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H I G H L I G H T S

• Future supercapacitors are anticipated
to be hybrid and aqueous-based.

• Production processes require optimi-
zation for scale-up of promising pro-
totypes.

• Identification of promising materials
and architectures is currently con-
voluted.

• Non-uniform performance assessment
methods preclude accurate bench-
marking of devices.
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A B S T R A C T

The growing field of supercapacitors has already gained enough maturity and complexity to be the object of
highly specific reviews. This review aims to provide a comprehensive outline of the topic, by presenting the
state-of-the-art electrolytes and electrode materials used in supercapacitors as well as the relationship between
their intrinsic features and their key performance indicators. This analysis is complemented by numerous ex-
amples of recent literature-reported performances of hybrid supercapacitors. To aid comparison, these are listed
in tables and shown in plots, organized by type of electrode material and by type of electrolyte. Finally, per-
formance differences between lab scale and commercial scale devices are put in perspective, by exploring, on one
hand, the obstacles to the transition from promising lab scale to industrial scale devices and by explaining, on the
other hand, the reasons why the same type of electrode material and electrolyte combination often perform more
poorly in real-world devices. With this approach, the authors expect to give a useful insight (and a compre-
hensive snapshot) into the challenges that need to be surpassed to bridge the gap between lab scale and in-
dustrial scale devices.

1. Introduction

Along with an increasing penetration of renewable energies in the
electric system, comes also an increasing need to overcome the high
variability of these resources. Moreover, the expected electric vehicle

boom will add significant challenges to the operation of the electrical
grid [1]. Hence, notwithstanding the importance of demand side
management strategies, it is clear that our society is in need of high-
performance electricity storage technologies. When speaking of per-
formance, it is crucial to take into consideration the application and the
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time scale associated to the energy storage [2]. Currently, the market
for medium-term electricity storage is mostly dominated by batteries
whilst capacitors are preferred for very small scale and short-term ap-
plications (mainly electronics). Supercapacitors lie between these two
technologies, providing higher energy densities but smaller power
densities than conventional capacitors while simultaneously out-
performing batteries in terms of power density and cyclability but
lagging behind them in terms of energy density [3].

Thus, supercapacitors are particularly attractive for applications
requiring relatively high power and low energy as well as fast and
frequent charge/discharge cycles, such as: regenerative braking systems
in fully electric vehicles or in heavy hybrids that experience many start/
stop cycles during the day (city transit buses, trash trucks, etc.) [4],
energy management in microgrids or stand-alone systems [5], portable
consumer electronics [6], AC line filtering [7], water desalination sys-
tems [8], memory backup systems [9], emergency doors in airplanes
[10], wind turbine blade pitch systems [11] and seaport cranes [9].

Given that the demand for supercapacitors for these applications is
increasing, there is not an equal transition of lab-scale technologies into
the market for real world applications. Carbon-carbon based super-
capacitors continue to dominate the commercial market despite the
number of breakthroughs made using a wide array of electrode mate-
rials and combinations which have resulted in ground breaking power
and energy densities for lab-scale devices. The main aim of this review
paper is to list the recent state-of-the-art materials and device config-
urations for supercapacitors with the purpose of understanding why
these materials are struggling to be commercialised.

One of the main drawbacks of supercapacitors - when compared to
batteries - is their low energy density. Improving this feature (without
sacrificing their high power density and cyclability) has been one of the
most discussed research topics in this field. In order to comprehend the
efforts that have been undertaken towards achieving this goal, one

should first understand the fundamental working principles of a su-
percapacitor (here explained in section 2) and then how the features of
the device relate to its performance (section 3). Next, the electrolytes
and the electrode materials are addressed, respectively, in sections 4
and 5. Examples of hybrid devices recently reported in the literature are
then presented in section 6. Afterwards, building on the fact that most
of the best performing lab scale supercapacitors reported in the litera-
ture have never reached the market (which, indeed, continues to be
dominated by simple and mediocre devices), Section 7 presents some
bottlenecks for the transition from lab to industrial scale and on po-
tential strategies to tackle those limitations as well. Finally, Section 8
presents some conclusions and summarizes the discussed topics by
pointing out the perceived research directions in the field of super-
capacitors.

2. Working principles

Similarly to capacitors, in conventional supercapacitors – often
called Electric Double Layer Capacitors (EDLC) – the energy is also
stored by the electric field in the dielectric separating the opposing
charges [12].

The amount of charge that a parallel plate capacitor can store per
unit of potential difference applied to its terminals is defined as capa-
citance (C , measured in F). According to Eq. (1), it increases with the
surface area (A, in m2) of the plates (as well as with the absolute per-
mittivity of the dielectric material that separates them, “ε”, in F/m) and
decreases with the separating distance (d, in m) [13] – the distance
between the opposing charges, which, in this case, corresponds to the
thickness of the dielectric layer.

=C A
d (1)

Fig. 1. Simplified schematic illustration of an EDLC. Drawing not to scale.
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The same principles apply to EDLCs, hence explaining their high
capacitance: in their case, the “dielectric” is a layer of solvent molecules
(which are adsorbed to the electrode’s surface and which solvate the
ions of the electrolyte hence separating these two charged surfaces) -
whose thickness can be as low as 0.3 nm in the case of an aqueous
electrolyte [14]. Moreover, EDLCs also present highly porous elec-
trodes, which results in a large surface area (> 1000m2/g) [15]. As
shown in Fig. 1, there is an accumulation of cations near the surface of
the negatively charged electrode and a large density of anions near the
surface of the positively charged electrode. Between the electrolyte-
soaked electrodes lies the separator which is a membrane highly
permeable to the ions of the electrolyte. Its function is to prevent the
electric contact and thus electrical shorting between the electrodes
[16].

Simply, a supercapacitor can thus be regarded as a series of two
capacitors (one at the positive electrode/electrolyte interface and an-
other one at the negative electrode/electrolyte interface). However, in
reality, the equivalent electric circuit of a supercapacitor is much more
complex, also involving an equivalent series resistance (associated with
the intrinsic electronic properties of the electrode matrix and electro-
lyte solution, mass transfer resistance of the ions in the matrix, and
contact resistance between the current collector and the electrode [10])
as well as a parallel resistance associated to self-discharge. Some au-
thors have gone further and tried to develop equivalent electric circuits
that could adequately represent a supercapacitor’s dynamics in dif-
ferent time-scales. Zubieta and Bonert [17] proposed a model com-
prising three RC branches, i.e., immediate branch, delayed branch and
long-term branch [18]. Other more sophisticated models, such as the
transmission line model [19] can be mentioned but their discussion falls
outside the scope of this summary.

Besides the electric double layer capacitive mechanism (which is
particularly fast and is hence associated to high power densities), there
is another one, “pseudocapacitance”. Its name arises from the fact that
pseudocapacitive materials present an electrochemical signature iden-
tical to the capacitors’ (i.e. an almost constant differential capacitance,
dQ/dV throughout the whole potential window [20] – a feature absent
in battery-type materials) but their charge storage is not based on
electrostatics. Instead, it is based on fast reversible Faradaic reactions
occurring at or near the surface [21]. This mechanism (which renders
higher energy densities) is more prone to occurring in electrodes made
of transition metal oxides (such as RuO2 and MnO2) and conducting
polymers (PAni, PEDOT and PPy [22]), but can also take place in
carbon-based electrodes, especially when oxygen- and nitrogen-con-
taining groups are present. Pseudocapacitance and double-layer capa-
citance can (and usually do) coexist in a same material. The overall
capacitance is the sum of the double layer capacitance with the pseu-
docapacitance. Chen [23] presents a comprehensive discussion of these
two mechanisms.

The traditional approach was to assemble symmetric supercapacitor
cells: two identical electrodes, either made of a purely capacitive ma-
terial (EDLC) or made of a pseudocapacitive material (the so-called
“pseudocapacitors”). However, as pointed out by G. Yu et al. [24],
combining these two different types of materials can yield a significant
increase in their performance. Therefore, more sophisticated archi-
tectures began to arise. There are essentially four types of possible
configurations for supercapacitor cells in terms of active electrode
materials:

- Simple symmetric supercapacitors: two identical electrodes,
made of a single active material (e.g. activated carbon // activated
carbon)

- Internal Series Hybrids (ISH): two different electrodes and each
electrode made of a single active material (e.g. RuO2 // activated
carbon); the result is an asymmetric device

- Internal Parallel Hybrids (IPH): two identical electrodes, made of
at least two different active materials (e.g. MnO2-graphene //

MnO2-graphene); the result is a symmetric device
- Double Hybrids (DH): two different electrodes, each one made of
at least two different active materials (e.g. polypyrrole-graphene //
MnO2-activated carbon fibres); the result is an asymmetric device

The term “hybrid” here is used in its broadest sense: any combina-
tion of two different things – in particular, two different materials, re-
gardless of their nature (e.g. a device with an activated carbon elec-
trode and a graphene-based electrode, both purely capacitive, would
still be classified as “hybrid”). This definition deliberately intends to
break free from the inconsistent use of the term hybrid; e.g. the term
has been used to classify as exclusively asymmetric devices, or com-
posite based electrodes, or a composite of a pseudocapacitive and
purely capacitive materials. With this clarification, devices can there-
fore be classified according to their electrode arrangement (ISH, IPH
and DH). To highlight the coexistence of different charge storage me-
chanisms, one can simply state that it has both capacitive and pseu-
docapacitive materials.

The distinction between “pseudocapacitive” and “battery-type”
materials [25] is, at times, unclear in the literature. In fact, many au-
thors classify any material that undergoes redox reactions as “pseudo-
capacitive”, which is not in accordance with the original definition
given by Conway [20] – for a material to be “pseudocapacitive” it
should provide a faradaic charge storage and present an almost con-
stant value for dQ/dV throughout the whole potential range (much like
a conventional capacitor). Ruthenium and manganese oxides meet
these two criteria, but, for example, nickel and cobalt oxides or hy-
droxides fail to meet the latter and should hence be classified as “bat-
tery-type” materials instead.

The charge–discharge profile can appear pseudocapacitive for a
composite electrode made from a purely capacitive material and bat-
tery-type material. The same can occur for an asymmetric device where
one electrode is made of a capacitive-type material and the other is
made of a battery-type material (e.g. Li-ion or Na-ion capacitor
[26,27]). However, it is worth stressing that these pseudocapacitive
behaviours happen at a “systemic” level and not at the material level.
The term “supercapattery” introduced by Chen [23] aims to clarify the
definition of devices that combine rechargeable battery and super-
capacitor materials. Recently, Chen and Xue have proposed a particular
type of supercapattery electrode materials - colloidal electrodes – which
can provide multiple-electron redox reactions at relatively fast dis-
charge–charge rates and which lead to a more efficient use of the
electrode materials [28]. In a colloidal electrode, metallic ions and ion
clusters dispersed throughout a conductive substrate (e.g. carbon cloth)
interact with each other in a highly complex system, with a large sur-
face-to-volume ratio [29]. The “cation source” is typically a hydrated
salt (e.g. Fe(NO3)3·9 H2O [30]), which is mixed with a binder, a con-
ductive additive and a solvent. The current collector is then coated with
the resulting slurry and, after dried and compressed, the electrode is
finally cycled in an alkaline solution. At the electrode–electrolyte in-
terface [31], several cations attached to the colloidal electrode by li-
gands (mostly OH– and H2O) are formed and act as electroactive cen-
tres. It is largely accepted that colloids present a good strategy to obtain
high energy and high power density supercapatteries [31–35].

3. Performance

The main performance indicators in supercapacitors are capaci-
tance, energy density (which also depends on capacitance), power
density and cyclability. Except for the latter, more often all the other
indicators can be expressed per unit of mass, per unit of volume and
sometimes even per unit of footprint area. Usually, gravimetric/volu-
metric energy and power densities referred to in the literature are ob-
tained as the ratio of the delivered energy or power to the mass/volume
of the active materials in the electrode.

This practice, despite enabling a fairer comparison between
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different materials, largely overestimates the performance that a certain
device would present in a real-world application, where other non-ac-
tive materials (e.g. binders, current collectors, separator, package, cell
assembly components, etc.) are inevitably present and add mass and
volume to the supercapacitor. Obreja [36] argues that, for a lab device
with a certain gravimetric performance, the energy and power densities
of an optimised practical supercapacitor cell using that same tech-
nology would be less than half.

