably stability can be
achieved by attaching the active materials like various metal oxides covalently to graphene nanosheets [57]. These
moieties act further as spacers during processing of the material, inhibiting restacking. Capacitance retention after
6000 cycles ranges from 73 to 90%, leaving room for further improvement. The final claim that the noted
improvements of the composite compared with plain graphene nanosheets could be attributed to the fact that in the
composite, capacitive contributions from graphene dominate with the redox contributions from the metal oxides

being negligible, flatly contradicts the reported experimental findings.

Graphenes in Nanocomposites

Another way to avoid restacking of graphene sheets proceeds via the combination of graphene with other materials
into a composite or nanocomposite. Avoiding restacking is not the only reason; in addition and presumably as a
more important reason, the combination with redox-active materials aims at increasing the charge-storage
capability of the material. As pointed out above, graphene—ijust like every other carbonaceous material—stores
charge only via accumulation of ions (whether without or with whatever type of adsorptive interaction with the
electrode material is hardly relevant). Different from this, redox-active materials utilize Faradaic reactions just like in
a battery electrode. To avoid negative effects of possibly slow kinetics, only thin layers and/or only superficial
reactions are employed [60,62]. In such composites (the distinction addressed above is not pursued further)
graphene or any of the related graphene-like materials serve mainly to increase electronic conductivity. This was
already highlighted in an early review comparing electronic conductivities of some transition metal oxides showing
low conductivity values, with RuO, being the only exception [46]. Further effects like corrosion protection or

inhibition of dissolution of the redox-active material may also come into play, as discussed elsewhere [60,62].

Graphene has been combined with metal chalcogenides and intrinsically conducting polymers, and reviews on
specifically such combinations including applications are available [46,51,59,65-86]. The electrochemical redox
behavior of metal chalcogenides has been discussed repeatedly; it may range from a behavior showing in cyclic
voltammetry CV and galvanostatic charge/discharge GCD curves a battery-like or a capacitor-like behavior. The
latter behavior has been called pseudo-capacitive because it only looks like the behavior of a capacitor without
having the respective cause. Pseudo-capacitive behavior is certainly not due to “weakly attached surface ions” as
stated in [46]. Neither are “rapid Faradaic reactions within the electrode material” utilized as claimed in [8]. For a

more focused discussion of charge storage associated with pseudocapacitive electrode behavior see [87]. Beyond
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enhanced electronic conductivity, addition of a second component to a metal chalcogenide has further benefits:
because of said poor conductivity and because of volume changes during the redox processes, small particles are
used. A second component may buffer these changes. In addition, a carbonaceous constituent may prevent
agglomeration of the chalcogenide particles as noticed with NiO, resulting in a significantly increased specific
capacitance of the composite five times that of the pristine chalcogenide [88]. NiO is attractive because of its large
theoretical charge storage capability Cy, = 2583 F-g™* [21] but has a very low electronic conductivity limiting its
suitability as a single electrode material. Whether use of this oxide is limited to an electrode potential window of
only 0.5 V as attributed by these authors to a previous report [89] wherein this oxide was not even studied as a
single compound remains inexplicable. How the formation of a composite shall mitigate this flaw is not addressed.
Results of an examination of the stability of this material are not provided. Further examples of composites with
nickel oxides can be found in [90]. Whether further names of devices are of any help appears to be at least

guestionable generally.

Among the chalcogenides, layered transition metal dichalcogenides with the composition MX, (M = Mo, W, Re and
X =S, Se or Te) have attracted attention because of favorable properties for electrochemical storage applications
[91]; for an overview see [49]. Their structure, providing pathways for fast ion movement, enables swift
electrochemical reaction kinetics suggesting their use in particular for supercapacitor electrodes. Unfortunately, the
materials tend to agglomerate; in addition, some of them are present as crystallographically different phases with
frequently very low electronic conductivity. Combining with graphene in particular can remedy these flaws. In
addition, electronic interactions between graphene as a typical 2D-material with these layered chalcogenides also
result in improved electronic transport. Data obtained with WS, [92] and MoS, [93,94] showed promising
performance data, and beyond specific storage capability remarkable capacitance retentions with cycling of up to
94.7% after 10,000 cycles were stated. Layered double hydroxides (LDHs) have attracted much interest as
supercapacitor electrode material because of their extremely high theoretical storage capabilities [95-97].
Unfortunately, they show low electronic conductivities. Further improvements were achieved by combining them
with graphene [98]. Stability data beyond 500 cycles seem to be scant. In a more extensive review almost no
capacity losses after 10,000 cycles were reported [97,99]. Composites of LDHs with rGO have also been studied
with 80% of the initial capacitance left after 20,000 cycles in the best case [100]. Details of preparation have been
collected [101].

