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Supercapacitors, also known as electrochemical capacitors, have witnessed a fast evolution in the 

recent years, but challenges remain. This review covers the fundamentals and state-of-the-art 

developments of supercapacitors. Conventional and novel electrode materials, including high surface 

area porous carbons for electrical double layer capacitors (EDLCs) and transition metal oxides, 

carbides, nitrides and their various nanocomposites for pseudocapacitors - are described. Latest 

characterization techniques help to better understand the charge storage mechanisms in such 

supercapacitors and recognize their current limitations, while recently proposed synthesis approaches 

enable various breakthroughs in this field. 

Introduction 

Renewable energy technologies, energy efficient industrial 
equipment, individual, freight and public transport vehicles, por
table electronic devices, and drones share a common require
ment: they all need reliable electricity storage solutions. 
However, depending on the nature of the need (e.g., amount 
of energy, rate of charge or discharge, cycle stability, temperature 
of operations, etc.) and the location (e.g., in a centralized indus
trial power plant, in a direct contact with a consumer, etc.), the 
best available solutions may differ dramatically. 

For example, the majority of the current energy storage facil
ities that offset the difference in the energy generation and elec
tricity demands for the electrical grids are based on pumped 
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hydroelectric energy storage, in which the electricity is reversibly 
converted into potential energy. Such an energy storage solution 
is relatively low cost, but not always available for centralized 
locations and mostly not accessible for small-scale applications, 
In addition, it does not allow rapid electric energy conversion 
and release. 

In case of portable applications, the use of solutions based on 
electrochemical energy storage systems is now well established. 
Among a large portfolio of the available technologies, the two 
currently most important ones are Li-ion batteries (LIBs) [1] 
and supercapacitors [2,3] that offer different but often comple
mentary performance characteristics. LIBs can deliver very large 
energy densities but commonly suffer from limited power densi
ties and short cycle stability. They are, therefore, mostly used in 
applications where relatively small current densities are needed 
for longer (minutes to hours) time periods, such as portable 
electronics (cellular phones, laptops, tablets, headsets, fitness 
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trackers, etc.), electric or hybrid electric vehicles (EVs and HEVs), 
and small-to-medium size stationary energy storage projects. At 
the same time, supercapacitors or electrochemical capacitors 
(ECs) can operate at high charge and discharge rates over an 
almost unlimited number of cycles. These are high-power devices 
that can be fully charged and discharged within a few seconds or 
a few tens of seconds. Typical applications of supercapacitors in 
transportation cover stop and start and regenerative braking sys
tems in HEVs, which occurs on a timescale of a few seconds [2]. 
Tramways and buses have also already benefited from the devel
opment of supercapacitors and there are numerous examples of 
supercapacitor-powered electric buses (charging rapidly at bus 
stops) around the world, especially in China. Numerous cities 
in Europe, the US and worldwide are developing tramways and 
trains with on-board supercapacitor modules for braking energy 
recovery and short-distance electric drive (to pass crossings) in 
urban areas [4]. All those emerging applications for ECs in the 
automotive ecosystem suggest a bright future for this 
technology. 

The main difference between LIBs and ECs lies in the charge 
storage mechanism: in short, the former involve redox reactions 
in the bulk of the active materials, while the latter operate 
through the accumulation of electrons at the surface of the elec
trode particles (as shown in Figure 1). While clearly more elec
trons can be stored in the bulk, kinetics limitations arise from 
the slow diffusion of the ions. In addition, LIBs operate in the 
electrochemical window where electrolyte is thermodynamically 
unstable. While the formation of passivation solid electrolyte 
interphase layer on the anode (SEI) and the cathode (typically 
called CEi) and the use of relatively large active particles (with 
small surface area in contact with electrolyte) may slow down 
electrolyte decomposition dramatically and permit 500--3000 or 
more deep cycles, such cycle stability is still very short compared 
to ECs which typically undergo 1,000,000 or more cycles before 
degrading to 80% of the initial capacitance. Furthermore, 
replacement of electrolyte in ECs typically restores the initial 
performance. 

In this review, we will focus on the materials employed for 
supercapacitor applications. Two main families are considered: 
electrical double-layer capacitors (EDLCs), which use nanopor-
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FIGURE 1 

Schematic of an electrical double layer Capacitor (EDLC) and enlargement of 
porous carbon electrode interface, Co-ions are also present in bath 
electrodes - they are omitted for clarity. 

ous carbon electrodes; and pseudocapacitors, which involve 
materials containing redox-active transition metals with multi
ple oxidation states. Those are generally oxide-based, but other 
sub-families of pseudocapacitive materials have recently been 
proposed. Even inside these families, the charge storage mecha
nisms are multiple and depend on both the electrode material 
(not only its chemical nature, but also its porosity, its texture, 
etc) and the electrolyte. In cases with constant capacitances, 
the energy W (Eq. (1)) and the maximum power densities P 
(Eq. (2)) are respectively given by 

w = ! cv
2 (!) 

2 

vz 
Pm = 

4R (W)

(1) 

(2) 

where C is the capacitance (unit: F), V is the operating voltage 
(unit: V) and R is the equivalent series resistance (unit: Q) of the 
device. 

This set of equations is only applicable to systems that show 
linear charge-discharge and rectangular cyclic voltammetry 
(CV) electrochemical signatures, i.e., when the charge Q (A.s)
changes linearly with the potential. In the general way, the dis
charged energy is obtained by integrating the potential V (in
V) and the current I (in A) during the discharge time t (h)
(Eq. (3)):

W = j V(t)I(t)dt (Wh) (3) 

and the power is the product of the potential multiplied by the cur
rent (Eq. (4)) 

P = V(t)I(t) (W) (4) 

Current values for the commercial supercapacitor devices 
reach 8 Wh/kg (R:<250 Wh kg-1 for LIB) for the energy density
and go beyond 10 kW/kg (R:<1 kW kg-1 for LIB) for the power
density. These performance characteristics typically change little 
(within 5-20%) for more than 1,000,000 cycles of charge and dis
charge. After detailing the main factors and mechanisms that 
affect these performances for both EDCLs and pseudocapacitors, 
we will provide some perspectives on the materials and elec
trolytes that may be used in the future. 

Electrical double layer capacitors 
Carbon materials 

Synthesis of porous carbons 
From the synthetic viewpoint, carbon offers the largest panel of 
choice for the porous electrodes. In fact, parameters such as 
material dimensionality (i.e., from zero dimensional to three 
dimensional materials), specific surface area, pore volume, and 
pore size distribution, particle size, and texture can be easily 
tuned by controlling the synthetic route parameters (albeit some 
of those can be difficult to characterize faithfully). Activated car
bons (ACs) [5], carbide-derived carbons (CDCs) [6], templated 
carbons [5], and more recently graphene [7] have been the most 
explored as EDLC electrode materials. Carbon structures are still 
much more diverse, and carbon nanotubes (CNTs), carbon 
onions and mesoporous carbons have also been investigated 

[8,9]. 



ACs are the materials of choice for EDLC applications. They 

display a disordered structure obtained from the physical or 

chemical activation (partial oxidation) of a charcoal, hydrochar 

and other natural or synthetic organic precursors [10-13]. 

Physical activation is achieved at high temperature under a 

mixed inert/oxidizing atmosphere using typically steam or car

bon dioxide as activation agents [11], whereas chemical activa

tion is also performed at high temperature but mixing the 

precursor carbon with alkalis, carbonates, chlorides, acids, or 

similar reagents (e.g., KOH, K2CO3, H3PO4, H2SO4, ZnClz, among 

others) [5,11]. Most of the commercial EDLCs employ extra-pure 

steam activated ACs derived from coconut shells [5,11]. Chemi

cal activation is mainly performed at the laboratory scale. lt 

offers advantages in terms of pore size distribution control [5]. 

The maximum specific capacitance values in organic electrolyte 

are about 200 F g-1 and slightly over 60 F cm-3 [5]. Very recently 

even a capacitive response as high as 180 F g-1 and 80 F cm-3 in 
EMI-TFSI ionic liquid (IL) electrolyte has been attained in EDLCs 

using ACs [14]. 

CDCs were tested as EDLC materials at the beginning of the 

2000s [15]. CDCs are microporous carbons (which means that 

their pore sizes are smaller than 2 nm) with a very narrow pore 

size distribution. They are produced from high-temperature etch

ing of metal carbides (TiC, SiC and VC among others) under 

chlorine gas atmosphere [16-18] or vacuum deposition [19,20]. 