In addition, care should be taken while comparing literature-re-
ported results, since some of them refer to the performance of a whole
supercapacitor (two-electrode configuration) whilst others are obtained
from three-electrode cell measurements (and hence only characterize a
single electrode). The measurements provided by the former are more
likely to resemble the performance of the device in a practical appli-
cation, but provide less detailed information about the system, since the
behaviour of each one of the electrodes is undistinguishable. Ideally,
each electrode should be tested in a three-electrode configuration (in
order to determine the potential window and identify the presence of
any surface functionality) and then the already assembled super-
capacitor device should be tested again in a two-electrode configura-
tion.

The measurement techniques more often used to electrochemically
characterize supercapacitors (either in a two- or three-electrode con-
figuration) are Cyclic Voltammetry (CV), galvanostatic Charge-
Discharge tests (CD) and Electrochemical Impedance Spectroscopy
(EIS).

Correctly characterizing the behaviour of a supercapacitor cell or
electrode should be the first concern of anyone willing to improve the
performance of these devices. Yet, despite the existence of standardized
procedures to test commercial devices [37], there still seems to be a
lack of consistency in the literature-reported methods used to test lab-
scale supercapacitors. Since the obtained results are highly dependent
on the measurement conditions (mass loading of electrodes1, voltage
range, charging rates, etc.), it is advisable to follow the recommenda-
tions provided by Stoller and Ruoff [38].

3.1. Capacitance

According to Eq. (1), capacitance is inversely proportional to the
distance that separates the opposing charges (which, in the case of
supercapacitors, is the thickness of the double-layer) and directly pro-
portional to the absolute permittivity of the “dielectric” (again, the
double-layer in this case) and to the surface area of the electrodes. So,
in principle, to a first degree, the greater the surface area, the greater
the capacitance. However, large surface areas are achieved by using
highly porous materials and, when the pore size is not adequately
matched to the radius of the solvated ion, those pores are not accessible
and hence do not contribute to capacitance. In other words, an elec-
trode that presents a high micro porosity (and hence a very large sur-
face area) does not necessarily lead to a very high capacitance. This
means that what is relevant is the surface area that is accessible to the
electrolyte.

Numerous studies have analysed the relationship between the size
of the electrolyte ions, the pore size distribution in carbon electrodes
and the achieved capacitance. Although there are still some research
gaps on this topic, a very important achievement was the ability to
produce templated carbons with controlled pore size distributions and
optimized interconnectivity. In particular, the emerging class of
Hierarchical Porous Graphitic Carbon (HPGC) – which contains micro
(1–2 nm), meso (5–50 nm) and macropores (60–100 nm) in a highly
organized structure – appears to be very promising. According to Wang
et al. [39], who managed to obtain HPGC materials with high energy

and power densities in both organic and aqueous electrolytes, the three
types of pores can (if carefully architectured) contribute to an enhanced
capacitance: macropores act as ion-buffering reservoirs, mesopores re-
duce the ion-transport resistance and micropores enable charge ac-
commodation. Contrary to the previous belief, some authors (such as
Gogotsi and co-workers [40]) have shown that even the micropores
whose size is smaller than the solvated ion - though obviously not
smaller than the de-solvated ion – can be accessible to the electrolyte
giving rise to high capacitances. Nevertheless, this is only true if the ion
loses or distorts its solvation shell, which might happen or not, de-
pending on the pore geometry, on the applied voltage [41] and on the
nature of the electrolyte and electrode material.

Moreover, some authors (namely Huang and co-workers [42]) have
shown that Eq. (1) – originally developed for parallel-plate capacitors –
is only suitable for macropores. For meso and micropores different
equations were suggested (Eqs. (2) and (3), respectively) with a greater
correspondence with experimentally determined capacitances.

=C
b b b d

A
ln[ /( )] (2)

=C
b b a

A
ln( / )0 (3)

where, ε is the absolute permittivity of the electrolyte (in F/m), A is the
specific surface area of the electrode accessible to the electrolyte ions
(in m2), b is the pore radius (in m), d is the distance of approaching ions
to the surface of the carbon electrode (in m) and a0 is the effective size
of the counterions (in m).

These equations model the relationship between capacitance and
some intrinsic features of the supercapacitor. Device capacitance can be
determined by cyclic voltammetry (CV), galvanostatic charge discharge
(GCD) and electrochemical impedance spectroscopy (EIS). However,
capacitance determined by GCD more closely resembles real-world
device functioning.

It should be stressed that pseudocapacitance also contributes largely
to the overall capacitance of the device. Therefore, besides maximizing
double-layer capacitance through the adequate matching between the
pore and the ion sizes, it is also advantageous to employ pseudocapa-
citive materials (such as metal oxides and conducting polymers) and/or
oxygen- or nitrogen-containing surface functional groups [43].

3.2. Energy density

Combining the definition of electric force, electric potential differ-
ence, current and work, one can deduce that the energy (E) stored
within a supercapacitor is given by Eq. (4):

=E i dU t dt( )
t

t

2

2

(4)

where t1 and t2 are, respectively, the instant when the capacitive2 vol-
tage drop begins and the instant when the cell voltage reaches 0 V; i is
the discharge current (constant in a galvanostatic CD test) and dU t( ) is
the infinitesimal voltage drop that occurs during the infinitesimal
period dt

When the cell voltage varies linearly with the discharge time –
which is the case for an ideal EDLC3 – and knowing the definitions of
current and capacitance, we have:

=E C U1
2

2
(5)

where C is total capacitance of the supercapacitor cell (which should

1 Mass of active materials divided by the electrode’s footprint – often ex-
pressed in mg/cm2.

2 non-resistive – in a CD test, after the current is inverted, an immediate
voltage drop appears, due to the equivalent series resistance of the device.
3 However, this is not true when pseudocapacitance is present nor when the

EDLC is discharged with high current densities. Therefore, whenever possible,
Eq. (4) should be used instead of Eq. (5).
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not be confused with the capacitance of the electrode), in F, and U is
the cell voltage, in V.

The significance is that, in order to obtain high energy super-
capacitors, the adopted strategy should be to increase the capacitance
(following the above-mentioned approach) and, even more im-
portantly, to increase the operating voltage window of the super-
capacitor cell since the stored energy is proportional to its square.

Although capacitance is mainly related to the electrode features, it
is also dependent on the electrolyte composition. The operational vol-
tage window is highly dependent on electrolyte composition, but also,
to a certain extent, dependent on electrode characteristics. This is dis-
cussed in further detail ahead.

In general, it is considered that the maximum operating voltage of a
supercapacitor is limited by the voltage stability window of the elec-
trolyte, assuming that the electrode material is stable within the po-
tential range (which is the case for carbon–carbon supercapacitors).
This is the main reason why, in commercial supercapacitors, organic
electrolytes are typically favoured over their aqueous counterparts
[44]: water at RTP undergoes electrolysis at approximately 1.23 V [45],
which is low when compared to organic electrolytes which are stable up
to ca. 2.7 V.

Yet, despite enabling higher operating voltages, organic electrolytes
present some significant disadvantages as well, namely toxicity, diffi-
cult industrial processing, flammability and cost [15]. Furthermore, due
to the larger size of the solvent molecules, the solvated ions have a
reduced mobility leading to a higher equivalent series resistance (ESR)
[46] – and a reduced accessibility to the electrode micropores [47]
(which in turn decreases the capacitance of the device). Moreover, the
wettability of carbon electrodes by organic electrolytes is usually lower
than for aqueous electrolytes. This in turn affects the penetration of the
non-aqueous electrolytes in the electrode pores [10] and thus also
contributes to a reduced capacitance.

Given the inherent limitations of non-aqueous electrolytes, sig-
nificant effort has gone into overcoming the low operational voltage
window associated to the aqueous electrolytes. In fact, the operational
range can be extended through a careful tuning of the electrode ma-
terial and of the electrolyte pH [48] – e.g. Wessels et al. [49] reported
voltages as high as 2.3 V in a 5M aqueous solution of LiNO3. Various
attempts followed, some of them by using electrode materials of high
overpotentials for oxygen and/or hydrogen evolution [50] in asym-
metric configurations [51,52]. However, none succeeded in reaching
higher voltages. Bichat and Piñero were able to push the limit to 2.4 V,
using a supercapacitor composed of carbon electrodes obtained through
the pyrolysis of seaweed at 600 °C and a Na2SO4 electrolyte [48]. The
authors argued that this result was, firstly, due to the influence of the
surface functionalities present in the carbon electrodes and secondly,
due to the neutral nature of the electrolyte.

More recently, Tomiyasu et al. [50] reported a remarkably high
3.2 V supercapacitor containing a saturated aqueous solution of sodium
perchlorate (SSPAS). A graphite mixture (80 wt% graphite, 10 wt%
acetylene black and 10wt% carbon felt) doped with MnO2 was used as
the positive electrode and the same graphite mixture doped with Fe3O4
was used as the negative electrode, leading to a high capacitance. The
device also presented a notably high energy density (36.3 Wh/kg),
explained by the combination of a high capacitance with an unusually
large voltage window (allegedly due to the very high concentration of
the electrolyte and to the consequent weakening of the hydrogen bond
between the water molecules). Fig. 2 illustrates the structure of the
supercapacitor where this physical process occurs.

3.3. Power density

The maximum power (P) that theoretically can be delivered by a
supercapacitor is given by Eq. (6) [20]:

=P U
R4

2

(6)

where U is the maximum cell voltage of the device and R is its ESR.
Similarly to what happens with the energy density, the power

density of a supercapacitor is also greatly influenced by its voltage
window. Thus, one way of promoting higher power densities is
adopting the measures described in the previous section to increase the
maximum voltage of the device.

In addition, one can also decrease the ESR. This parameter depends
both on the contact resistance between the electrode and the current
collector and on the internal resistance of the electrodes [53], which, in
turn, is not only associated to the resistivity of the electrode material(s)
but also to its morphology, since it strongly influences the diffusion of
the electrolyte ions within the electrode matrix. For example, Du and
co-workers managed to significantly reduce the ESR and obtain a su-
percapacitor with a specific power density of 30 kW/kg [53]. The de-
vice’s high performance was attributed to the fact that the electrodes
were based on multi-walled carbon nanotubes thin films (which are
highly conductive). Moreover, since no binder was required, the contact
resistance between the electrode and the current collector was also
smaller. Building on previous insights, Gruner et al. [54] more than
doubled the afore-mentioned power density, by producing printable
thin-film supercapacitors using Single-Walled Carbon Nanotubes
(SWCNT) as electrode materials and an organic electrolyte. The devices
attained 70 kW/kg, which is a value comparable to non-printable de-
vices. A few years later, Izadi-Najafabadi et al. reported electrodes
capable of delivering 990 kW/kg [55]. This remarkable performance
was achieved by use of a novel composite material, made of SWCNT
and Single-Walled Carbon Nano Horn4 (SWCNH), which enabled faster
ion transport.

As previously mentioned, both the energy density and the power
density depend on the square of the voltage. Accordingly, widening the
operating voltage window is critical to enhancing performance [9].
Additionally, an increase in the capacitance will benefit the energy
density of the device whereas a reduction of the ESR will promote a

Fig. 2. Schematic structure of a supercapacitor using a saturated aqueous so-
lution of sodium perchlorate as the electrolyte. At least one water molecule
should be strongly hydrated to NaClO4. Reprinted from Scientific Reports, Vol
7, H. Tomiyasu et al., An aqueous electrolyte of the widest potential window
and its superior capability for capacitors [50], 45048; DOI: https://doi.org/10.
1038/srep45048 (2017), Licensed under CC BY 4.0.

4 A [carbon] Nano Horn is a horn-shaped sheath aggregate of graphene
sheets.
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higher power density. However, achieving both in tandem is challen-
ging because for higher currents (i.e. higher power densities), the spe-
cific capacitance of the device is reduced and thus, so is its energy
density because the supercapacitor cannot fully charge within the short
time scales.

In general, purely capacitive materials (mostly carbon-based) are
more prone to enabling higher power densities – their charge/discharge
rate is mostly limited by the diffusion of the electrolyte ions within the
electrode matrix and this diffusion can be enhanced in highly organized
structures, such as HPGC. On the other hand, pseudocapacitive mate-
rials, due to the redox reactions undergone at their surface, are more
likely to result in higher energy densities [56]. The current trend seems
to be the association of these two types of materials in order to obtain
“the best of both worlds”. Electrode materials are discussed in Section 5
and further information on hybrid supercapacitor performances are
presented in section 6.