Covalent attachment of molecules or molecular species to GO or rGO via the more or less amply present oxygen-
containing moieties provides an additional option to prohibit restacking, and the mode of attachment may further
support and enhance electronic charge propagation [104] (different from the title wherein graphene is named rGO
has actually been used). A covalent organic framework attached to rGO yielded a superior capacitance contributed
by the redox-active framework retaining 88% of its initial capacitance after 20,000 cycles. Covalent attachment of
metal oxide particles to graphene sheets by coupling via polyaniline has improved supercapacitor electrode
performance [105]. Commonly covalent attachment and grafting seem to have the same meaning. Simple
deposition of metal oxide particles, sometimes called decorating, may not qualify as grafting as claimed in [106].

The obtained composites were examined for stability up to 5000 cycles, and capacity retentions better than 90%
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were obtained. Whether the “decoration process” (as compared to other simpler processes) contributed to this was

not reported.

The second class of materials combined with graphene or its relatives has ICPs [116—-120]. Figure 2 provides an
overview and some representative examples of ICPs. Their use as single materials or copolymers in devices for
electrochemical energy storage and conversion has been studied and reviewed [134-142]. Their successful
implementation in practical devices has been hindered by various factors. ICPs can be electrodeposited directly on
a substrate subsequently serving as current collector and mechanical scaffold in an electrode. This combination
hardly qualifies as a composite as suggested for graphene paper used as support with a coating with PANI in [47].
They can also be prepared by chemical polymerization as powders; these are subsequently processed into an
electrode following procedures well-established with other powdery electrode materials. In the latter case addition
of a conducting ingredient (carbon powder, etc.) was almost a natural option to counter the second flaw addressed
above. The first flaw can be mitigated to some extent by using small particles (nanostructuring [102], see also
[62,143]). Considering the advantages of graphene and its relatives its use as such conducting additive was only a
natural consequence. Composites of PANI for diverse applications including supercapacitors have been inspected
[47,144-148]. A layer-by-layer composite of PANI and rGO kept 93% of its initial capacity after 1000 cycles, and
this was attributed to the layered structure [97]. More on layered structures and their possibilities for
supercapacitors can be found in [149]. The difficult to understand description in [61] casts unnecessary doubts on
this construction. A porous graphene hydrogel filled with PANI by electropolymerization showed an optimum
capacitance value at a moderate loading with PANI [150]. The conclusion that higher loadings result in poorer

utilization because of Ohmic resistance of the ICP confirms considerations reported elsewhere [21].

These composites can be prepared by chemical polymerization, i.e., oxidation of monomers, in a solution
containing also dispersed graphene, GO, or rGO. The actual composition of the composite depends on the
experimental conditions, in particular composition of the reactant solution. Agglomeration of graphene, etc., as a
potential problem with chemical polymerization—which is actually a volume reaction—is avoided with
electropolymerization as an interfacial process with much lower room-time vyields. Electropolymerization with the
current collector as a substrate is another option. Again aniline monomers are dissolved and graphene, etc., is
finely dispersed. As reported [157] this approach has rarely moved beyond the laboratory scale. Further examples
of composites of graphene with ICPs can be found elsewhere [158-160], and composites with further carbon

nanostructures have been discussed in [161].

Graphenes as a coating

A procedure to coat metal oxide particles initially for use in lithium ion batteries has been reported [174]. A coating
with rGO of V,05 nanoribbons applied by a different procedure significantly improved their electrochemical
performance as supercapacitor electrode material by enhancing the electronic conductivity of the composite [175];
an overview on composites with V,0Og is available [176]. Similar benefits were observed with nanorods of Mn,V,0-
[177], nanoarrays of FeNi,S,@Co0¢Sg [178] and nickel sulfide particles [179] all coated with rGO.
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Graphenes as an auxiliary material

Graphene can be made into a foam which subsequently is filled with active materials like metal chalcogenides or

ICPs [23]. The foam provides structural stability and efficient electron transport. Capacitance retentions up to 83%

after 15,000 cycles for a filling with PANI nanofibers confirm this assumption [180]. A graphene foam filled with

NiCo,04 showed 92% retention after 4000 cycles [181]. Graphene coating of current collectors can be used for

corrosion protection [182]. It has also been identified as an advantageous interface between support/current

collector and active electrode mass because of its capability to improve electronic coupling [183].
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