They yield capacitance values up to 220 F g-1 and 126 F cm-3 

in KOH and 150 F g-1 and 70 F cm-3 in organic electrolyte 
[16--20]. Commercial EDLCs based on CDC materials offer supe

rior energy densities. High power can be achieved as well, for 

instance, by introducing mesopore channels for fast ion trans

port [21] or using nano-felts like CDC electrodes [22]. However, 

the cost of CDC materials is higher than that of ACs, which lim

its their applications. 

Templated carbons using zeolite as a sacrificial porous struc

ture directing agent have been developed [23-25]. These carbons 

exhibit extremely narrow pore size distribution, with a high 

specific surface area. Such optimum properties lead to both very 

high gravimetric (about 150 F g-1) and volumetric (80 F cm-3) 
capacitance in non-aqueous electrolyte. However, the prepara

tion of zeolite-templated carbons has been limited to the 

laboratory-scale due to the challenges in scaling-up the synthesis 

process while maintaining material uniformity and the high 

costs associated with the need of HF for dissolving the hard 

template. 

Graphene and graphene-like carbons became recently popu

lar, but conventional commercial graphene powders suffer from 

(i) restacking of graphene layers, which drastically reduces the 

surface area and capacitance values, and (ii) low electrode 

density, which results in poor volumetric capacitance values. 

Chemical activation with KOH can be used to produce activated 

graphene with a large specific surface area and a broad pore size 

distribution (ranging between 0.6 and 5 nm). Such activated 

graphene delivers a capacitance of 160 F g-1 and 60 F cm-3 in 
acetonitrile-based non aqueous electrolyte [26]. This is one of 

the few examples [26--29] showing electrochemical performance 

comparable to ACs since in most cases, the low density of gra

phene limits the energy density of the device both in gravimetric

and volumetric terms [30]. Beyond graphene, there are many 

other two-dimensional carbons, such as reduced graphene oxide, 

or exfoliated graphite flakes. To avoid confusion, it's recom

mended to use the appropriate nomenclature instead of the gen

eric term "graphene" for all two-dimensional carbons [31]. 

Surface functional groups on various nanostructured carbons 

(carbon onions, activated carbon, graphene, CNTs, etc.) may 

enhance capacitance in both organic and aqueous electrolytes 

substantially, but at the expense of undesired gassing during 

operation, faster self-discharge [32,33] and reduced stability 

when assembled into fully functional, dense, multi-layered her

metic devices, particularly at elevated temperatures. 

In summary, many different forms of carbon materials have 

been prepared and tested for supercapacitor applications during 

the past 20 years. New synthesis methods have been proposed 

to prepare high-capacitance materials at the laboratory scale. 

The various strategies consisted in controlling the porosity, the 

average pore size and pore size distributions, as well as the tex

ture and defect content [5, 10,23,34] of the materials. This knowl

edge has then been transferred to the case of ACs, which remains 

the materials of choice for commercial EDLC devices for cost rea

sons. In the following, we will discuss more precisely the current 

knowledge on the role played by the key parameters in the 

enhancement of the performances. 

Specific surface area and pore size distributions in porous carbons 

According to the first model proposed by Helmholtz [2,35,36], 

the capacitance of the double-layer is given by 

(5) 

where d is the distance between the layer of charge on the electrode 
and the layer of adsorbed ions, e, is the electrolyte dielectric constant, 
e0 is the permittivity of vacuum and A is the electrode surface area. 
Eq. (5) suggests that capacitance increases linearly with the latter, so 
that developing high specific surface area (SSA) carbons has long been 
the main strategy for optimizing EDLCs. 

Yet, the SSA value depends substantially on both the measure

ment and analysis methods, in particular in the presence of 

micropores and polar groups in the material. The International 

Union of Pure and Applied Chemistry has recently confirmed 

that the widely used Brunauer-Emmett-Teller analysis (BET) is 

not recommended for microporous carbons analysis because it 

underestimates the surface of ultramicroporous (<0.7 nm) car

bons and overrates the surface of large micropores (>0.7 nm) 

[3,37]. Other methods available for evaluating carbon textura! 

properties, such as the Dubinin-Radushkevich equation or 

immersion calorimetry, also lack the precision needed for provid

ing conclusion on the dependence of capacitance on pore size 

[38]. To avoid the interaction of functional groups or heteroa

toms in carbon with molecular electric quadrupole moment of 

N2 or molecular electric dipole moment of CO2, the determina

tion of the SSA of microporous carbons should preferably be 

done by measuring the adsorption of Ar gas at 87 K. Then the 

analysis of the isotherms using Density Functional Theory 

(DFT), Non Local DFT (NLDFT) or Quenched Solid Density Func

tional Theory (QSDFT) mathematical models provide the pore 

size distribution and the mean pore size diameter, in addition 



to the SSA [39]. However, commercial software packages utilizing 

these methods currently rely on the simple models for the shape 

of the pores (e.g., infinitely wide slit pores or infinitely long 

cylindrical pores), which are not accurate. Furthermore, the key 

quantity that should be considered to calculate the specific 

capacity (in F m-2) of the porous carbons is the surface area acces
sible to the ions of the electrolyte (e.g., defined by considering the 

pore sizes larger than the neat ion size [40]). In addition, what

ever the approach used, estimations based on gas adsorption 

always rely on mathematical models. Finally, other parameters 

such as surface chemistry (presence of heteroatoms, surface 

groups or defects) or texture also affect the capacitance [34,41] 

and such impacts depend on electrolyte used due to the complex 

interactions between electrolyte solvent molecules, electrolyte 

ions, functional groups and carbon surface. Due to the difficulty 

of linking the performance of the materials to a few well

controlled parameters, advanced experimental techniques such 

as X-ray [42,43] or neutron scattering [44] combined with mod

eling have been developed over the past years to get a better 

understanding of the ion confinement effect in carbon nano

pores and the associated capacitance increase. In general, these 

studies aim at characterizing directly the adsorption of the ions, 

and hence they focus on the interface rather than on the carbon 

material only. 

Electrolytes 
ldeal electrolyte for electrical double layer capacitors 
The charge storage mechanism in electrical double layer capaci

tors (EDLCs) relies on the adsorption of the ions of an electrolyte 

onto the pore surface of a porous electrode. For this reason, the 

electrolyte has to be considered as an active material just like 

the electrode materials [2,45-48]. Typically, an EDLC electrolyte 

contains a salt (in a concentration of 1 mol L - 1 or higher) and a 

solvent. 

As indicated above (see Eqs. (1) and (2)), both the energy and 

the power of EDLCs depend at first order on the square of the 

operating voltage, and thus on the electrochemical stability of 

the electrolyte, because the formation of SEI or CEi on EDLC 

electrodes would dramatically reduce their performance and 

cycle life. The stability is therefore one of the most important 

properties to optimize. Additionally, the fast and efficient storage 

process required for EDLC highlights the needs for low viscosity 

(commonly correlated with high ion mobility) and high conduc

tivity (proportional to the multiple of the ion mobility and ion 

concentration) electrolytes in a broad range of operating temper

atures. In order to guarantee a long cycle life, which is one of the 

strengths of EDLCs, the integrity of the electrolyte solvents and 

salts need to be preserved. Consequently, a high (electro)chemi

cal stability is also a very important requirement for the elec

trolyte components. In order to maximize addressable markets, 

EDLCs should ideally be able to operate safely in temperatures 

ranging between -60 °C and 100 °C. In order to establish a safe 

operation in this broad operative range, low melting, high boil

ing points and high flash point of the electrolytes are required. 

Finally, all these properties should be displayed by a cheap elec

trolyte based on low-cost and preferably low-toxicity salts and 

solvents, which is needed for the successful commercialization 

of any electrochemical storage device for large markets. 

State-of-the-art: organic electrolytes 

Commercial EDLCs contain either aqueous or organic-based 

electrolytes [2,45,46]. Aqueous systems are currently limited to 

low cell voltage, so the state-of-the-art organic electrolytes con

sist of solutions containing 1 M of the salt tetraethylammonium 

tetrafluroroborate (Et4NBF4) in acetonitrile (ACN) or propylene 

carbonate (PC) [2,45,46]. These electrolytes display good trans

port properties, and their use makes possible the realization of 

EDLCs with operative voltage in the order of 2.7-2.8 V, able to 

work in a rather broad temperature range. Typically, ACN

based EDLC display higher power and higher performance at 

low temperatures compared to PC-based EDLCs. However, many 

studies showed that these electrolytes cannot operate at voltages 

higher than 2.8-3.0 V without a dramatic reduction of their cycle 

life [46-48]. As a consequence, the development of innovative 

electrolytes allowing higher voltages is considered as a priority 

for this technology. 