3.4. Cyclability

Cyclability is the ability to withstand a significant number5 of
charge/discharge cycles without a significant capacitance reduction –
which can result from the electrolyte evaporation and/or from the de-
gradation of the electrode structure (mainly in pseudocapacitive elec-
trodes). Having a high cyclability is fundamental to ensure competi-
tiveness against batteries6. This indicator is assessed by performing a
large number of charge/discharge cycles (usually no<10 000) and
then computing the corresponding capacitances. Despite some note-
worthy exceptions (e.g. Sagu et al. [57]), supercapacitors based on
metal oxides or conducting polymers typically display a lower cy-
clability than those based on carbon materials.

Some studies (such as the one conducted by Hercule et al. [58])
have focused on increasing the cyclability of non-carbon materials. In
this case, this was achieved through the association of two different
materials (MoO2 and Co(OH)2) that, despite presenting a fairly low
cyclability when used separately, can – thanks to a synergistic effect –
present a more than two-fold increase in their cyclability when com-
bined. Indeed, MoO2 films, being highly absorptive [59], tend to swell
and pulverize causing a fast degradation of the electrode structure. Co
(OH)2, nanoflakes, on the other hand, having a large interlayer spacing,
tend to collapse easily. Combining these two materials in a hierarchical
nanostructure results in an improved electrode which does not present
the afore-mentioned problems but retains the original advantages of
each of the materials (the good electronic conductivity of MoO2 and the
large interlayer spaces of Co(OH)2).

Other examples include the combination of graphene and metal
[hydro]oxides [60] and/or conducting polymers. Since the low cy-
clability of conducting polymers is mostly due to continuous swelling
and shrinking during charging and discharging [56], combining them
with graphene is an effective way of increasing their mechanical sta-
bility as well as their conductivity and consequently extend their cycle-
life [61]. Some nanostructured and multifunctional binders were shown
to improve the cyclability of battery electrodes [62] and could do the
same in metal oxide or conducting polymer-based supercapacitor
electrodes. Yet, there is still room for improvement and significant ef-
fort is now dedicated to increasing the cyclability of pseudocapacitive
materials.

The overall performance of a supercapacitor is ultimately de-
termined by its architecture, by the features of the materials that con-
stitute its electrodes [34] and by the characteristics of its electrolyte.
Therefore, the first step in solving the aforementioned challenges is to
understand their relationship with the supercapacitor’s structure and
components.

4. Electrolytes

The electrolyte composition and its corresponding electrochemical
stable potential window (ESPW) play a significant role in determining
the power and energy densities of a supercapacitor since both of these
indicators are proportional to the square of the voltage. It is for this
reason that the majority of commercialized supercapacitors have an
organic electrolyte. Usual examples are tetraethylammonium tetra-
fluoroborate (TEABF4) in acetonitrile (ACN) or in propylene carbonate
(PC). These allow for stable operation voltages between 2.5 V and 2.8 V.
Nevertheless, there are also other important performance aspects in-
fluenced by the electrolyte [63], namely:

a) the cycling stability (which depends on the interaction between
the ions and the electrode material as well as on the stability of the
electrolyte);

b) the operational temperature range (which depends on the salt
solubility and also on the boiling and freezing points of the elec-
trolyte);

c) the specific capacitance (as already mentioned, it depends on the
adequate matching between the ion and the pore size distribution);

d) the ESR of the supercapacitor cell (which is largely influenced by
the ionic conductivity in the bulk electrolyte and by the ion mobility
within the electrode structure).

Electrolytes can be grouped according to different criteria, but the
most usual are physical state (liquid, solid-state or quasi-solid state) and
solvent nature (organic, aqueous or inexistent – which is the case of
ionic liquids).

4.1. Aqueous electrolytes

Aqueous electrolytes have recently received increased attention.
They are low cost, environmentally benign, highly conductive, and also
enable higher specific capacitances because of the smaller radii of the
solvated ions.

Although the temperature range of aqueous based electrolytes is
limited to water’s freezing and boiling points (which may be proble-
matic for some applications), the main disadvantage of aqueous elec-
trolytes is restricted to a narrow operating voltage window (∼1.2 V).
This is because water electrolysis can initiate, for example, at 1.23 V
under standard conditions.

However, as discussed by Zang et al. [64], several strategies have
been used to extend the operational voltage window of aqueous elec-
trolytes. One example is to modify the electrode/electrolyte interphase
by using super concentrated electrolytes, which quenches water elec-
trolysis whilst also reducing water availability (e.g. Tomiyasu et al.
[50]). This will be further discussed in the subsection 4.5. Another
strategy is to use materials with a high hydrogen evolution over-
potential for the negative electrode (most carbon-based materials dis-
play this characteristic) and a material with a high oxygen evolution
overpotential for the positive electrode [65]. Asymmetric super-
capacitors (devices made by assembling two different electrodes which
are stable in complement voltage windows) have attracted significant
attention because of this possibility. Finally another strategy is to use
pH neutral electrolytes, which reduce the availability of H+ and OH– in
the solution. Successful examples can be found in Hwang et al. [66] and
in Wu et al. [67]. Also, pH neutral electrolytes are less corrosive, and as
such the choice of current collector and packaging materials is less

5 A supercapacitor that can bear 10 000 cycles with a capacitance reduction of
only 1% can be considered to have a good cyclability. Most of commercial
carbon-based devices can reach more than 500 000 cycles [162] before
reaching 70% of their initial capacitance (which is typically considered to be
the end of their useful life).
6 The majority of batteries do not withstand and more than 1 000 cycles.

However, since their cost per Wh is significantly lower (although this is not true
for the cost per kW), cyclability is an important factor when comparing the
economic performance of these two alternatives.
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restrictive [63].
Acidic electrolytes typically have higher conductivities (1M of

H2SO4 can reach 0.8 S/cm, at 25 °C [68]) when compared to their
neutral counterparts and this results in lower ESR values and higher
capacitances. Another advantage is that they can promote pseudoca-
pacitive effects in carbon-based electrodes with surface quinone-type
functionalities which would be residual in alkaline media [51]. How-
ever, some pseudocapacitive materials have been reported to be un-
stable in acidic electrolytes, which ultimately translates into reduced
cyclability.

4.2. Organic electrolytes

Solvents typically used for organic electrolytes are acetonitrile
(ACN) or propylene carbonate (PC). Some of the most common salts are
tetraethylammonium tetrafluoroborate (TEABF4), spiro-(1,1′)-bipyrro-
lidinium tetrafluoroborate (SBP-BF4), lithium perchlorate (LiClO4) and
lithium hexafluorophosphate (LiPF6) [63]. Organic electrolytes can also
be found in a quasi-solid state (organogel electrolytes), which are
composed of a polymer host and an organic electrolyte. In particular,
the copolymer poly(acrylonitrile)-b-poly(ethylene glycol)-b-poly(acry-
lonitrile) (PAN-b-PEG-b-PAN), when soaked in a solution of di-
methylformamide (DMF) dissolving LiClO4 , was shown to have a high
ionic conductivity of 10mS/cm [69].

The main advantage of this type of electrolyte is their wide elec-
trochemical stable potential window (ESPW) – typically 2.5–2.8 V.
They also tend to be less corrosive and, as such, cheaper Al current
collectors can be used. These advantages are undoubtedly responsible
for the fact that the vast majority of commercial supercapacitors use
organic electrolytes. Most use ACN because of its high thermal stability,
low viscosity and consequently high conductivity [63]).

On the other hand, organic electrolyte’s toxicity, flammability and
volatility and relatively high cost (linked to their more complex pro-
cessing and purification) are problematic. Moreover, their lower con-
ductivities and pore accessibility (due to increased size of the solvent
molecules) result in a decreased specific capacitance [20]. S. Ahmed
et al. [70], assembled four symmetric supercapacitors, all of them
having identical electrodes (activated carbon derived from pea skin)
but soaked in different electrolytes: one organic (1M LiClO4 in Ethylene
Carbonate (EC)/PC) and three aqueous (1M H2SO4, 1M Na2SO4 and
6M KOH). The specific capacitances were higher for acidic electrolyte
devices; whereas the highest energy and power densities were obtained
for the organic electrolyte devices. Yet, this does not indicate that or-
ganic electrolytes always lead to higher energy densities. Assuming
typical operating voltages for aqueous and organic based devices re-
spectively, the energy density of an aqueous based device can be higher
if its specific capacitance is at least ca 7.3 times greater than the specific
capacitance7 of an organic based device. This scenario is feasible due to
the greater pore accessibility of aqueous electrolytes, as mentioned
beforehand.

4.3. Ionic liquids

Their main attraction lies in the large, up to 6 V, electrochemical
potential stability window [71]. Furthermore, they tend to be more
thermally stable and have extremely low vapour pressures. Ionic liquids
are typically composed by a large asymmetric organic cation and an
inorganic or an organic anion [72,73]. Generally, there are five main
types of cations for ionic liquids: imidazolium, pyrrolidinium, tetra-
alkylammonium, piperidinium and pyridinium ions. Anion examples
are halides (such as Cl−, I− or Br−) or can be complex ions such as

tetrafluoroborate, hexafluorophosphate, cyanate and thiocyanate. Both
the cation and anion contribute to the overall properties of the ionic
liquid, so these can be customized by cation and anion selection.
Fletcher et al. [74] and Van Aken et al. [75] discuss in detail ionic
liquid composition and formulation. Some of the most commonly used
examples of ionic liquids for supercapacitors are 1-Ethyl-3-methylimi-
dazolium tetrafluoroborate ([EMIM][BF4]) and 1-Butyl-3-methylimi-
dazolium tetrafluoroborate ([BMIM][BF4]).

However, ionic liquids are costly and suffer from poor con-
ductivities (usually it does not exceed 14 mS/cm2 – 50 times lower than
1M H2SO4 aq.). Low conductivity is a result of high viscosity and low
ion mobility which translates into high ESR in devices. Preventing
water contamination is also a challenge, and, when present, con-
siderably reduces the voltage window [76].

Recently, Thangavel et al. [77] reported ionic liquid supercapacitors
with an operating voltage window of 4 V, and notable power and en-
ergies densities of 20 kW/kg and 35 Wh/kg respectively. Although with
a slightly narrower voltage window of 3.5 V, Wang et al. [78] achieved
even higher power and energy densities of 61 kW/kg and 56 Wh/kg
respectively. This higher performance is attributed to the electrode
design, which was composed of interconnected carbon nanocages
forming a carbon nanomesh.

4.4. Electrolytes for solid state/flexible supercapacitors

Due to the increased demand for flexible and wearable electronics,
solid and quasi-solid-state electrolytes started to be used in super-
capacitors. There are two main types of solid-state electrolytes: dry
polymer and gel polymer. An example of a dry polymer electrolyte is
LiCl in PEO, and an example of a gel polymer electrolyte is H2SO4(aq) in
PVA. Inorganic solid materials (Li2S-P2S5 glass–ceramic electrolyte [79]
and LiClO4-Al2O3 [80], for example) can also be used, but reports are
uncommon [63]. These solid electrolytes render encapsulation for li-
quid retention and also act as the separator between electrodes, hence
potentially simplifying device manufacture. However, their drawbacks
are their inherent low pore penetration – which reduces capacitance –
and the existence of ionic conductivity – mechanical stability trade-off.
For example, high conductivity gel polymer electrolytes are mechani-
cally fragile, resulting in internal electrical shorting between the elec-
trodes. Their operating temperature range is also limited. On the other
hand, dry polymer electrolytes are more stable but have a lower ionic
conductivity.

4.5. Recent trends in electrolytes

Redox-active electrolytes and water-in-salt electrolytes are also re-
cent trends.

Redox-active electrolytes are those which contain redox mediators
which are electrochemically active in the potential window of opera-
tion and, as such, charge transfer occurs between the surface/electro-
lyte interface, reducing or oxidizing the redox species [63]. Thus, if the
reacted species remain confined within the electrode pores and subse-
quently undergo the reverse redox electrochemical reaction, then this
can be considered a form of pseudocapacitive charge storage, occurring
now on the electrolyte side of the electrode interface. If, however, the
reacted species exit the pores and diffuse to the opposing electrode,
these will undergo the reverse electrochemical redox reaction, short
circuiting the charge storage process.

Examples of redox mediators are the organic hydroquinone (HQ)
[81], indigo carmine [82], sulfonated polyaniline [83] and methylene
blue [84] – or inorganic species, e.g. ferrocyanide-ferricyanide redox
couple [85]. These can be used in aqueous, non-aqueous and in solid-
state electrolytes. Despite the advantage of enabling an increased ca-
pacitance and energy density, some of these species (particularly HQ)
are also associated to increased self-discharge, apparently due to the
migration of the redox-active species between the electrodes.