Alternative electrolytes for EDLCs 

Figure 2 shows a schematic summary of the various electrolyte 

components recently reported, and Table 1 lists some of the 

chemical-physical properties as well as the operative voltage of 

EDLCs of these innovative electrolytes. In the following, these 

results will be considered and critically analyzed. 

Alternative solvents and conducting salts. In the last years, several 

nitrile-based electrolytes such as glutaronitrile (GTN) [49-51], 

adiponitrile (ADN) [51-56], butyronitrile (BTN) [54,55], and 

2-methylglutaronitrile (2-MGN) [51], have been investigated as

replacements of ACN. These solvents have been used in combi

nation with Et4NBF4 as well as other conducting salts [49-57].

They typically display lower ionic conductivities compared to

ACN-based electrolyte. Nevertheless, their use makes possible,

in many cases, the realization of EDLC with higher voltage

compared to the state-of-the-art [48]. For example, ADN-based

electrolytes allow an operating voltage as high as 3.5 V, and good

overall performance at room temperature [51,52]. Nevertheless,

due to the relatively high viscosity of these electrolytes, their per

formance in power density is significantly lower [52].

Carbonates, e.g., ethylene carbonate (EC) and dimethyl 

carbonate (DMC) are largely used as solvent electrolytes in 

lithium-ion batteries (LIBs) [58]. In the past years, mixtures of 

these carbonates in combination with lithium hexa

fluorophosphate (LiPF6) have been proposed as electrolytes for 

EDLCs. These mixtures display high conductivity and rather 

large electrochemical stability, and it has been shown that their 

use enables operating voltage higher than 3 V [59-61]. However, 

the performance and the safety of these devices are limited by 

their electrochemical stability and the high flammability of the 

solvents, as well as by the poor chemical and thermal stability 

of LiPF6 [58]. Also, butylene carbonate (BC) has been considered 

as alternative for PC to increase the operating voltage beyond 3 V 

[62]. Nevertheless, the overall performance of BC-based EDLCs 

does not appear superior to the one of conventional systems. 

Besides nitriles and carbonates, other categories of solvents 

have also been investigated in the past. Sulfone-based electrolytes 

(e.g., ethyl isopropyl sulfone) have been proposed, to design 3.2 V 

EDLC cells with good electrochemical performance [63]. Very 



Conventional electrolytes for EDLCs 
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FIGURE 2 

Overview of the solvents and salts utilized in conventional and alternative electrolytes for EDLCs.

recently, Balducci and co-worker proposed 3-cyanopropionic acid 

methyl ester (CPAME) as new solvent for EDLCs [64,65]. It has 

been shown that CPAME-based EDLCs could display operating 

voltages as high as 3.5 V and high capacitance retention during 

float test carried out at 3.2 V [64]. It is interesting to notice that 

CPAME has been identified using a computational screening 

method, a novel strategy which will be further detailed in the 

perspective section of this review. The use of ether and ester co

solvents, such as methyl acetate (MA), methyl formate (MF), 

and 1,3-dioxolane (DIOX), has been explored to enhance low

temperature performance of EDLCs down to -60 and -70 °C 

[66-69], although at the expense of reduced high-temperature 

stability and little-to-no positive impact on the maximum operat

ing voltage. 

Since the ions of the conducting salt are directly involved on 

the double layer formation and structure, the composition of the 

conducting salt also is of crucial importance. However, surpris

ingly, only relatively few alternative salts have been considered 

in the past [45,47,48]. Among them, quaternary ammonium 

and phosphonium-based cations have been the first to be pro

posed, most of the time in combination with tetrafluoroborate 

(BF4) [50,66,70]. More recently, salts based on the pyrrolidinium 

cation have been also proposed [50,70,71]. Regarding the anion, 

aside from BF4, the bis(trifluoromethansulfonyl)imide (TFSI-), 

anion has been the most investigated [47,70]. Several cation

anion combinations were considered for the realization of inno

vative salts, and have been used in combination with PC and 

ACN [70,72]. These studies showed that a proper ion selection 

is crucial for the realization of advanced electrolytes and makes 

possible, especially when PC is used as a solvent, the realization 

of EDLCs with operating voltages of 3.3 to 3.5 V, leading to high 

energy and power density [70, 72]. Nevertheless, more systematic 

investigations about the influence of the anion-cation and 

ion-solvent interactions on the chemical-physical and electro

chemical properties in these novel electrolytes are still needed. 

Solvent-free electrolytes: ionic liquids and their derivatives. Since the 

solvent does not directly contribute to the storage process, it 

was originally hypothesized that its content should be as low 

as possible in order to maximize the energy and the power den

sities of the device [48,73-75]. Ionie liquids (ILs), which are 

solvent-free electrolytes, have therefore attracted much interest 

as alternative electrolytes for EDLC applications. The best candi

dates display high electrochemical and chemical stability 

[76-78], and melting points below O °C [46,77]. Many publica

tions have been dedicated to the use of aprotic ILs (AILs) in 

EDLCs [46,47,76,77]. Different type of cations, e.g., pyrroli

dinium [79-86], imidazolium [87-92], azepanium [93-95], 

sulfonium and cyclic sulfonium [96-99] and anions, e.g., TFSI

[45-48], bis(fluorosulfonyl)imide (FSr-) [45,84,91,100], dicyana

mide (DCA-) [101-103], tricyanomethanide (C(CN)3) [104], 

BF4 [45,71,761, PF6 [45,71,105] have been investigated. These 

studies indicated that, when a proper anion-cation combination 

is selected, ILs allow to reach high voltage (>3 V) devices, which 

are able to work in a wide range of temperatures ( especially when 

eutectic mixture of ILs are used) [9,76]. Their power performance 

is, however, limited by the relative high viscosity of ILs, espe

cially at room temperature and below. 

Protic ionic liquids (PILs) have also been investigated for use 

in EDLCs [77,106-109]. PIL-based EDLCs show stable perfor

mance, within a broad range of temperatures [109]. However, 

the presence of labile proton(s) in the cation is limiting the elec

trochemical stability, and, consequently, the operative voltage of 

PIL-based EDLCs is significantly lower than that of AIL-based 

devices (2.5 V for PIL vs. 3-3.5 V for AILs) [109]. For this reason, 

their use in EDLC does not appear to be particularly interesting. 



TABLE 1 

Comparison of viscosities and condudivities of conventional and selected alternative eledrolytes for EDLCs. The table indicates also the operative 

voltage of EDLCs containing these electrolytes. 

Electrolyte 

Conventional 

1 M E4NBF4 in ACN [46] 

1 M E4NBF4 in PC [46] 

Alternative 

Solvents 

Nitrile 

1 M E4NBF4 in GTN [51] 

0.7 M Et4NBF4 in ADN [51] 

0.2 M PYR14TFSI in BTN [54] 

0.5 M Et4NBF4 in 2-MGN [51] 

Carbonate 

0.8 Et4NBF4 in 2,3 BC [49] 

1 M Li-PF6 in EC-DMC (3:7) [61] 

Sulfonate 

0.6 M Et4NBF4 in EiPS [50] 

Cyano ester 

0.6 M Et4NBF4 in CPAME [64] 

Salts 

1 M PYR14TFSI in ACN [72] 

1 M PYR14TFSI in PC [70] 

1 M PYR14 BF4 in PC [70] 

1 M PYR14 BF4 in ACN [721 

Solvent-free 

PYR14 TFSI [76] 

Azp14TFSI (60 °() [94] 

PYR14DCA [103] 

PYR14FSI-PIP13FSI [9] 

EMIM-TFSI [76] 

Et3NHTFSI [109] 

0.5 M Biredox in BMIMTFSI [1 1 0] 

Viscosity (mPa s) 

0.6 

2.5 

8 

9.5 

3 

9 

4 

2.7 

5.6 

5.5 

1.6 

5 

4 

0.8 

60 

38 

37 

n.a.

28

n.a.

n.a.

More recently, a new class of ILs attracted a considerable 

attention: the redox active ILs [110--112]. These ILs contain 

redox-active moieties, e.g., anthraquinone and TEMPO, which 

are actively contributing to the energy storage through fast and 

highly reversible faradic reactions. The use of these ILs appears 

very interesting since the simultaneous utilization of non

faradic and faradic storage processes drastically improves the 

EDLC's energy. Nevertheless, many aspects related to the use of 

these electrolytes, e.g., self-discharge and cycle life, need to be 

further clarified to really assess the advantages related to the 

use of this class of ILs. 

In parallel with the work in regular IL electrolytes, IL-based 

solid electrolytes have been investigated. Polymeric ionic liquids 

[113], polymeric electrolytes containing ILs [114] and ILs con

fined in ionogel [115] have been proposed and tested. The results 

of these investigations appear promising at room and elevated 

temperatures. Nevertheless, the impacts of these solid elec

trolytes on the power density at low temperatures and the 

long-term electrochemical performance need to be better under

stood. The use of alternative conducting salts appears currently 

the most effective strategy to design EDLCs with high energy, 

high cycle life and acceptable power (see Figure 3) [47,48]. Nev

ertheless, further studies are required to understand the behavior 

at high/low temperatures of EDLCs containing these alternative 

salts. The introduction of navel solvents is certainly a promising 

Conductivity (mS cm-1) 

56 

15 

6.1 

3.5 

17 

2.3 

7.5 

11.8 

n.a

4.3 

40 

10 

10 

50 

2.6 

3.6 

10 

4.9 

8.4 

4 

3.2 

Operating voltage (V) 

2.7 

2.7 

2.7 

3.5 

3.2 

3 

3.2 

3 

3.2 

3.2 

3.1 

3.5 

3.2 

3.1 

3.5 

3.5 

2.5 

3.5 

3.5 

2.4 

2.8 

strategy, and encouraging results have been obtained in the last 

years. However, the power of EDCLs containing these solvents 

should be improved [48]. In that aim, more systematic investiga

tions of the solvent-salt interactions appear urgently needed. 

In conclusion, alternative electrolytes based on ILs and their 

derivatives often allow to go beyond the state-of-the-art for the 

operative voltage, but this is generally made at the price of poorer 

transport properties, reduced operating voltage, increased costs, 

or other limitations. The last important parameter for assessing 

the performance is the capacitance, which commonly does not 

depend on the electrolyte in a pure EDLC (as soon as good wet

ting is achieved in all the pores) since the double layer formation 

is an interfacial property. The current knowledge on how this 

quantity can be maximized is discussed next. 

Charge storage mechanisms at the electrolyte/carbon interface 
Major advances have been made in the understanding of the ion 

transfer and adsorption in carbon pores during the past fifteen 

years. Following initial work from several groups in the world 

[18,116-118], the key contribution of pores with a size smaller 

than 1 nm to the charge storage mechanism was evidenced from 

electrochemical experiments using CDC carbons with controlled 

pore sizes as model materials [2,15,119]. These first studies were 

performed in organic electrolytes, in which the size of the solva

tion shell of ions such as NEt4 or BF4 is above carbon pore size. 
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density at room temperature; (e) power density at high temperature and (f) power density at low temperature of conventional and alternative electrolytes for 

EDLCs. The green and the red columns in (e) and (f) represent a projection because no date is available in literature (for this reason the columns are empty). 

Adapted with permission from Ref. [48]. 

The partial ion desolvation was proposed to explain the capaci

tance increase in these nanopores [15,119]. Further electrochem

ical experiments in solvent-free ionic liquid electrolytes have 

shown a maximum capacitance when the ion size was close to 

the carbon pore size [120]. 

At that point, conventional electrochemical experiments 

failed short bringing additional information about the ion orga

nization and environment in confined pores because of the sen

sitivity needed to explore the microscopie scale. An important 

step was achieved in the understanding of the charge storage 

mechanism thanks to the key contribution of theoreticians, 

who joined the field and developed models to depict the "double 

layer" structure in nanopores [121-124]. The first simulations 

involved ideal carbon structures such as carbon nanotubes or 

2-dimensional slit-shaped pores, in which the capacitance

increase in nanopores was qualitatively reproduced [125,126].

A key result was the prediction of a "superionic state": ions

carrying similar charges can be densely packed together inside

nanopores thanks to the creation of image charges onto the car

bon surface that screens the Coulombic repulsion between them

(Figure 4a) [127].

Then, the use of realistic 3D carbon structures to perform sim

ulations led to important advances (Figures 4b, Sa). CDC carbon 

structures were used in a series of molecular dynamics simula

tions to study ion adsorption from neat ionic liquid and ionic 

plus solvent mixtures. In neat BMI-PF6 ionic liquid electrolyte, 

the capacitance increase was ascribed to the breaking of the lay

ered arrangement which is observed on planar surface, which led 

to the absence of over-screening effect. As a consequence, a do

ser approach of the adsorbed ions to the carbon surface was 

obtained [128]. When dissolved in acetonitrile, BMI+ and PF6-

ions confined into nanopores were found to be partially desol

vated compared to bulk electrolyte (see Figure Sa) [128,130]. 

However, only acetonitrile molecules were present in the highly 

confined pores at null potential. Interestingly, under external 

polarization, ions tend to replace them inside these confined 

pores leading to an efficient charge storage mechanism. This 

effect was quantified by showing the relationship between the 

surface charge and the degree of confinement of the ions. 

Those modeling results have drawn the interest of experimen

talists who started to design advanced techniques or combined 

techniques to track ion fluxes in porous carbon electrodes. 

Electrochemical quartz microbalance (EQCM) [132,133], 

nuclear magnetic resonance (NMR) [134,135], small-angle 

X-ray spectroscopy (SAXS) [136] and small angle neutron scatter

ing (SANS) [137] are examples of in-situ or operando advanced
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techniques which have been recently successfully used to study 

the ion adsorption mechanism and ion environment in carbon 

nanopores. 

EQCM technique has been used for tracking ion dynamics 

into porous carbon electrodes. In gravimetric mode, EQCM mea

sures the carbon electrode mass changes during electrochemical 

polarization [133,138]. Pioneer studies using aqueous-based elec

trolytes highlighted the potential of gravimetric EQCM for the 

analysis of ion concentration and compositional changes as well 

as the solvation state within the AC pore volume [138,139]. More 

recently, a similar approach has also been proposed in 

non-aqueous electrolytes [133]. The partial desolvation of ions 

in carbon nanopores (<1 nm size) suggested by simulation results 

was experimentally evidenced from gravimetric measurements 

in acetonitrile-based electrolytes, with a loss of 50% of the cation 

solvation shell when confined in narrow pores. Surprisingly, two 

different charge storage mechanisms were reported, depending 

on the electrode polarity: counter-ion (cation) adsorption at neg

atively charged electrodes and ion exchange during positive 

polarization [133]. 

Besides the gravimetric EQCM technique, another approach 

has been proposed by Levi et al. [139,140] who developed the 

Electrochemical QCM with dissipation monitoring technique 

(EQCM-D) for batteries and supercapacitor studies. Fitting the 

EQCM-D data with suitable hydrodynamic models allows track

ing the change of the geometric parameters of porous electrodes 



in contact with an electrolyte. Such technique, that uses com

plex mathematical analysis, offers interesting opportunities to 

study the structural change of the electrodes [139]. 

NMR is an element selective technique that has also been used 

for studying ion electro-sorption in microporous carbons. A pre

liminary ex-situ NMR study shed some light on the cation/anion 
population in different porous carbon sites upon charging [141]. 

In-situ NMR experiments first confirmed the ion adsorption in 
nanopores in the absence of polarization (at O V) thanks to the 

shift of the NMR signal at low frequency [142,143]. The compar

ison of different charge mechanisms was made by introducing 

the charging mechanism parameter "X", calculated from in-situ 
NMR experiments or from molecular dynamic (MD) simulations 

[143]. Results have shown that ion swapping plays an important 

role in the charge storage process in supercapacitor electrodes. 

Ion swapping also was established as the main feature of ion 

dynamics for aqueous neutral electrolytes using in-situ SAXS 
measurements [143]. SAXS is a short-range order structural char

acterization technique able to provide information on ion con

centration and location. 

Due to high penetrative power of neutrons and the sensitivity 

of neutron scattering to isotope substitution, SANS allows one to 

directly observe changes in the ion concentration as a function 

of the applied potential and the pore size, independently of other 

parameters (such as carbon surface chemistry, carbon microstruc

ture, etc.) [44]. In-situ SANS experiments demonstrated that 
depending on the carbon pore walls - electrolyte interactions 

and the resulting interfacial energy, both reduced and enhanced 

ion sorption is possible in sub-nm pores [44]. Furthermore, SANS 

allowed visualization of the organic electrolyte electrowetting in 

the smallest pores at higher applied potentials [137]. 