7 Energy density is given by =E C Uaq
1
2 aq aq

2 and =E C Uorg
1
2 org org

2.
Assuming =U 1Vaq and =U 2.7Vorg , then for >E Eaq org to be true,

>C C7.29aq org .
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An example of two successful strategies to reduce self-discharge is
reported by Chen et al. [86]. Here, self-discharge occurred because p-
benzo- quinone (BQ) – an oxidation product of HQ – diffused across the
cellulose acetate separator and reached the surface of the cathode
where it underwent reduction. Firstly, to stop HQ migration, the ori-
ginal separator was replaced by one that is impermeable to BQ, namely
Nafion®. Also successfully demonstrated was the replacement of the
redox mediating species by CuSO4 in H2SO4. In this case Cu2+ reduces
to Cu and electrodeposits on the negative electrode upon charging and
thus becomes immobile.

Another recent trend is the water-in-salt electrolytes. Instead of
having an aqueous matrix where a salt is dissolved, the salt is actually
more abundant than the water in these super concentrated solutions.
The electrochemical interface region is significantly different. The ions,
instead of being completely solvated by the solvent, are mostly sur-
rounded by their counter ions and only a limited number of water
molecules. A solid-electrolyte interphase is then formed and passivates
the electrode surface. Dubouis et al. [87] focused on understanding the
mechanism behind the formation of the fluorinated interphase when
the Bis(trifluoromethane)sulfonimide ion (TFSI-) is present. The authors
found that these anions could chemically react with the hydroxides
generated during the HER and catalyse the formation of a protective
layer that prevents further water reduction. As such, operating voltages
of up to 3 V are possible [88], which are in the same range as in ionic
liquids. These water-in-salt electrolytes have the added advantage of
cost and safety when compared to ionic liquids [89].

Lannelongue et al. [90] recently studied the influence that electro-
lyte molality has on the overall performance of symmetric super-
capacitors with activated carbon electrodes and LiTFSI electrolyte. The
authors reported a 2.4 V operating voltage window for a 31.5mol/kg
electrolyte. This high operating voltage contributed to the considerably
high energy density (a maximum of 30.4 Wh kg−1), comparable, in
order of magnitude, to redox-active electrolyte supercapacitors. On the
other hand, the power density obtained at this high concentration was
low (a maximum of 1.68 kW kg−1) but increased as electrolyte con-
centration decreased – e.g. at 7mol/kg, the reported energy and power
densities were 25Wh kg−1 and 2.1 kW kg−1, respectively. Moreover,
the authors reported that cyclability was also inversely correlated to
electrolyte concentration – i.e., a very poor cyclability was reported for
the highest concentration of electrolyte (31.5mol/kg), whilst at 7mol/
kg 85% of capacitance retention was still observed after 2000 cycles.
However, the higher concentration device still maintained a higher
absolute capacitance when compared to lower concentration electro-
lytes. It should be noted though, that 2000 cycles is far from com-
mercial standards.

5. Electrode materials

5.1. Carbon-based materials

5.1.1. Activated carbon
Activated carbon is currently the most common electrode material

in commercial supercapacitors. It is usually obtained from the pyrolysis
of carbon-rich organic precursors (e.g. coconut shell). The main ad-
vantages of this material are its large surface area, low cost and
adaptability to mass production. However, since it presents a broad and
unoptimized pore structure, a significant part of its surface area
(30–60%) is not accessible to the electrolyte8 and consequently does not
contribute to capacitance [10,61,91,92]. An example where this pro-
blem is tackled is reported by Hwang et al. [93], where activated
carbon electrodes underwent laser ablation to open microchannels
which, in turn, shortened the diffusion distance and hence increased the

capacitance and reduced the overall internal resistance of the elec-
trodes. In this report, a high voltage of 2 V was possible because of the
use of a redox-active electrolyte, ferrocyanide-ferricyanide in Na2SO4
aq. (which also contributed to an increased capacitance of the device).
As such, a high energy density (18.9 Wh/kg) is simultaneously possible
with a high power density (11.5 kW/kg).

It is not very common for a symmetric supercapacitor with activated
carbon electrodes to present very high power and energy densities.
When this happens, it is usually due to non-aqueous electrolytes (such
as ionic liquids, as reported in [78]) and/or due to the presence of
functional oxygen or nitrogen groups in the electrode surface that result
in a considerable pseudocapacitive contribution [94,95]. Other ex-
amples of high power densities for carbon activated devices can be
found in hybrid configurations (see Kim et al. [96] and Du et al. [97]).

Most commercial supercapacitors are symmetric devices with
simple activated carbon electrodes and organic electrolytes. Therefore,
one could tend to attribute the superior performances mentioned above
to hybrid electrode materials and advanced electrolytes. However, lab-
scale devices also made of symmetric carbon-based electrodes and or-
ganic electrolytes often outperform their commercial counterparts. This
can in large part be clarified by the fact that different masses are con-
sidered in each situation: in commercial devices, the whole mass – in-
cluding current collectors, electrolyte, separator, casing, etc. – is taken
into consideration whereas in lab scale devices, only the active material
mass of the electrode (which only accounts for about 30% of the total
weight of the device [98]) is considered.

Typically, the active electrode material mass loadings of the lab and
commercial devices are also distinct, < 5mg/cm2 and 10mg/cm2 ,
respectively [98]. The mass loading affects both the ESR and the
gravimetric capacitance of the electrodes. For very low mass loadings
(< 0.1mg/cm2), the results are usually unreliable9. For higher – but
still low – mass loadings (between 0.1 and 1mg/cm2), gravimetric
capacitance increases and as such energy density also increases whilst
ESR increase is still not detrimental and thus power density remains
high. When mass loading approaches commercial levels, the gravi-
metric performance tends to stabilize or even decrease (due to a de-
crease of the accessible area), and a detrimental increase in the ESR is
also observed. The added mass thus does not present performance ad-
vantages. Commercial devices only use high mass loadings because of
the necessary trade-off with the mass of rest of the device. In summary,
literature reported performances of thousands of kW/kg or hundreds of
Wh/kg obtained at very low mass loadings can be viewed as mis-
guiding.

5.1.2. Activated carbon fibres
Activated Carbon Fibres (ACF) are threads – essentially composed

by carbon atoms - with ca. 10 µm of diameter [99]), which were spun
(often by electrospinning) and then subjected to a heat treatment10

(under a controlled atmosphere – can be air, CO2, Ar, etc.) in order to
increase their surface area. These materials are suitable as super-
capacitor electrodes due to the combination of their favourable me-
chanical properties (light weight and high tensile strength) with their
high electrical conductivity [100], large specific surface areas and
controllable pore size distributions [101]. These characteristics make
them particularly attractive for portable and wearable electronics
[102]. Main disadvantages are their more complex production as well
as some long term stability problems that may arise due to their large
surface area and to the presence of surface functional groups [10].

Due to their entangled structure, ACF provide a good matrix for

8 specific surface areas can be as high as 3000 m2/g but the usable areas fall in
the range of 1000–2000 m2/g [92].

9 except when nanoparticles and thin films are involved; in these cases, it is
very difficult to avoid very low mass loadings, but it does not necessarily mean
that the results are unreliable – other criteria should be taken into considera-
tion.
10 Activation temperatures are usually between 800 °C and 900 °C.
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embedding other active materials and therefore they can replace or
significantly reduce the required amount of inactive binder polymers
[103,104]. Thus, ACF are commonly found in hybrid devices, often
associated to MnO2 [102,105,106] – e.g. Fan et al. [105] reported an
asymmetric device employing an Activated Carbon Nanofibre cathode
and MnO2/graphene composite anode with a gravimetric power density
of 198 kW/kg which is significantly higher than conventional activated
carbon devices.

Symmetric devices with non-composite ACF electrodes are also re-
ported but present much lower performances. Yu and co-workers [107]
produced ACF with large surface areas by chemically treating the CF
surface to form ultrathin carbon sheets on the surface. Two ACF were
then assembled into a fibre supercapacitor in PVA/H3PO4 gel electro-
lyte, which presented power and energy densities of 0.7 kW/kg and 70
mWh/kg, respectively11). A previous study, by Jiang et al. [108] had
used a similar strategy to activate carbon cloth, but the supercapacitor
(also symmetric) manufactured with the obtained ACF presented a
slightly better performance (0.9 kW/kg and 324mWh/kg 11).

5.1.3. Carbon Nano Tubes (CNT)
Carbon Nano Tubes (CNT) are cylinders of one or more layers of

graphene (Single-Walled Carbon Nano Tubes -SWCNT- and Multi-
Walled Carbon Nano Tubes – MWCNT, respectively). CNT lengths range
from<100 nm to several cm. Diameters of SWCNT are typically be-
tween 0.8 and 2 nm whilst the diameters of MWCNT usually range from
5 to 20 nm [109]. They are also highly conductive [15].

CNTs can be synthesized through the catalytic decomposition of
certain hydrocarbons [92,110]. Moreover, they can be grown on a
conductive substrate as self-supporting films and as such do not require
binding material. The result is a very efficient electronic contact to the
substrate, unlike when a binder is used to provide mechanical stability
[111,112].

CNT powders present a relatively low specific capacitance (20–80F/
g) mainly attributed to their hydrophobic nature [110,113]. This can be
mitigated by inducing additional pseudocapacitance via oxidative
treatments that modify the surface texture and introduce additional
surface functionalities [15,114].

Most of recent reports on CNT-based high-power supercapacitors
have used CNT in a composite. This strategy has resulted in encoura-
ging power and energy densities – e.g. Izadi-Najafabadi et al. [55] re-
ported 990 kWh/kg for electrodes composed of a SWCNT/SWCNH
composite. Here, the SWCNT served as a base-structure onto which
SWCNH was deposited onto. The base SWNCT reduced the ESR and the
resultant electrode morphology allowed for efficient electrolyte pene-
tration and fast ion transport. Another example is the hierarchical
structure of CNT covered by NiO nanosheets reported by Qiu et al
[115]. These were used as the positive electrode, whilst the negative
electrode was composed of defect-induced graphene sheets. The
asymmetric devices achieved power and energy densities of 16 kW/kg
and 16 Wh/kg, respectively.

An emerging trend are printable and/or flexible CNT-based devices.
In 2016, Yu et al. reported an omnidirectionally stretchable super-
capacitor composed of acid-treated CNT films covered with electro-
deposited polyaniline (PAni) [116]. The power and areal energy den-
sities were 9 kW/kg and 16 Wh/kg12, respectively. In the same year,
Ujjain and co-workers reported a printable and flexible device, based on
functionalized MWCNT, with an energy density of 16 Wh/kg and a
power density of 45 kW/kg [117]. These high values were attributed

firstly, to the presence of functional groups that enhanced the electrode
surface wettability (and hence ion mobility), and secondly, to the fact
that no current collector was present (which led to a reduced ESR).
Moreover, the ionic liquid electrolyte allowed for a wide operating
voltage window. Another example of high-performance printable and
flexible supercapacitor is reported by Kaempgen et al. [54]. Here,
SWCNT were sprayed onto a flexible plastic substrate. The SWCNT
networks served as both electrodes and charge collectors. The max-
imum reported maximum power density was 70 kW/kg whereas the
energy density was only 6 Wh/kg – this, when using an organic elec-
trolyte.

5.1.4. Carbide-Derived carbons (CDC)
Carbide-Derived Carbons (CDC) are carbon materials derived from

carbide precursors (compounds made of carbon and another less elec-
tronegative element, such as a metal or metalloid). The methods used
can be physical processes or chemical reactions [118]. Most CDCs are
obtained through a chlorination process that causes the selective
etching of the non-carbon element [119]. Some examples of carbide
precursors are Al4C3, TiC, SiC, VC, Mo2C, SiCN, WTiC2, etc.

Depending on the carbide precursor, on the applied temperature
and on the synthesis route, the carbon structure that remains can be, to
name a few, amorphous, graphite, graphene, onion-like, open-fullerene
like or nanodiamonds [119]. These materials have high specific surface
areas and their pore-size distribution and their surface functional
groups can be accurately controlled [120,121] making them especially
attractive as electrode materials, despite the difficulties associated to
the corrosiveness of the reactants involved [122].

Pohl et al. reported 200 kW/kg [123] symmetric supercapacitors
where the carbon material is derived from TiC. Interestingly, in the
same report TiC/CNT composite electrodes were shown not to enhance
performance. Thomberg et al. reported vanadium carbide (VC) derived
nanoporous carbon devices with a lower power density of 133 kW/kg
[124]. Tee et al. [125] reported that CO2 activated SiC-CDC electrodes
resulted in a significant increase (more than 3 orders of magnitude) of
the device’s energy density, when compared to non-activated SiC-CDC:
from ca. 1.6 mWh/kg to ca. 10 Wh/kg, both obtained at 2 kW/kg. The
CO2 activation increased the pore diameters, hence increasing the
surface area actually accessible to the electrolyte (EMImBF4) and this
led to a dramatic energy gain.

It is common to find CDC in internal parallel hybrids (devices where
each one of the electrodes is a composite containing CDC). One example
can be found in the study by Zheng et al. [126], where calcium carbide
(CaC2) was combined with polyaniline (PAni) to form a composite
material for supercapacitor electrodes (it should be noted that PTFE
was also integrated as a binder as well as carbon black, to compensate
the conductivity loss induced by the addition of PTFE). The obtained
supercapacitors (whose electrolyte was an aqueous solution of H2SO4)
achieved a reasonably high energy density (40 Wh/kg) but a moderate
maximum power density (only 2 kW/kg) – higher energy densities were
achieved, but at the expense of even lower power densities.

More recently, Tolosa et al. synthesized binder-free and free-
standing electrospun niobium carbide/carbon nanofibre mats [127].
The binder and current collector absence contributed to a significant
ESR reduction and, consequently, to the high value of maximum power
density (30 kW/kg in an organic electrolyte). In these conditions, the
energy density was only 7.6 Wh/kg. Higher values of energy density
were achieved, but at the expense of a great reduction in power density
(e.g. 19.5 Wh/kg at 0.01 kW/kg).

5.1.5. Graphene
Graphene can present itself in the form of “pure” graphene na-

nosheets (obtained through micromechanical exfoliation of graphite,
reduction of graphene oxide, chemical exfoliation, electrochemical ex-
foliation [128] and by other methods as well – a comprehensive list can
be found in Mohan et al. [129] and in Chen et al. [130]) or in graphene-

11 Original values reported in mW/cm3 and in mWh/cm3. The gravimetric
performances here presented were estimated according to the densities, explicit
(1.8 g/cm3 [107]) or implicitly (0.346 g/cm3 [108]) presented in the articles.
12 These values were originally presented in W/cm2 and in Wh/cm2; the re-

sults shown here were estimated according to the mass loading of 3.15 mg/cm2,
implicitly expressed in the article.
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like carbon nanosheets (obtained through the carbonization of organic
matters or biomasses with the assist of metal catalysts [119]). Graphene
can also be in the form of an aerogel and in the form of graphene paper
[131].

Graphene presents several interesting properties such as a large
surface area, flexibility, good electrical conductivity, chemical and
thermal stability, electrochemical stability and an abundant number of
surface functional groups [132]. As such, it has been identified as a
promising electrode material for supercapacitors and it is expected to
be used in commercial devices as soon as its production becomes cost-
effective on an industrial scale [133,134].

Besides its high cost, another disadvantage is the fact that graphene
suffers from irreversible sheet restacking (forming graphite) resulting in
a decrease in accessible surface area and hence in capacitance [135].
Yet, by combining graphene with conducting polymers [135] or with
metal-oxide particles (which increase interlayer distance), sheet re-
stacking (induced by Van der Waals forces [136]) is shown to be sig-
nificantly reduced [137].

Panmand et al. [138] obtained perforated graphene from pyrolyzed
Bougainvillea flowers and used this material in symmetric super-
capacitors with a neutral aqueous electrolyte. The highest reported
power was 7.3 kW/kg at a corresponding energy density of 14.6 Wh/kg.
Recently Banda et al. [139] obtained a lower energy density (4.3 Wh/
kg) but also a significantly higher power density (38 kW/kg) for sym-
metric graphene based devices with an alkaline electrolyte. The high
power density is attributed to the highly porous nature of the graphene
hydrogel – a solid jelly like material, obtained by the addition of a
diamine (hydrazine, in this case) to a solution of graphene oxide, fol-
lowed by sonication, heat treatment and air drying steps. Also in 2017,
Yang et al. [140] achieved similar power densities (41 kW/kg) but with
a significant increase in energy density (148.8 Wh/kg) for a symmetric
highly porous graphene based device. The higher energy density is at-
tributed to the large operational window afforded by the ionic liquid.
Although the energy density decreased to 31.4 Wh/kg for organic
electrolyte devices, it still presents a ca. 7-fold increase when compared
to Banda et al.’s report.

Associating metal oxides with graphene can have the twofold ben-
efit of preventing graphene restacking along with the addition of
pseudocapacitance. One example is where manganese oxide and gra-
phene oxide are combined, as reported by Kumar et al. [141]. The
power density was not noteworthy (7.1 kW/kg), however, an energy
density of 58 Wh/kg was demonstrated (for an organic electrolyte de-
vice).

Graphene with conducting polymer combinations have also shown
promise: when combined, graphene can provide mechanical support
and enhance the electrical conductivity while the polymers prevent the
graphene sheets from restacking and add a pseudocapacitive con-
tribution [61].

5.1.6. Carbon aerogels
Carbon aerogels are highly porous carbonaceous materials whose

internal structure is monolithic and characterized by a regular pore
structure. These materials are good candidates for supercapacitor
electrodes due to their high electrical conductivity, high mechanical
stability and also due to their high mesoporosity (since mesopores fa-
cilitate the ion transport and hence enable a high capacitance retention
even at high current densities).

Hao et al. [142] derived an hierarchical porous carbon aerogel from
bagasse through activation at high temperatures (ranging from 700 to
900 °C) with KOH. Symmetric devices with a KOH-PVA gel electrolyte
were shown to achieve 10 kW/kg and 11 Wh/kg of power and energy
densities respectively. More recently, Lin et al. [143] derived powdery
carbon aerogels from poly(styrene-co-divinylbenzene) (PSDVB) nano-
particles. Symmetric devices with an organic solvent electrolyte
achieved a lower power density (4 kW/kg) – perhaps due to the larger
size of the solvated ions (although the aforementioned electrolyte was

solid, it had an aqueous solution “trapped” within the polymer and
aqueous electrolytes have a much higher mobility than their organic
counterparts) – but it also achieved a higher energy density (32Wh/kg)
– probably explained by the wider voltage window of the electrolyte.

5.2. Transition metals

5.2.1. Transition metal oxides (TMO)
Transition metal oxides (TMO) have been identified as suitable

pseudocapacitive materials. TMO offer a variety of oxidation states and
can undergo fast, coupled and reversible redox reactions at overlapping
potentials. This overlap is the cause for the almost rectangular CVs,
characteristic of TMO and indicative of their pseudocapacitive beha-
viour [20]. For these surface redox reactions (responsible for the in-
creased energy densities) to occur at high rates, it is important that
these materials possess numerous active sites [144]. Moreover, to still
ensure high power density, these materials should not present a high
resistivity. Finally, in order to have an acceptable cyclability, the se-
lected transition metal oxides should also have a high chemical, me-
chanical and thermodynamic stability. Ruthenium oxide and manga-
nese oxide are the TMO which better meet these requirements and, as
such, are the most commonly used in supercapacitors.

5.2.1.1. Ruthenium oxide (RuO2). Ruthenium Oxide (RuO2) is a
transition metal oxide that undergoes electron transfer reactions upon
the electrochemical adsorption of protons onto its surface [20]. It can
exist in two different phases: a crystal phase and an amorphous hydrous
phase (RuO2·xH2O). Nanostructured RuO2 can be synthesized via
several methods including hydrothermal synthesis, template,
microwave, electrodeposition, solid-state method and oxidative
precipitation. Its nanostructure (either as a nanoparticle, nanofibre or
nanorod) is highly affected by the annealing. For example, high
annealing temperatures (300–800 °C) lead to the formation of
ruthenium oxide’s crystalline phases and to a decrease in the water
content of the material, which consequently changes the number of
active reaction sites, as well as the electron and proton conductivity
[119].

RuO2 is very attractive as an active electrode material for super-
capacitors due to its high specific capacitance (mainly pseudocapaci-
tance), good thermal stability, highly reversible redox reactions in a
wide potential range, high rate capability and long cycling life [145].
Its main disadvantage is its scarcity and consequently prohibitive cost.
For this reason, purely RuO2 electrode devices are commercially un-
common.

The high performance of RuO2 is exemplified by Hu et al. [146],
who reported a maximum power density of 4320 kW/kg. This was for
hydrous RuO2 nanotubular arrayed electrodes in H2SO4. The success is
attributed to its morphology which permits direct and therefore effi-
cient ion diffusion. A caveat is that the mass loading was very low (only
0.2 mg/cm2). Moreover, this result was obtained in a three-electrode
setup; not for a complete device. A symmetric device with the same
electrolyte would theoretically present approximately a quarter of the
energy density, only 1.9Wh kg−1, and a quarter of the power density,
1080 kW/kg.

Significantly lower power densities are reported when a nano-
tubular structure is not employed. Xia et al. reported 10 kW/kg (and 15
Wh/kg of energy density, correspondingly) for a symmetric aqueous
electrolyte device employing nanocrystalline hydrous RuO2 [147]. Yet,
it should be noted that 10 kW/kg was not necessarily the maximum
achievable power density of the device; it simply corresponded to the
power density obtained at the maximum current density used in the
tests (12.5 A/g) – perhaps at higher current densities, higher power
densities (and lower energy densities) would be obtained.

Due to its prohibitive cost, most of the RuO2 used in supercapacitors
is in the form of nanoparticles, combined with other active materials,
such as MnO2 [148] and non-active materials, such as nanoporous gold
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[149] (which simultaneously acts as an enhanced mechanical support
for the metal oxide and as a current collector).

5.2.1.2. Manganese oxide (MnO2). Manganese oxide (MnO2) has a high
theoretical capacitance, similarly to RuO2. It is usually prepared
through a hydrothermal synthesis and, depending on the temperature
and dwell time of the process, it can present several morphologies
[150]. It is possible to obtain highly desirable tailored nanostructures to
enhance capacitance and ionic conductivity. MnO2 is significantly more
economical than RuO2. However, conductivity is low (10−5–10−6 S/cm
[151]) as is its chemical stability in acidic media [119]. An example
where conductivity was enhanced can be found in Kang et al. [152],
where the material was doped with Au atoms, which subsequently
enhanced the specific capacitance of the films.

Reports of supercapacitors exclusively made of manganese oxide are
very uncommon, namely because of its low conductivity. Suitable
performances are reported when MnO2 is associated with carbon-based
materials (e.g. graphene [153], CNT or activated carbon [52]). The
result is an enhanced electrode mechanical stability and conductivity.
However, MnO2 on its own is an interesting option for low power, low
energy applications such as microelectronics. Wang et al. [154], re-
ported micro-supercapacitor exclusively made of MnO2 nanosheets
deposited on a SiO2 substrate. The planar device employing an aqueous
NaNO3 electrolyte displayed an areal power and energy densities of
217mW/cm2 and 3 mWh/cm2.

5.2.2. Transition metal sulphides (TMS)
Transition metal sulphides (TMS) are also suitable electrode mate-

rials. Due to their facilitated pathway for electron transport [155], TMS
usually present higher conductivities and higher capacitances than their
oxide and hydroxide counterparts. Yet, they suffer from the same cy-
cling stability problems as metal oxides. As such, instead of being used
as single electrode materials, the current research trend is to hybridize
TMS with graphene.

Several transition metals can be used in these compounds, but the
TMS most usually found in literature-reported supercapacitors are co-
balt sulphide, nickel sulphide, molybdenum sulphide and sometimes
binary (or even ternary) sulphides, such as nickel–cobalt sulphide
[156].

Gigot et al. [157] obtained a hybrid aerogel, composed of MoS
sheets of two different phases intercalated with rGO layers. The sym-
metric supercapacitor built with this hydrothermally co-synthesized
composite was able to provide 12.6 Wh/kg while maintaining a power
density of 3.2 kW/kg. More importantly, the as-fabricated device
showed a capacitance retention of nearly 100% after 50000, which is
very unusual for non-carbon materials. This outstanding cyclability is,
according to the authors, due to the enhanced conductivity and me-
chanical stability provided by graphene, combined with the redox re-
actions undergone by the MoS sheets.