Additionally, new methodologies based on the combinatory 

approach of various in-situ techniques have opened new hori
zons in the understanding and prediction of ion electrosorption 

in microporous carbons. In-situ EQCM and NMR [144] tech
niques confirmed the difference in the charge storage mecha

nism in acetonitrile-based electrolyte, with cation adsorption 

under negative polarization and ion swapping during positive 

polarization. 

The most recent experimental studies confirmed the main 

concepts introduced by theoretical and simulation studies. For 

example, the relationship between the degree of confinement 

and the local surface charge [128] was confirmed by Prehal 

et al. [131]. They studied the confinement and desolvation in 

nanometer-sized carbon pores of 1 M CsCl in water electrolyte, 

by combining in-situ SAXS together with Monte Carlo simula

tions. By modeling back the experimental SAXS data, they found 

that the extent of desolvation was increased when decreasing the 

average pore size of microporous carbons (see Figure Sb). In 

another example, the existence of the superionic state intro

duced by Kondrat and Kornyshev [127] (Figure 4a and b) was 

experimentally proven by performing scattering experiments to 

resolve the structure of the EMI-TFSI ionic liquid confined inside 

nanoporous carbons [129]. Indeed, the latter study showed that 

Coulombic ordering (cations alternatively with anions) was 

partly reduced when the pores were small enough to accommo

date only one single layer of ions (Figure 4c). Instead, equally 

charged ion pairs are formed due to the induction of an electric 

potential of opposite sign in the carbon pore walls. This non

Coulombic ordering was further enhanced in the presence of 

an applied external electric potential. This approach provides 

guidelines for designing porous carbons for supercapacitors, 

i.e., with high electrical conductivity and pore structure inducing

larger image charges at the surface. The conclusions of this study

should be applicable to other conducting materials forming slit

pores, such as between 2D layers of transition metal dichalco

genides, MXene and metal oxides (as will be discussed in the

next sections).

Going beyond simple understanding, these fundamental 

studies have allowed to adapt the synthesis routes of the manu

facturers. They now aim at AC materials with controlled average 

pore size and pore size distributions in the microporous range 

(see e.g., the YP series microporous carbons from Kuraray, a lead

ing company in porous carbons for EDLCs [145]) that offer 

enhanced volumetric capacitance and try to achieve carbon sur

face cleaned from surface groups that offer improved cycle and 

voltage stability and reduced self-discharge [146]. 

Pseudocapacitive materials and hybrid devices 
Meta/ oxide pseudocapacitive materials 

Improving the capacitance of materials can be achieved by 

moving from porous carbon, which store the charge in the dou

ble layer by ion adsorption at the carbon surface, to so-called 

pseudocapacitive materials. In the 1970's, Conway and others 

recognized that when reversible (fast) redox reactions occur at 

or near the surface of an appropriate electrode material, the elec

trochemical features are those of an EDLC, but with significantly 

greater charge storage because of the presence of redox reactions 

[36]. The pseudocapacitive mechanism was firstly described in 

RuO2 materials (Figure 6a), where the capacitive-like behavior -

rectangular shape of the voltammogram - was attributed to the 

existence of a wide energy distribution for the adsorbed protons 

in accessible sites located on the surface of RuO2 particles 

(Frumkin-like behavior with non-potential dependent capaci

tance) [36,147]. A pseudocapacitive process shows several key 

features such as (i) a continuous change of the charge with the 

potential, (ii) the absence of phase change and (iii) an absence 

of diffusion limitation over a wide range of weep rates 

[148-150]. Thanks to the redox reaction contribution, RuO2 elec

trodes can achieve extremely high capacitance over 700 F g-1

in H2SO4 electrolyte [151], that is about 6 times increase versus 

porous carbon materials. 

However, RuO2 is still limited in practical application due to 

the cost, lack of abundance, and toxicity [152]. Instead, with 

merits of low cost and environmentally friendly character, man

ganese dioxide (MnO2) has attracted attention as another pseu

docapacitive material. The charge-transfer reactions in MnO2 

are achieved from cation insertion in highly accessible sites 

located at the near-surface of the MnO2 particles [84,153-156] 

or thin films [157]. As a result, the electrochemical signature of 

a MnO2 electrode (Figure 6b) also indicates a pseudocapacitive 

charge storage mechanism. In contrast to RuO2, however, low 

intrinsic electron conductivity of MnO2 and many other metal 

oxides (MOx) may hinder their practical applications [158]. 

Mn3O4, Fe3O4, and MnFe2O4 are materials with the spinel 

structure that show pseudocapacitive behavior in aqueous 
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0/ profile of (a) RuO2 -0.58H2O electrode in 0.5 M H25O4 at 2 mV ç 1• Adapted with permission from [147]. Copyright (2017) American Chemical Society; (b) 
MnO2 electrode in 2 M Na25O4 at 10 mV ç 1• Adapted with permission from [168]; (cl Nb2O5 phase in 1 M LiCIO.,!PC at 10 mV ç 1• Reproduced with 
permission from Ref. [163]. 

electrolytes [149]. Like MnO2, Mn3O4 [159] suffers from low elec
trical conductivity and mainly thin coatings can be prepared. 
Capacitance of Fe3O4 and MnFe2O4 remains modest. 

In addition to the use of pseudocapacitive materials in 
aqueous solutions, researchers expanded the concept of pseudo
capacitance to materials operating in non-aqueous electrolytes in 
order to improve energy density further. For example, nano
crystals of Nb2O5 with tetragonal structure demonstrated interca
lation of u+ ions at a very high rate (full charge in 3.6 s) at a 
mean potential of 1.5 V versus u+/Li [160-164]. The existence 
of 2D transport pathways in the structure and minimal volume 
and structural changes in Nb2O5 upon u+ intercalation led to fast 
u+ ion mobility and allowed 125 mAh g-1 (70% of theoretical
capacity) be accessed within 1-min discharge [160]. This reac
tion, often termed "intercalation pseudocapacitance", offers a
generic promise of exploiting intercalation pseudocapacitance
to obtain high-rate charge storage devices with tailored
designed nanostructured materials [160,162-167]. Depending
on the crystalline structure, Nb2O5 demonstrated capacity of
up to 720 C g-1 [164]. Nano-crystalline MoO2 also shows
pseudocapacitive responses which stores nearly 200 mAh g-1 in
2 min [165]. The concept was recently extended to prepare
reduced MoO3x pseudocapacitive material [166] by introducing
oxygen vacancies into orthorhombic MoO3 • Such a reduced
MoO3_x rapidly delivers higher capacity than fully oxidized
MoO3 • Many other nanostructured MOx may be hypothesized
to exhibit a similarly high-rate performance in organic elec
trolytes. Studies on Na+, K+ and u+ ion batteries may guide the
selection of suitable pseudocapacitive materials.

Despite the rich chemistry of metal oxides as pseudocapaci
tive materials, multiple barriers toward practical applications still 
exist, such as commonly observed reduced rate performance of 
thicker (100+ µm) electrodes with low fraction of conductive 
additives, lower cycle stability and faster self-discharge rates 
when compared to EDLCs, particularly at elevated temperatures, 
in some cases high synthesis or material cost and increased tox
icity, in some cases moderate capacitance in organic electrolytes, 
among others. Yet, the overall strategy to introduce intercalation 
pseudocapacitive materials in non-aqueous electrolytes appears 
promising to develop cost-effective and high performance 
pseudocapacitors. 

2D MXene materia/s 

MXenes are two-dimensional (2D) early transition metal carbides 
and/or nitrides which are produced by selective etching of the A 
group element from MAX phases, where M represents transition 
metals (such as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.), A is A group 
element (such as Al, Si, S, Ga, Ge, As, Cd, In, Sn, etc) and X is car
bon and/or nitrogen (Figure 8a) [169-171]. Thanks to their 
unique properties such as 2D structure and high electrical con
ductivity (>5000 S m-1), MXenes have shown great potential as
electrode materials for supercapacitor applications [172-17 5]. 
One of the most studied MXene is the Ti3C2Tx carbide obtained 
from the selective Al etching of Ti3AlC2 MAX phase. After wash
ing in water and drying, Ti3C2Tx powder is obtained, where "Tx" 
represents the surface functional groups (such as -OH and -F 
terminations) present on the surface coming from the etching 
process. 