Xu and Lu [158] obtained a cobalt sulphide-reduced graphene oxide
composite which was then used as active electrode material in a sym-
metric supercapacitor. The device, despite having an aqueous electro-
lyte (KOH), achieved a noteworthy performance: an energy density of
13.6 Wh/kg at a high power density of 24.5 kW/kg. Moreover, a ca-
pacitance retention of 90% after 5000 cycles was observed. The high
energy density can be attributed to the reversible redox reactions un-
dergone by the CoS, whilst the ability to charge and discharge many
times at a fast rate is mainly due to the high conductivity and me-
chanical stability of rGO. Also of interest, the composite material was
obtained via a one-step synthesis, through a hydrothermal method.

Jothi et al. [159] also synthesized a TMS through a simple strategy:
by using the triblock copolymer poloxamer 123 as a structure-directing
agent, the authors obtained a nanoporous and highly controlled two-
dimensional nickel sulphide. This material was then hybridized with
40% of rGO sheets and the resulting composite served as a positive
electrode in an asymmetric device (ZIF-8-derived carbon was used as

the negative electrode). The supercapacitor achieved an energy density
of 13.4 Wh/kg at a power density of 10.3 kW/kg.

Other reports claim higher electrochemical performances with
binary sulphides containing both nickel and cobalt. For instance, Yang
et al. [160] obtained Ni-Co-S nanoparticles enriched with electroactive
edge-sites and anchored on graphene frameworks. This material was
then used as the positive electrode of a supercapacitor (the negative
electrode was made of porous carbon nanosheets). The as-fabricated
device showed an excellent electrochemical performance, by providing
more than 28 Wh/kg at a high power density of 22 kW/kg. The cy-
clability was also encouraging: the asymmetric supercapacitor retained
90% of its initial capacitance after 8000 cycles. Xiao et al. [161] ob-
tained equally interesting results for nickel–cobalt-sulphide nano-
particles on graphene nanosheets. The asymmetric device using this
composite as a positive electrode and activated carbon as the negative
electrode reached 37.7 Wh/kg at 17 kW/kg. Moreover, it showed an
impressive capacitance retention of 96% after 5000 cycles.

5.3. Conducting polymers

Due to their pseudocapacitive behaviour, conducting polymers de-
monstrate significantly higher energy densities (2–5 times [162]), when
compared to carbon-based materials. Moreover, it is well known that
they can be directly electrodeposited on the current collector (enabling
lighter binder free electrodes) and that their structure and film thick-
ness can be tailored by tuning the parameters of the electrodeposition.
Finally, because of the growing interest in flexible devices, there is
added interest in conducting polymers. Despite their flexibility, it is also
well known that repeated shrinking and swelling (upon charge–-
discharge) induces degradation, which ultimately reduces their cycle-
life. Indeed, their capacitance retention is much lower than the one
achieved by carbon-based materials. Besides their low cyclability
(usually no more than 2000 cycles), their power density is compro-
mised by their slower response (their typical power density is around 4
times smaller), when compared to carbon-based materials. Therefore,
instead of being used as single electrode materials, conducting polymers
tend to be used as a composite material, often combined with carbon-
based materials and/or metal oxides, which can improve their me-
chanical stability and their power density [163].

5.3.1. Polypyrrole (PPy)
The conducting polymer Polypyrrole (PPy) is an attractive pseudo-

capacitive material due to its mechanical flexibility, tuneable electrical
conductivity, high capacitance (associated to its redox properties), low
cost, low environmental impact and ease of manufacture. Synthesis
routes are chemical (through the oxidation of the pyrrole monomer) or
electrochemical polymerization. The latter enables direct growth on the
current collector and hence does not require binders for mechanical
stability. As such, electrical conductivity is also higher. Moreover,
electrochemical polymerization allows the fine control of deposited
mass and, therefore, thickness [164].

As already mentioned, a common drawback with conducting poly-
mers is their poor cyclability, to which PPy is not immune. This is due
to the continuous swelling (during oxidation) and shrinking (during
reduction) [165]. This can be minimized by growing/coating PPy on a
flexible substrate (e.g. graphene nanosheets or carbon cloth [166]) or
by adding a doping anion [164]. Flexible substrates permit volume
changes without inducing large local stresses. Anion doping - such as
β–naphthalene sulfonate anions (NS-) – can effectively suppress the
counterion drain effect, since these dopants can remain in the backbone
of PPy chain and consequently prevent the degradation of the polymer’s
structure. By using these strategies, Song et al. [167] reported PPy-
based devices with 97% capacitance retention after 10 000 cycles.

Meng and Ding [168] also explored the association between PPy
and a flexible – yet robust – substrate. The authors coated 100 nm-thick
nanoporous gold (NPG) films with an 8 nm-thick PPy film and
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assembled the as-fabricated electrodes into a symmetric all-solid-state
device, with a HClO4 -PVA gel electrolyte. Considering exclusively the
mass of the active material (PPy), the authors claim a maximum power
density of 296 kW/kg and a maximum energy density of 27Wh/kg.
Here the current collector also provided mechanical stability to the
active layer. Cyclability was comparatively low, with a 78% of capa-
citance retention after 900 cycles, but it is still considered reasonably
high for devices employing PPy.

Another noteworthy high performance of a PPy based device was
reported by Zhang et al. [169]. Highly orientated horn-like PPy arrays
were electrochemically grown and used to form solid state symmetric
devices employing H3PO4-PVA gel electrolyte. The specific power and
energy densities are lower, 1.2 kW/kg and 9 Wh/kg, respectively.
However, film thickness is significantly higher – at ca. 10 μm – as is the
cyclability, with a capacitance retention of 88% after 10 000 cycles.

5.3.2. Poly(3,4-ethylenedioxythiophene) (PEDOT)
Similarly to PPy, PEDOT also demonstrates good electrical con-

ductivity (when oxidized; the reduced form has poor conductivity).
Moreover, p or n doping are both possible, low oxidation potential with
a wide voltage window (1.2–1.5 V) and thermal and chemical stability
are high [170]. However, cyclability is low. Strategies to circumvent
this problem are the same as for other polymers, namely forming
composites to enhance the mechanical stability (e.g. PEDOT-CNT or
PEDOT-graphene composites [171–173]).

In terms of performance, examples of noteworthy reports are that by
Liu et al. [174] and Rajesh et al. [175] which employed nanotubular
PEDOT structures. Reported power densities were 25 kW/kg and
40 kW/kg respectively and energy densities were 5.6Wh/kg and
4.4Wh/kg respectively. The directionality of the tubes allows for rapid
ionic transport whilst the nature of the nanotube wall enables the rapid
redox processes because of the short diffusion distance to the counter-
ions. In the Liu et al. [174] report no indication was given as to capa-
citance retention upon cycling, whilst Rajesh et al. [175] reported the
noteworthy 86% capacitance retention after 12 000 cycles. The direct
growth of the nanotubular structure on flexible 3D carbon fibre cloth by
facile in-situ hydrothermal polymerization permits the devices to have
a low ESR and also permits the PEDOT structure to expand and contract
freely thus enhancing the capacitance retention. Also the technique and
materials are amenable for upscaling unlike the case of Liu et al. [174],
where Au is employed in the templated electrochemical film growth
process.

5.3.3. Polyaniline (PAni)
Polyaniline (PAni) is a conducting polymer with several oxidation

states thus facilitating the tuning of its pseudocapacitive behaviour
[176]. It is also a flexible polymer and can be grown directly onto
current collecting substrates. Another key feature of this material is the
fact that polyaniline-based supercapacitors have been reported to have
low self-discharge [177].

PAni conductivity increases significantly when doped in strong in-
organic acidic media (e.g. HCl) [178]. Moreover, the resulting mor-
phology is non-optimal and therefore accounts for its low cyclability
and for a significant capacitance drop at increased current densities.
Weak organic acid doping (e.g. with phytic acid) results in better
morphological features, but also in reduced conductivities. Gawli et al.
[179] successfully tackled this problem by co-doping PAni with these
two acids. The resulting three-dimensional structure showed a sig-
nificant capacitance retention at a broad range of current densities and
an acceptable cyclability at a very high current density (500 cycles at
40 A/g). After the doping step, PAni also performs better in acid elec-
trolytes, which causes constraints with respect to the materials that can
be employed in the device and packaging. A way to circumvent this
problem is by the self-doping mechanism which has allowed for the
reporting of high performance devices in neutral electrolytes [180].

Ghenaatian et al. [181] used self-doped PAni nanofibres as

electrodes in a symmetric supercapacitor with an acid electrolyte
(10−3M HCl and 1M KCl) and obtained a power density of 3.5 kW/kg
and an energy density of 6 Wh/kg. However, cyclability was low with
only 50% of capacitance retention after 1000 cycles.

A significantly higher 70 Wh/kg energy density and 7 kW/kg was
reported by Prasad et al.[182]. The higher energy density can be at-
tributed to the wider operating voltage of the organogel electrolyte (gel
polymer soaked in a solution of LiClO4 in propylene carbonate). How-
ever, cyclability was still far from the one required for promising de-
vices (only 91% of capacitance retention after 1000 cycles). Li et al.
[183] managed to obtain a much higher capacitance retention (86%
after 17,000 cycles) for a symmetric all-hydrogel-state fibrous super-
capacitor. The combination of PAni hydrogels and reduced graphene
oxide (RGO) rendered the fibres enhanced mechanical properties which
translated into a higher cyclability.

5.4. Other materials

After the advent of graphene, alternative two-dimensional materials
started to be investigated for ultrathin flexible devices. Although some
interesting results were obtained for transition metal phosphates (e.g.
2-D vanadyl phosphate was successfully used as an electrode material
for a pseudocapacitor [184]), Metal Organic Frameworks (MOFs),
Covalent Organic Frameworks (COFs) and MXenes seem to represent
the main research trends in 2-D materials for supercapacitors.

5.4.1. Metal-Organic Frameworks (MOFs)
Metal-Organic Frameworks (MOFs) are porous coordination poly-

mers (i.e. metal cation centres linked by organic ligands in an organized
1-D, 2-D or 3-D architecture). These materials simultaneously present a
light, rigid and flexible structure (which promotes an increased cy-
clability), with a large surface area and a highly tuneable porosity.
Moreover, if redox metal centres are incorporated, MOFs can display, to
a certain degree, a pseudocapacitive behaviour.

Zhang et al. [185] recently reported an asymmetric device com-
posed of synthesized 2-D layered Ni-MOF electrode and a carbon acti-
vated carbon electrode. High specific capacitances were observed,
161F/g at 2 A/g. By doping the Ni-MOF with Zn, Yang et al. [186]
demonstrated higher capacitance at even higher current densities,
namely 854F/g at 10 A/g. The dopant prevents the collapse of the
crystal lattice and also enlarges the interlayer distance, hence im-
proving the diffusion of the electrolyte ions within the electrode. Zir-
conium-based MOFs (without doping) were also shown to achieve a
high specific capacitance (726F/g [187]).

Comparatively, MOFs still yield low performance because of their
low conductivity. Despite these good results, the majority of MOFs yield
moderately low performances due to their reduced electronic con-
ductivity. To overcome this limitation, composites with carbon have
also been explored and managed to improve the performance [188].
MOFs have the potential to be low-cost, because of the materials in-
volved. However, there is still uncertainty as to yields because the
synthesis is complex [189]. Nevertheless, there is significant interest in
finding routes for upscaling. An excellent review by Rubio-Martinez
et al. [189] focuses on this topic and shows that there are also a number
of significant commercial applications outside electrochemical energy
storage [190] (e.g. micro-adsorbents for food conservation, gas storage,
etc.).

5.4.2. Covalent-Organic Frameworks (COFs)
Covalent Organic Frameworks (COFs) are porous crystalline poly-

mers where the organic building blocks are linked through strong
covalent bonds, forming a 2-D or 3-D structure [191]. These typically
have a high surface area, tuneable pore sizes and very flexible mole-
cular designs [188], making them attractive electrode materials.
Pseudocapacitive behaviour is observed when combined with redox
active species (e.g. anthraquinone, pyridine, etc.) and conducting
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polymers.

5.4.3. Mxenes
MXenes are 2-D transition metal carbides and carbonitrides (such as

Nb2C, Ti3C2, Ta4C3, etc.). These tend to have high conductivities, good
mechanical properties, and high hydrophilicity, making these good
electrode materials. Ti3C2Tx in particular was shown to have a high
volumetric capacitance in aqueous electrolytes, 245F/g [192] (smaller
capacitances were obtained in organic electrolytes [193]).