MXenes have been intensively studied in aqueous 
electrolytes. The pseudocapacitive charge storage mechanism in 
Ti3C2Tx MXene results from a change in the oxidation state of 
Ti, such as evidenced by using XANES technique [17 6]. A MXene 
Ti3C2Tx clay-like electrode achieved a volumetric capacitance 
exceeding 900 F cm-3 in H2SO4 electrolyte [174], suggesting that 
the proton intercalation between the Ti3C2Tx MXene is mainly 
responsible for the redox activity of Ti. Freestanding Ti3C2Tx 

paper electrode has shown smaller yet still impressive volumetric 
capacitance (300-400 F cm-3) in neutral and basic electrolytes 
where the proton concentration is lower [172]. 

Recently, new strategies were developed to push further the 
performance of MXenes to reach ultra-high charge/discharge 
rates in H2SO4 electrolyte, exceeding those of conventional 
EDLCs, with higher volumetric and areal capacitance than ACs 
(see Figure 7) [177]. For instance, a volumetric capacitance of 
1500 F cm-3 together with an areal capacitance of 4 F cm-2 could 
be delivered by a Ti3C2Tx MXene hydrogel film electrode pre
pared by pre-intercalating H2SO4 molecules between the 2D 
MXene layers. 

Although the capacitance of MXene electrodes outperforms 
the best values reported so far for all carbons and most pseudoca
pacitive materials, the narrow voltage window offered by 
aqueous electrolytes still hampers the massive development of 
MXene-based supercapacitors. MXenes were thus further studied 
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Selected examples of the conductive polymer-carbon composites and their electrochemical behavior, such as (a) SEM micrographs of PANI with 3 wt.% of 
nanodiamond (ND) soot incorporated into the PANI particles during synthesis; and (b) CV of a symmetric pseudocapacitor with ND-PANI electrodes; (cl SEM 
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response in comparison with commonly used AC (YP-17D) and CNT fabric with no PANI; and (f) cycle stability showing over 30,000 stable cycles in H2S04 

aqueous electrolyte. Adapted with permission from Refs. [184,190]. 

in non-aqueous electrolytes; however, significantly more modest 

characteristics have been demonstrated so far. For example, 

Ti3C2Tx-CNT MXene composite electrode showed a capacitance 

of 85 F g-1 (2 mV ç1) within a potential window of 1.8 V in 1 

M EMI-TFSl/acetonitrile organic electrolyte [178]. Furthermore, 

capacitance of 70 F g-1 (20 mV ç 1) within a larger voltage 

window of 3 V was obtained in solvent-free, neat EMI-TFSI ionic 

liquid (IL) electrolyte [179]. In-situ XRD measurement as well as 

in-situ dilatometry experiments revealed the intercalation/ 

de-intercalation behavior of IL cations and anions [180]. Despite 

the large voltage window achieved in IL electrolytes, the modest 

capacitance achieved so far in these electrolytes does not nowa

days match the expectations. The capacitance improvement of 

MXene electrodes in non-aqueous electrolytes is the next 

challenge; this will pass through a better understanding of the 

metal redox activity in these electrolytes. 

Conductive polymers 

The pseudocapacitance in Electronically Conducting Polymers 

(ECPs) is based on the reversible redox reactions of their electro

chemical doping/de-doping [181,182]. The most common con

ductive polymers used as pseudocapacitive materials include 

polyaniline (PANI), polypyrrole (PPy), polythiophene (Pn or its 

derivatives, and poly(3,4-ethylenedioxythiophene) (PEDOT). 

These have been tested in bath aqueous and organic electrolytes 

and showed specific capacitance in the range from ::::;100 F g-1 to



over 600 F g-1, depending on the electrolyte composition (typi

cally less than 200 F g-1 in organic electrolytes), polymer mor
phology, doping level and type, the presence and distribution 

of conductive additives and electrode potential range [183-190]. 

A significant disadvantage of most conducting polymer elec

trodes is relatively low cycle stability because of doping on trap

ping and significant volume changes during charge/discharge 

cycles, leading to mechanical disintegration [191-193]. The corn

mon approaches to overcome this limitation involve formation 

of polymer-ceramic [194-197] polymer-metal [193,198] and 

polymer-carbon [184,199-208] composite materials, where thin 

films of ECPs coated onto carbon or ceramic are used. This 

approach allows for mitigating the polymer volume changes, 

introduces additional pores and stabilizes the electrode against 

mechanical failures. Figure 8 shows examples of PANI-based com

posites with a specific capacitance of over 600 F g-1 achieved in 
symmetric two electrode configuration with no reduction in the 

capacitance after 10,000-30,000 cycles (Figure 8b and f) and 

excellent rate capability (Figure 8d and e) [184,190]. Developing 

conductive polymers that exhibit high specific and volumetric 

capacitance in organic electrolytes remains a challenging task. 

High-rate materials for hybrid devices 

Hybrid supercapacitors, which combine an activated carbon elec

trode together with a large capacity faradic (pseudocapacitive or 

battery) electrode, offer a promising strategy for further 

5 

improving the performance of carbon-based supercapacitors. 

The concept has been firstly developed in aqueous electrolytes, 

with the C/Ni(OOH) [209-211], C/MnO2 [212,213] or C/PbO2 
[214] hybrid devices that showed improved energy density

versus C/C EDLC systems operating in aqueous electrolytes

[74,210,214,215]. However, the narrow voltage window available

in aqueous electrolytes limits their energy density.

An important step has been made by moving from aqueous to 

non-aqueous electrolytes, with a drastic gain in energy density 

thanks to the improved voltage window (Figure 9). One of the 

first hybrid devices was proposed in 2001, where LTO (Li4Ti5O12) 

was combined with a positive AC electrode in acetonitrile elec

trolyte [216] to achieve 3 V maximum voltage, 20 Wh kg-1 

energy density and stability for 4000 cycles. LTO exhibits high 

theoretical capacity of 175 mAh g-1, safe charging and discharg

ing at a constant potential of 1.55 V vs. u+/Li (above SEI forma

tion region and well above Li to avoid plating), very small 

volumetric changes (0.2%) and somewhat low cost [217]. How

ever, the limited power performance achieved in the original 

device together with the fact that supercapacitor market was 

not well established at that time hampered the commercial 

development of these cells. The previously discussed formation 

of nanocomposites with conductive carbons overcomes the lim

itations of pure pseudocapacitive or battery electrode materials. 

For example, the follow-up developments of nanostructured 

C-LTO composites (such as those described in Figure 10h and
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Selected examples of transition metal oxide composites and their electrochemical performances, such as (a) SEM micrographs showing conformai ALD 

coating of VOx on the surface of CNTs; and (b) rate response of this composite in a symmetric device using aqueous 8 M LiCI electrolyte as a function of ALD 

layer thickness (number of ALD cycles), all reproduced from [229] with permission; (c) SEM micrographs and (d) dark-field images of the UC-derived LFP

graphitic carbon composites, whereby LFP particles are encapsulated within a hollow carbon shell and (e) rate response of this composite in a Li half-cell with 

an organic electrolyte based on LiPF6-solution in carbonates, an inset shows typical charge-discharge profiles at different C rates, all reproduced from [246] 

with permission; (f) TEM and (g) SEM micrographs showing LTO-AC composite particles, where LTO nanoparticles are synthesized within nanopores (<3 nm) 

of activated carbon spheres and (h) rate response of this composite in a full cell with L TO-AC anode and AC cathode with an organic electrolyte based on 

LiPF6-solution in carbonates, all reproduced from [218] with permission. 

others) enhanced rate performance of LTO anodes dramatically 

[218-220]. 

Today, the combination of a lithium-intercalation graphite 

anode with a capacitive porous carbon cathode where anion 

adsorption/desorption occurs, known as the Li-ion capacitor 

(LiC) technology, is the most commercially successful hybrid 

device [221]. lt is produced by JMEnergy under the name Ultimo 

Cell™. While the cell voltage of a symmetric C/C EDLC can reach 

3 V, the combination of a positive EDLC electrode with a nega

tive graphite electrode of a Li-ion battery with u+ intercalation 

potential below 0.2 V vs. Li/Li+ allows increasing the cell voltage 

up to 4.3 V (Figure 9a). At the same time, the capacity of the neg

ative electrode being much higher than that of the positive one, 

the cell capacity is enhanced [222-225]. However, this increase 

in voltage is balanced by various flaws inherent to the use of gra

phite, such as a low intercalation voltage that can lead to safety 

problems associated with lithium plating at fast charge rates, 

moderate cycling stability and poor power response. Also, due 

to the absence of a Li-ion intercalation positive electrode to bal

ance the irreversible u+ ion consumption upon SEI formation at 

the negative electrode during the first cycle, LiC cells use a pre

lithiated graphite negative electrode [222,226,227], which 

increase device assembling complexity and cost. 

Intensive research efforts have been developed to propose 

alternatives to the graphite negative electrode in non-aqueous 

electrolytes by designing pseudocapacitive or high rate battery 

materials to be combined with porous carbon electrodes 

(Figure 9c and d). 

For example, Nb2O5/ C hybrid cells have shown improved 

energy and power densities versus EDLC systems [163]. This 

approach has been recently successfully extended to other 

materials such as oxygen-defective MoO3_x that can be used as 

positive electrodes [166]. Despite the impressive electrochemical 

performance, the use of somewhat expensive Nb or Mo transi

tion metals might limit the development of such devices. How

ever, an important step forward has been recently made by Sun 

et al. [228], who reported the design of a three-dimensional 

(3D) holey-graphene-Nb2O5 composite for ultrahigh-rate energy 

storage at practical levels of mass loading Nb2O5• 

Other material systems are also being explored in order to 

accelerate the commercialization of hybrid supercapacitors to 

offer alternatives to high-power batteries. A promising way is 

the design of high rate battery materials which can be achieved 

by fine-tuning the material structure and particle size, and 

preparing composite material to improve the material ionic 

and electrical percolation networks. Also, in these nanostruc

tured thin films or nanoparticles, the presence of surface defects 

cornes generally with a pseudocapacitive-like electrochemical sig

nature [148-150]. Vanadium oxides (VOx, such as V2O5, VO2, 

etc.) are dramatically less expensive than RuO2, but still notice

ably costlier than MnO2• Depending on the crystal size and 

phase, VOx may exhibit both pseudocapacitive and battery-like 

behavior with capacitance over 1300 F g-1 in aqueous LiCl elec

trolyte [229-231]. VOx suffers from low electrical conductivity 

and typically requires close proximity of the electrochemically 

active sites to conductive additives to attain high capacitance val

ues so that mainly thin coatings can be prepared. Other transi

tion metal oxides, such as cobalt oxide (Co3O4) in the form of 

mesoporous particles [232], nanowires [233], nickel oxide (NiO) 

in the form of thin films [234-237] and nanosheets [238], mixed 

Ni-Co oxides [239] and Ni-Co hydroxides [240], mixed Bi-Fe 

oxide [241], and others also showed medium-to-high capacitance 



values in neutral or basic aqueous electrolytes. Out of these, Ni 

comprising materials showed the highest capacitance values, 

with Ni-Co oxide exhibiting up to 1840 F g-1 in 1 M NaOH + 
0.5 M Na2SO4 electrolyte [239] and Ni-Co layered double 

hydroxide exhibiting up to 2100 F g-1 in 1 M KOH solution 
[240]. Bath Co and Ni are sufficiently taxie though. Besides tran

sition metal oxides, oxides of pure metals, such as tin oxide 

(SnO2) [242], indium oxide (In2O3) [243], and bismuth oxide 

(Bi2O3) [244] also showed capacitance in the range from 100 F 

g-1 to 300 F g-1 in aqueous salt-based electrolytes (such as 
Na2SO4 or KCI).

To overcome relatively low electrical conductivity of most 

transition metal oxides (which becomes particularly important 

for thicker, higher loading electrodes commonly used in indus

try), the use of highly conductive CNTs and graphene additives 

as well as formation CNT-MOx (Figure 10a and b) 

[219,220,229], graphene-MOx [245], porous carbon (C)-MOx 

(Figure lOc-h) [218,246,247], conductive polymer-MOx [196], 

nanoporous metal-MOx [198,230] and other (nano)composites 

have been successfully explored. Still, several factors need to be 

considered for future industrial impact of such composite 

technologies. First, it is important to utilize or develop material 

synthesis routes that offer precisely well-controlled parameters 

( e.g., size of the MOx, uniformity of MOx dispersions, weight frac

tion, pore size distribution, overall porosity, etc.) while being 

inexpensive and scalable to large industrial volumes. Second, 

produced (nano)composites should ideally be compatible with 

current electrode manufacturing equipment employed in cell 

production and also maintain sufficiently high volumetric 

capacitance (or capacity) at the electrode level. Finally, all the 

device-level performance characteristics important for a given 

application (specific and volumetric energy and power density, 

self-discharge, cycle stability, calendar life, etc.) should be care

fully characterized. 

Vapor deposition techniques, such as chemical vapor deposi

tion (CVD) and atomic layer deposition (ALD) have historically 

been considered too costly for deposition of active materials on 

conductive substrates and formation of nanocomposites. Yet, 

the remarkable contrai they offer in dimensions, chemistry, uni

formity, and microstructure of the deposited active materials in 

combination with the industrial development of large-scale, 

lower cost deposition systems will likely make them commer

cially attractive in the future [248]. Most CVD/ALD research 

focused on the deposition of traditionally and well-studied Li

ion battery intercalation materials, such as LiCoO2 (LCO) [249], 

LiMn2O4 (LMO) [250], LiFePO4 (LFP) [251], vanadium oxide 

(VOx) [229], and titanium oxide (TiO2) [252,253]. These vapor 

deposition techniques have been applied on bath fiat substrates 

(thin films) and on the surface of conductive carbons or metal 

nanowires for high rate performance in batteries or ECs. For 

example, ALD deposition of thin conformai layer of VOx onto 

CNT fabric resulted in some of the highest capacitances and fast

est rate performance reported for this material (Figure 10a and b). 

The main concem of those vapor deposition techniques lies in 

the small amount (thin-films) of active materials deposited, often 

resulting in a low areal electrode capacitance (mAh cm-2).
Solution-based approaches may offer a combination of rea

sonably well controlled and yet noticeably lower cost composite 

synthesis. In one interesting approach small LTO nanoparticles 

were synthesized within 0.5-4-nm carbon pores by uniform 

infiltration of LTO precursor into porous carbon followed by cal

cination. Carbon pore walls serve as spatial confinements of LTO 

and provide effective pathways to supply electrons directly to 

individual LTO nanoparticles. The interconnected open pores 

remaining in the C-LTO composites allow for the rapid transport 

of ions, leading to over 100 mAh g-1 specific capacity during

~6-s discharge [246]. 

Another interesting approach to bond nano-sized materials 

directly on a broad range of nanocarbons utilizes "ultra 

centrifugation" and is called UC treatment [220]. The CNT-LTO 

[219,220], amorphous C-LFP [246], C-TiO2(B) [254] or C-Li3VO4 

[255] nanocomposites prepared using a UC treatment process

showed very promising performance characteristics. For example,

CNT-Li4Ti5O12 (LTO) composite electrodes showed LTO

capacity of 130 mAh g-1 at lOC rate (lOC = 6-min discharge)

and �80 mAh g-1 at 1200 C rate. Such a remarkably high rate

capability of the nanocomposite is achieved through a good dis

persion of LTO nanoparticles within a porous matrix of conduc

tive carbon.

In another example, LFP-C (Figure 10c and d) showed LFP 

capacity of over 80 mAh g-1 at lC rate and over 35 mAh g-1 at

300C rate (Figure lOe) [246]. 

UC treatment has also been used to prepare high-rate positive 

electrodes. A striking example is the preparation of nanosized 

LiFePO4 (LFP) crystals encapsulated within hollow-structured 

graphitic carbons [246]. The composite material has an LFP core 

[crystalline (core 1) - amorphous (core 2)] - graphitic carbon 

shell structure as shown in Figure l0c-e. The amorphous part 

of the LFP core contains about 50% of Fe3+ defects. Unlike con

ventional LFP where u+ intercalation is achieved at constant 

potential through a two-phase reaction mechanism, galvanos

tatic charge/discharge profiles of the UC-LFP showed different 

electrochemical signatures bath with plateau and sloping region 

(Figure 1 0e). 

The sloping profiles below 3.4 V corresponds to amorphous 

LFP containing Fe3+ defects, and the u+ diffusion coefficient of 

the amorphous LFP (10--11 cm2 ç1) has been found to be two

orders of magnitude higher than that of crystalline LFP core 

phase (10--13 cm2 ç1) in the plateau region. The LFP-graphitic 

carbon composites have an extremely high rate capability bath 

in charge and discharge, still delivering about 30 mAh g-1 at

400 C rate (9 s charge or discharge). Such a linear relationship 

means that the composites can offer a high-power capability of 

the material in discharge as well as in charge, such as expected 

for the practical use of hybrid supercapacitors. 