However, these materials often suffer from re-stacking of the MXene
flakes, which reduces their accessible surface area and, consequently,
their capacitance. Therefore, combining MXenes with interlayer spacers
– such as hydrazine [194], polypyrrole [195] or PVA [196] – was
shown to significantly improve the performance of Ti3C2-based MXenes
by increasing their flexibility, their capacitance and also their cy-
clability.

6. Literature-reported performances

This section presents a collection of recent literature-reported per-
formances in terms of gravimetric energy and power densities. Despite
the complex and multivariate nature of the factors influencing these
two indicators, it is clear that the choice of the electrolyte and electrode
materials has a significant impact on the performance of the as-fabri-
cated devices. Some materials are more suitable than others and some
material combinations work better than others. For each type of ma-
terial combination, the best performing devices (with available in-
formation about the energy and power densities) were included.

Examples of simple symmetric supercapacitors were presented in
the previous sections. As the current literature largely favours hybrid
architectures, the following tables are mainly devoted to ISH, IPH and
DH devices (see section 2). Nevertheless, since simple symmetric su-
percapacitors can be considered a particular case of ISH and IPH, some
table-entries also include this type of configuration.

In total, there are three tables: Tables 1a and 1b are for devices
using aqueous electrolytes (gel polymers with aqueous solutions -e.g.
H2SO4 in PVA – are also included here), Table 2 is for organic elec-
trolytes and Table 3 is for ionic liquids. Each table is divided in three
parts: the upper rows are devoted to ISH, the middle rows are for IPH
and the lower rows are for DH. The first column of each table expresses
the type of material combination. For simplicity, and given the nu-
merous active electrode materials (and, consequently, the many pos-
sible associations), the types of material combinations were divided
into four categories: carbonaceous materials (“C”), metal oxides/hy-
droxides (“MO”), metal sulphides (“MS”), conducting polymers (“CP”)
and other materials - COFs, MOFs, MXenes, etc. – (“Other”). The third
and fourth columns, respectively show the specific powers of the de-
vices and their corresponding specific energies. Whenever possible, the
energy and power densities used were from the same point of the Ra-
gone plot (i.e. were obtained at the same current density). When Ra-
gone plots were not available, the energy and power densities corre-
spond to different “points of operation”: point of maximum power and
minimum energy and vice-versa. These occasional cases are highlighted
in the “Additional remarks” column. In some instances, the gravimetric
performance was estimated from the stated volumetric performance
and from the explicit (or implicit) density of the active electrode ma-
terial (this is also indicated in the last column of the table, together with
other useful data).

The fact that Tables 1a and 1b has the largest number of rows is a
proxy of an important research trend: supercapacitors with aqueous
electrolytes have lately received a lot of attention. And, among these,
double hybrids (most of the times having one or both electrodes made
of carbon–metal oxide composites) are the most abundant ones. Exotic
and highly complex electrode structures are also prevalent: “nanowires”
and “nanotubes” are terms often found in the columns describing the
electrodes.

Fig. 3 shows the performances of the devices mentioned in Table 1a,
Table 1b, Table 2 and Table 3, grouped by the type of electrode ma-
terials and Fig. 4 shows the same information, but in this case the de-
vices are, grouped by the type of electrolyte. In both Ragone plots, the
values of power and energy densities that did not correspond to the
same point ([206;226]) were not included.

The first conclusion that can be drawn out of the plots shown in
Fig. 3 and in Fig. 4 is that no trend is visible in none of the groups. This
is less surprising for the first of these plots, since there are fewer data
points available for each type of material combination (the most
common hybridizations are between carbon-based materials and metal
oxides – the “C-MO” type; some of the other groups only have one or
two elements, which is clearly insufficient to conclude anything). Still,
even for the “C-MO” group, although it appears to have a slightly larger
concentration of points around the 20Wh/kg (which could suggest that
the energy density of these kind of devices does not suffer as much with
increased rates of discharge), the dispersion of results is too large to
extract any solid inferences.

Besides the obvious lack of data points in each group, the absence of
a trend could also be linked to an unoptimized categorization. For in-
stance, having an activated carbon electrode is not the same as having
graphene or carbon nanotubes. Although all of these are carbonaceous
materials, their structure and pore size distributions are fairly different,
which can lead to very different accessible surface areas and, conse-
quently, to very different capacitances. One could then argue that it
would be more adequate to group the electrode materials according to
their accessible surface areas, since this – along with the existence/
inexistence of pseudocapacitance – should, theoretically, be the best
predictors for capacitance. Yet, it is worth stressing that the accessible
surface area is also largely dependent on the electrolyte. In fact, rig-
orously quantifying it for a certain device is taxing.

Moreover, even if these criteria would decrease the dispersion of
results within each group, the conclusions would then be trivial: the
devices having electrodes with a larger accessible surface area and/or
pseudocapacitive materials tend to present a higher capacitance and
that leads to higher energy densities. Notwithstanding, this is only true
when considering devices with the same electrolyte. Since energy
density (as well as power density) largely depends on the voltage
window, the type of electrolyte cannot be ignored. Indeed, another
probable explanation for the absence of trends in both Ragone plots is
the fact that neither the type of electrode materials nor the type of
electrolyte alone is enough to explain performance. The energy and
power densities of a certain device result from the combined features of
these two elements.

Yet, since the performance is proportional to the square of the
voltage window and since there are more data points available for each
group of Fig. 4, one could perhaps expect a slightly larger concentration
of aqueous electrolyte devices (typical ΔV≈1V) in the lower left area
of the plot and a slightly larger concentration of devices having an ionic
liquid (typical ΔV≈4V) in the upper right area of the plot. However,
this is not the case and, in fact, one of the best performing devices has
an aqueous electrolyte. This raises another worth-mentioning caveat:
most of the results recently published in the literature correspond to
successes and, therefore, to devices that stand out from their counter-
parts. Hence, since effort has recently been put into widening the vol-
tage window of aqueous electrolytes, it is not surprising that some of
the outstanding results presented here already reflect these efforts and
therefore contradict the expected behavior.

The aim of this material-based categorization was to provide a
simple and straightforward comparison between different types of
electrolytes and different combinations of electrode materials. Due to
the relatively small amount of data and to the complexity of the factors
influencing the performance, it was not possible to obtain any visible
trend among the groups. Notwithstanding, this exercise enabled two
observations:
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- the identification of the current research trends: hybrid super-
capacitors with electrodes made of carbon–metal oxide composites
and supercapacitors with aqueous electrolytes;

- the identification of some high performing devices: the ones re-
ported by Wang et al. [78], Chen et al. [149] and by Chen et al.
[237].

Both Chen et al. [237] and Wang et al. [78] produced symmetric
devices with an ionic liquid – EMIMBF4. However, whilst the former
reports the fabrication of pseudocapacitors (electrodes made of PAni
nanotubes), the latter describes the production of purely capacitive
devices (electrodes made of carbon nanomeshes constructed by inter-
connected carbon nanocages). In both of these studies, the super-
capacitors benefitted from tailored electrode structures. Yet, in the re-
port by Wang et al. [78], the device seems to be much more resilient to
the increase of the discharge current (maintaining an almost constant
energy density) than in the report by Chen et al. [237]. Unsurprisingly,
the carbon-based device also presented a much higher cyclability
(> 90% of capacitance retention after 10 000 cycles vs ≈45%).

The aqueous electrolyte supercapacitor reported by Chen et al. in
[149], despite having a much narrower potential window (1.6 V vs
3.5 V) , achieved an even better performance than the carbon-based
device mentioned above. This is probably due to the pronounced far-
adaic contribution of the electrode materials (RuO2 and Co(OH)2). As
far as cyclability is concerned, it performed worse, only retaining 78%
of its capacitance after 3000 cycles.

7. Bottlenecks for the transition from lab to commercial scale

Many literature-reported devices have claimed to achieve re-
markably high performances in terms of gravimetric power and energy.

In some cases, the obtained energy densities were allegedly comparable
to [241] or even higher [211] than the typical energy densities of
commercial Li-ion batteries (> 100 Wh/kg [242]). As already dis-
cussed, these exciting results should be taken cautiously since there are
many differences between a lab-scale supercapacitor and a commercial
device (namely the mass that is considered in the calculations and the
thickness of the electrode). Yet, even after applying the correction
factors needed to extrapolate the device’s performance from its active
electrode materials, it becomes clear that some of these innovative
materials and architectures, if integrated into a device, would actually
outperform the commercially available supercapacitors.

Then, how to explain the lasting hegemony of mediocre activated
carbon-based supercapacitors in the market? The jump from invention
to an innovative product encompasses all the steps required to make an
invention into a product. This section intends to briefly analyse some of
these and to discuss potential strategies to tackle those limitations.

7.1. Cost of materials (electrodes/electrolytes)

The cost of the materials is inevitably a limiting factor. According to
a study reported by Dura et al. [243] in 2013, about 60%−70% of the
production cost of a supercapacitor is related to material costs. And
these can be both related to the availability of the raw material and to
processing.

Ruthenium oxide is an illustrative example of a high rate active
electrode material whose cost (7638 €/kg [244]; activated carbon, for
comparison, costs around 13 €/kg [122]) is directly related to its
scarcity [245]. Thus, to tackle this problem, cost-effective similar ma-
terials have been studied. As already mentioned, manganese oxide is
one of the pseudocapacitive materials most often used. However, low
conductivity [246] and cycling stability are a significant drawback.
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Other promising candidates include niobium oxide [27,247], mo-
lybdenum oxide [248], vanadium oxide [249] and nanostructured co-
balt ferrite thin films [250]. The recently discovered 2D MXenes (such
as Ti3C2Tx) are also very attractive pseudocapacitive materials, whose
capacitance (in aqueous electrolytes) can be as high as 1500F/cm3

[251]. However, much lower values were obtained for non-aqueous
electrolytes (245F/cm3 in organic electrolytes [193] and 7F/cm3

13[252] in ionic liquids) which limits the operative voltage ranges and,
consequently, the deliverable energy.

Another less explored idea to potentially reduce the material cost
(as well as its environmental impact) is to recycle. Insofar there are no
reports concerning Ru based devices. Vermisoglou et al. [253] have
shown the technical feasibility of recovering some of the materials used
in an EDLC. The authors successfully recovered around 70% of the
electrolyte (TEABF4), 59% of the solvent (ACN) and the electrode ma-
terial (a mixture of activated charcoal and CNT) was also recovered
without significant structural changes – the recycled carbonaceous
material still exhibited a supercapacitor behaviour. Given the current
context of intense resource depletion, the possibility of recycling should
always be considered (recycling of lithium-ion batteries is now of high
importance [254,255]). Nonetheless, more studies are required to fully
assess the economic feasibility of recovering expensive and/or pollutant
materials from supercapacitors.

The cost of the raw material is not always the problem. For example,
graphene is usually obtained from graphite (relatively inexpensive raw
material: 0.73–1.68 €/kg, depending on the flake size [256]). However,
processing graphite into graphene is still a cost burden, though it can
vary significantly depending on the production method and on its

consequent quality [257]. In some applications, lower quality (and
inexpensive) graphene can be used. However, energy-related applica-
tions typically require near-pristine graphene, often obtained through
mechanical exfoliation of graphite, which presents low yields and
consequently inflated costs. Nonetheless, this is rapidly changing, with
various potentially up-scalable methods to produce high quality gra-
phene being recently reported in the literature: large-scale graphite
exfoliation via a simple stirring process in urea/glycerol [258], one-step
solvent interface trapping [259], pulsed laser assisted fabrication of
graphene nanosheets in water [260], self-propagating high-temperature
synthesis of mesoporous graphene from CO2 [261], nanoclay-assisted
electrochemical exfoliation of pencil cores [262], etc.

7.2. Complex manufacturing protocols

Openly accessible information about the industrial production of
supercapacitors is scarce. Yet, it is generally known that the main
manufacturing steps to obtain a common cylindrical cell are the fol-
lowing [263,264]:

1) Weighing the electrode materials (the active material - often acti-
vated carbon; a conducting additive – usually carbon black; and a
binder – typically PTFE or PVDF);

2) Mixing the active material with the conductive additive powders
(dry mixing) and then, mixing the previously obtained powder
mixture with the binder and with an organic solvent – usually NMP
or propylene carbonate – to obtain a slurry (wet mixing);

3) Coating the current collectors (often aluminium foil is preferred
though stainless steel or nickel -more expensive- are required when
corrosive electrolytes are used). This step can be achieved via li-
thographic or flexographic printing [265];
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the article.
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4) Drying the coated foil in order to evaporate the solvents used to
produce the slurry;

5) Roll pressing the electrode-coated foil to ensure good adhesion of
the active material to the current collector foil;

6) Cutting the coated foil with the desired dimensions for the elec-
trodes;

7) Ultrasonically welding the leads to the current collector;
8) Sandwiching a separator paper between two electrodes;
9) Winding the sandwich and soaking it in the electrolyte;
10) Inserting the wet cell in the case, placing a rubber seal on the leads

and sealing the cell (steps performed under a controlled atmo-
sphere, and, in the case of organic electrolytes, moisture-free).

When manufacturing coin or pouched cells, the final steps of the
process are slightly different (A. Ajina [263] provides further details
about these issues), but all of them share a common step for the pro-
duction of the electrode: formation of a slurry from the powdered active
materials and conductive additives. Current industrial production of
supercapacitor electrodes is therefore based on a very simple “one-step
synthesis”. This does not signify that more complex methods to produce
electrodes cannot be adopted but adding more steps or significantly
modifying the already existing ones inevitably requires additional in-
vestment costs in machinery, human resources and/or in raw materials
and potentially increases the manufacturing time – both of these re-
sulting in an increased production cost. Increasing the production cost
might be worthwhile as long as the performance of the obtained su-
percapacitor (in terms of cyclability and energy and power densities)
also increases accordingly. In this case, the device can be sold for a
higher value but still keep its cost per cycle, per Wh and per W14 –
hence preserving profitability and market competitiveness.

Several recently reported supercapacitors with highly optimized
electrodes, if transformed into commercial devices, could (even after
applying the necessary weight and electrode thickness corrections) re-
sult in a 2-fold increase in the energy and/or power density when
compared to currently available supercapacitors. However, the synth-
eses of these optimized electrodes are long, complex and energy in-
tensive. For example, Yao et al. [266] fabricated a supercapacitor
where MOF-derived nanoporous carbon (MOF-NPC) was used as ne-
gative electrode and MOF-NPC with MnO2 as the positive electrode (the
electrodes were soaked in a neutral aqueous Na2SO4 electrolyte). The
asymmetric device reached a power density of 22 kW/kg at an energy
density of almost 50 Wh/kg. However, in order to obtain these elec-
trodes, the MOF precursor first had to be prepared through a method
that, albeit simple, required a 24 h time-step [267]. Subsequently, in
order to derive the nanoporous carbon from the MOF powders, a long
thermal annealing step, followed by washing, an overnight drying and a
high-temperature carbonization was carried out. Du et al. [97] recently
produced supercapacitors with an energy density almost as high, 40
Wh/kg (although with a lower corresponding power density, 7 kW/kg).
The device was composed of an activated carbon negative electrode and
a positive electrode with a 3D heterostructure composed of exfoliated
Ni-Al layered double hydroxide nanosheet and reduced graphene oxide
(Ni-Al LDH/rGO). The electrodes were soaked in a KOH electrolyte. The
rationally designed positive electrode involved a long synthetization
process, requiring many time- and energy-consuming steps (e.g. main-
taining a solution at 140 °C for 14 h, stirring solutions under N2 for
3 days, etc.). These examples illustrate that carefully architectured
electrodes with optimized performances often come at the expense of

long, complex and multiple-step synthetization processes which are
impractical for large scale production.

One-step synthesis is highly desirable because of the cost saving
potential. A successful example can be found in Yuan et al. [268],
where 2D-layered carbon wrapped transition metal nitrides were ob-
tained from transition metal carbides. Although the production of the
Ti3C2 MXene from Ti3AlC2 involves a long HF-etching step, the sub-
sequent route from Ti3C2 to the final electrode material via nitridation
is straightforward and leads to high yields – but a modest electro-
chemical performance. A symmetric device soaked in a KOH electrolyte
achieved ca. 5Wh/kg at a power density of 2.2 kW/kg and a 93% ca-
pacitance retention after 10 000 cycles. Mohamed et al. [269] reported
a higher performance (7Wh/kg at a power density of 8 kW/kg) for an
asymmetric device comprising an activated carbon on nickel foam (NF)
positive electrode and a NiCo2S4 nanoflakes on NF negative electrode.
Both electrode syntheses were one-step. These results are far from the
best SC literature reported devices. However, because of their relatively
high simplicity, the technology readiness level could be considered
closer to maturity. Nevertheless, it is worth stressing that accounting in
a chemical synthesis step is not always consensual [270] and some
process chemists argue that “atom economy” (the minimization of
waste products) is a more important up-scalability indicator than step
economy [271].

7.3. Lengthy manufacturing steps

A step that is often present in the production of supercapacitors is a
thermal treatment, either to increase the porosity and, consequently,
the surface area of the electrode (most often in carbon-based materials)
or to anneal the metal oxide thin films and nanostructures for pseu-
docapacitive electrodes [272]. However, this kind of treatment - typi-
cally conducted in an oven or in a furnace – is very time- and energy-
intensive since it involves keeping the material at high temperatures
(300 to 1000 °C, depending on the material and on the intended effect
[273,274]) for several hours – usually more than 2 h [272]. Moreover,
this process has a very poor energy efficiency, since the heated volume
is much larger than the sample that is being treated. Last but not the
least, it requires the substrate to be resistant to high temperatures (this
is very restrictive for flexible supercapacitors, whose substrates are
usually polymer-based) [275].

All of these disadvantages led to several attempts to find alter-
natives to the conventional thermal method (intense pulsed light [276],
halogen lamp [277], infra-red radiation [278], etc.), but most of them
require more than one treatment to yield a complete annealing [279].
On the contrary, laser annealing, by inducing a highly localized
heating, seems to achieve even better results in terms of mechanical and
electrical properties than conventional thermal annealing, while en-
abling a significant reduction in the processing time and energy con-
sumption. Yeo et al. [275] demonstrated the feasibility of this technique
for the mass production of flexible supercapacitor current collectors, by
laser processing a roll-to-roll printed silver nanoparticle ink on a
polymer substrate. For comparison, the authors fabricated two almost
identical electrodes: a carbon coated laser annealed current collector
and a carbon coated thermal annealed current collector made of the
same silver nanoparticle ink. The electrochemical behaviour of each
one of the electrodes was investigated in a 3-electrode cell configura-
tion where a 1M Na2SO4 solution was used as the electrolyte. The laser
annealed electrode showed an overall better performance.

Lasers have also been used to process the active electrode material.
For example, P. Simon’s team recently fabricated RuO2 micro-super-
capacitor electrodes by laser-scribing a ruthenium organometallic pre-
cursor on a flexible substrate [280]. The as-prepared RuO2 film pre-
sented good adherence to the gold-based thin film deposited on the
flexible substrate and thus no binding additives were necessary. The
obtained electrodes were characterized in a 3-electrode cell config-
uration and demonstrated a good areal capacitance (16mF/cm2 at

14 It might be difficult to simultaneously increase these three performance
indicators and thus the price per one or two of these features might actually
increase in a product. Yet, the product might still be competitive in niche
markets (e.g. if a certain device provides more expensive power but cheaper
cycles, it will be attractive for applications where the cycle life is more im-
portant than the power rating).
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100mV/s in 1M H2SO4). Lasers were also successfully used in carbon-
based electrode materials. Hwang et al. [93] recently laser-treated ac-
tivated carbon electrodes and, as a result, obtained an increased capa-
citance and a reduced internal resistance due to the formation of mi-
crochannels that connected the internal pores of the activated carbon
with the surrounding electrolyte. The symmetric supercapacitor fabri-
cated with the laser-scribed activated carbon electrodes delivered
18.9Wh/kg at a power density of 11.5 kW/kg. Yet, it is worth men-
tioning that this high performance was not exclusively due to the laser
treatment; instead, it was the result of a synergistic effect between the
laser-processed electrodes and a redox-active electrolyte (containing
the [Fe(CN)/Fe(CN)] couple), which enabled a pseudocapacitive con-
tribution and the extension of the operative voltage window.

Yet, the currently most common application of lasers in super-
capacitors has been, by far, in the reduction of graphene oxide. Since El-
Kady and Kaner reported a simple and scalable technique to fabricate
high-power graphene micro-supercapacitors [281], many other similar
studies started to appear. These authors successfully obtained more
than 100 flexible laser-scribed graphene micro-supercapacitors in
30min, by etching (with a simple LightScribe DVD burner) the com-
puter-designed interdigitated supercapacitors on a graphene oxide film
supported on a PET sheet and placed on a DVD media disc. The areas
irradiated by the laser were converted into reduced graphene oxide (i.e.
graphene – which, being highly conductive, served simultaneously as
active electrode material and as current collector) whilst the rest re-
mained under the form of graphene oxide – which has a much lower
conductivity [282]. To complete the micro-supercapacitors, the ionogel
electrolyte (an ionic liquid mixed with fumed silica nanopowder) was
then drop-cast on the active interdigitated electrode areas. The as-fab-
ricated devices presented a remarkably high power density of 200W/
cm3. Other authors have used a similar approach to obtain graphene-
based supercapacitors. Lin et al. [283] obtained laser-induced porous
graphene films from commercial polymers, which were patterned to
interdigitated electrodes and used in micro-supercapacitors. The as-
fabricated devices presented an areal performance comparable to other
similar devices (a capacitance higher than 4 mF/cm2 and a power
density of 9mW/cm2). More recently, Liu et al. [284] obtained few-
layer graphene polyhedral networks by laser-scribing polyimide sheets.
However, instead of using a CO2-laser (as Lin et al. [283]), the authors
used a Nd: YAG semiconductor laser (with a fixed wavelength of
1064 nm). The laser-scribed electrodes were then soaked in a PVA/LiCl
gel electrolyte and sandwiched into a symmetric supercapacitor, which
demonstrated a high areal capacitance of 34.7 mF/cm2.

Laser-induced graphene is obtainable via a roll-2-roll process and
also by 3-D printing, which are both highly up-scalable techniques
[285].

8. Conclusion

Supercapacitors, having the ability to store and provide energy at
very high rates and to endure many charge–discharge cycles, will cer-
tainly play an important role in future energy storage systems.
However, to increase the penetration of these devices in the market of
energy storage technologies, the following improvements are still ne-
cessary:

1) Their cost of production should be brought down through the op-
timization of the fabrication methods, including materials synthesis
(a key goal is to move towards a fast and efficient “one-step
synthesis”) and processing (e.g. obtaining graphene from graphite).
A successful reduction of the processing cost will be paramount for
the incorporation of new electrode materials (such as graphene) in
commercial supercapacitors. Many potentially up-scalable methods
to produce high quality graphene have been recently reported in the
literature, which increases the likelihood of commercialization. As
such, commercially proliferation of supercapactiors incorporating

graphene can be expected (e.g. Skeleton© has been having a sub-
stantial success with their patented curved graphene technology).

2) The energy density of active materials should be increased through
appropriate selection of electrolytes with an extended voltage
window (and eventually with redox characteristics) and also
through the hybridization between capacitive and pseudocapacitive
electrode materials

3) Their structure should become as versatile as possible to enable their
integration in a larger number of applications – for this flexible, all-
solid-state, and either micro or fibre-shaped supercapacitors appear
to be particularly promising.

Also important is a more accurate benchmarking of results – and a
consequently clearer identification of the most promising materials and
device architectures -, supercapacitor-related articles should adopt
more standardized performance characterization.

In particular, it would be advisable to present the results for mea-
surements performed both in a 3- and in a 2- electrode configurations
(using the same electrolyte for both setups). Moreover, pre-defined
mass loading (10mg/cm2 for instance, which is the typical value for
commercial devices) should be sought after, since this often-underrated
feature largely influences the performance output. Another relevant
issue is the number of cycles in the cyclability test and the current
density at which this test is performed. Since these devices are expected
to endure nearly one million charge–discharge cycles without de-
gradation, the “endurance test” should include a pre-defined and very
high number of cycles and the cycles should be undertaken at the
highest current density that the device can provide. It is frequent to find
in the reported literature that energy and power densities are also de-
termined using different methods which may not yield easily compar-
able results.

In summary, determining the adequate methods and parameters for
a standardized performance assessment is not a trivial task but the
authors of this review consider it valuable. An approach would be to
take the already existing norms prepared by the International
Electrotechnical Commission (IEC) -namely IEC 62576:2018 and IEC
62391-2:2006 – and adapt them to a lab-level context. This way, there
would certainly be fewer “outstanding” devices reported in the litera-
ture, but it would be simpler to identify the promising ones, which
could accelerate the progress in this field. With more reliable perfor-
mance reporting, it is conceivable that industry would take greater
consideration of potential new avenues.
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