Energy storage devices based on hybrid supercapacitors are 

just being recently commercialized, and this underscores the 

importance of these new materials. Although the stability of 

the nanostructured electrode/electrolyte interfaces is still an 

important issue to be solved, this technology has the potential 

to offer alternatives to high-power batteries. 

Perspectives 

Carbon-based supercapacitors 

Thanks to the combination of in-situ techniques and modeling, 

important progresses have been made in the understanding of 



ion transport and adsorption in carbon nanopores during the 

past years. Within the past ten years, we moved from a basic rep

resentation of the double layer charge using the Helmholtz 

model to concepts where ions are partially desolvated and can 

form co-ion pairs thanks to the creation of image charges at 

the carbon surface [129]. However, we still fail to explain the 

existence of different charge compensation at the negative and 

positive electrode (ion swapping and counter-ion adsorption 

for instance), as well as the fast ion transport in the nanopores. 

Research efforts in the future will have to address these points 

which are of great importance for designing the optimum porous 

structures in carbon electrodes to maximize the capacitance. 

Also, the contribution of the image charges from the carbon sur

face indicates that not only the pore size but also the carbon 

chemistry and microstructure (presence of defects, dopants, 

charge carrier density, ionophilic/ionophobic character, etc.) 

play a role in the establishment of the capacitive behavior. The 

combination of in-situ techniques (X-ray and neutron scattering, 

NMR, IR, among others) together with modeling approaches 

integrating those aspects from the carbon side will help in better 

depicting the electrochemical processes occurring at porous car

bon electrodes. 

Advanced electrochemical techniques will also have an 

important role to play for characterizing the porous carbon/elec

trolyte interface where the charge separation occurs. Moving 

from the conventional gravimetric EQCM to EQCM-D (with dis

sipation) has improved the sensitivity of the technique since 

local structural changes in the electrode could be tracked [139]. 

The use of AC-EQCM will allow one to identify the response 

from individual ions and solvent molecules. 

AC-electrogravimetry or AC-EQCM [256] is another EQCM 

technique where a sinusoïdal perturbation is over-imposed to 

the bias signal such as achieved in impedance spectroscopy. Dif

ferently from gravimetric EQCM, AC-EQCM allows the decom

position of a global gravimetric EQCM response into individual 

cations, anions, and solvent molecules. Perrot's group reported 

in 2016 the first use of AC-EQCM to study the double layer 

charging at carbon nanotube electrodes in aqueous electrolyte 

[25 7], where they were able to distinguish between low-rate pro

cesses (proton adsorption), medium-rate (H2O exchange) and 

high-rate (solvated Na+ adsorption) at negative potentials. This 
technique sounds really powerful to investigate the charge stor

age mechanism in supercapacitor electrodes, since it can, among 

other, distinguish between the adsorption of different anions or 

different cations [257]. 

Finally, strategies to increase the carbon capacitance were pro

posed by adding a pseudocapacitive contribution to the double 

layer capacitance or by increasing the electron density of states 

in porous carbons. Doping carbons with N or B elements have 

led to substantial capacitance increase in aqueous electrolytes, 

possibly due to pseudocapacitive contributions, although the 

voltage window remains modest [41]. Also, the decoration of 

porous carbons with selected redox groups has led to substantial 

increase in the capacitance [258-260]; however, the presence of 

redox reactions affects the cyclability. Additionally, the formula

tion of electrolytes is able to achieve a wider voltage window 

[261] or to use pores/ions of different sizes at both electrodes to 

improve the capacitance and power performance [262,263].

Electrolytes 

In the near future new solvents, salts, and ionic liquids should be 

identified and characterized. The aim of this search should be the 

creation of a "new wave" of advanced electrolyte components, 

which are making possible realization of EDLCs with low 

flammability, wide operation temperature ranges, high energy 

and high power. In order to generate this new generation of elec

trolytes, several aspects should be carefully addressed. 

First of all, the identification of new components should be 

carried out using a rational approach. The number of chemicals 

which could be potentially used as electrolytes in EDLCs is enor

mous and clearly, this makes the selection of possible alterna

tives to the state-of-the-art extremely challenging. In this 

context, the introduction of an effective search process appears 

of great importance. Recently, it has been shown that the use 

of computational screening represents a valid strategy to identify 

new solvents, e.g., CPAME discussed in the previous session [51]. 

This approach (which is schematically illustrated in Figure 11) 

represents a novel and powerful tool for the identification of 

new electrolyte components suitable for EDLCs [51,64]. Never

theless, further investigations are needed to optimize such a 

screening and to understand the real advantages associated with 

this approach [64]. In particular, accounting for interfacial effects 

and the adsorption properties inside nanopores will be manda

tory for predicting the capacitance. 

In the past, a systematic investigation of the chemical

physical properties of new electrolyte components, solvents, 

and salts, has not been always fully accomplished [45,46,48]. 

In the future, greater attention should be dedicated to the inves

tigation of the transport and thermal properties, as well as to the 

ion-ion and ion-solvent interactions. This information is essen

tial to understand the influence of an electrolyte on the double 

layer formation and, thus, for the realization of advanced sys

tems. Recently, interdisciplinary studies, in which theoretical 

and experimental investigation were combined, have been able 

to supply novel and important insight about the dynamic of 

the double layer formation and ion-solvent interactions 

[3,128,264]. This approach appears as a very valuable strategy, 

and should be strengthened in the future. 

Finally, another aspect which should be carefully considered 

in the future are the interaction occurring between the novel 

electrolytes and the inactive electrode components [45,48]. Until 

now, this aspect has been only marginally considered. However, 

it has been shown that processes like anodic dissolution of Al 

current collectors and binder dissolution might strongly reduce 

the performance of EDLCs. For that, also these detrimental pro

cesses should be addressed while searching and developing new 

electrolytes. 

Pseudocapacitive materials and hybrid devices 

The outstanding performance of 2D MXene in sulfuric acid elec

trolyte has revitalized the field of pseudocapacitive materials 

which were largely limited for years to MnO2 and RuO2 • A key 

challenge is to unlock the redox activity of the transition metal 

(Ti in Ti3C2Tx MXene for instance) in non-aqueous electrolytes 

to drastically increase the capacitance and reach similar perfor

mance than that in aqueous electrolytes (C > 500 F g-1). One will

also need to investigate the charge storage mechanism as well as 
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Visual representation of the various steps needed for the identification of novel electrolyte components via computational screening. The inner part 

describes the action flows needed for the establishment of an effective interface between electrochemistry and computational chemistry. The outer part of 

the graph describes the steps required for a refinement of the screening process. 

the role of the surface groups in the ion intercalation in MXene 

in non-aqueous electrolytes. 

High-rate u+ intercalation achieved in pseudocapacitive 

nano-crystalline transition metal oxides (such as Nb2O5 [161] 

and others) enabled one to extend the concept of pseudocapaci

tance to non-aqueous electrolytes. The large voltage window 

offered by non-aqueous electrolytes versus aqueous solution is 

clearly a key advantage to boost the energy density. Thus, design

ing metal oxides with controlled structure showing high rate 

intercalation pseudocapacitive behavior sounds a promising 

research route to follow as shown in the previous section. 

Novel techniques for the low-cost formation of uniform 

nanocomposites based on pseudocapacitive materials and con

ductive carbons should be developed to achieve a combination 

of high capacity, high areal loading and high-rate capability at 

high-mass loading (>10 mg cm-2). This is a critical step forward

toward practical applications such as in hybrid supercapacitors 

where the combination of high rate and high energy is needed. 

It will also be critical to conduct systematic studies on the impact 

of various electrolytes and surface chemistry of these materials 

on self-discharge, side-reactions, cycle stability and calendar life 

to identify material systems suitable for a broad range of indus

trial applications. 

Also, thanks to the recent advances made in the development 

of pseudocapacitive materials operating in non-aqueous elec

trolytes, it becomes possible to assemble high power, high energy 

hybrid systems by combining two high-rate redox electrodes in 

the same device. 

Finally, similar to what was achieved for electrical double 

layer porous carbon electrodes, we may expect major advances 

in the basic understanding of the pseudocapacitive charge stor

age mechanism in metal oxide and MXene materials, thanks to 

the use of computational modeling. This will require efforts to 

take into account the presence of redox active sites as well as 

the presence of local charges in the models, but this will certainly 

be a major research direction in the next coming years. 
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