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Abstract 
 

Electrical energy storage (EES) is one of the most critical areas of technological research around 

the world. Storing and efficiently using electricity generated by intermittent sources, and the 

transition of our transportation fleet to electric drive, depend fundamentally on the development 

of EES systems with high energy and power densities. Supercapacitors are promising devices for 

highly efficient energy storage and power management, yet they still suffer from moderate 

energy densities compared to batteries. To establish a detailed understanding of science and 

technology of carbon/carbon supercapacitors, this review first discusses the basic principles of 

the electrical double-layer (EDL), especially regarding the correlation between ion size / ion 

solvation and the pore size of porous carbon electrodes. We summarize the key aspects of various 

carbon materials synthesized for use in supercapacitors. With the objective of improving the 

energy density, the last two sections are dedicated to increasing the capacitance by either 

introducing pseudocapacitive materials or by using novel electrolytes that allow to increasing the 

cell voltage. In particular, advances in ionic liquids, but also in the field of organic electrolytes, 

are discussed and electrode mass balancing is expanded because of its importance to create 

higher performance asymmetric electrochemical capacitors.  
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1. Introduction 

 

Reducing fossil fuel consumption and greenhouse gas emissions has become a global objective 

and is recognized as an imperative for the sustainable development of economy and society. 

Electricity production from renewable energy sources and further improvement of energy 

efficiency are the most promising solutions for reaching these objectives. Most nations or 

multinational associations have devised plans to achieve this challenging goal; for example, the 

European Union has set a goal by 2020 to reduce greenhouse gas emissions by 20%, drawing 

20% of energy from renewable sources, and cutting the EU-wide energy use by 20%. 

Implementation of renewable energy sources, such as solar or wind energy, however, causes 

paramount challenges to power grid management and grid stability because of the large 

fluctuations in electricity generation that are completely decoupled from the actual energy 

demand. Various technologies exist or are being developed to achieve this task, ranging from 

mechanical, physical, thermal, chemical and electrochemical energy storage systems. 

Considering a reliable, stable, and sustainable large-scale use of renewable energy, batteries 

and/or supercapacitors play a key role for advanced and highly efficient energy storage and 

management. In general, lithium-ion and Ni/MH batteries are used for their relatively high energy 

density, while supercapacitors are applied for their high power density, this means the two 

devices might play complementary functions when they are hybridized. 

Currently both technologies require further optimization – with regards to employing 

environmentally safe and much more cost effective materials. Specifically research and industrial 

developments for supercapacitors are essentially oriented to improving the device’s energy 

density through the design of new electrode materials, new electrolytes, and new electrochemical 

concepts. As far as power is concerned, intelligent engineering of electrodes and whole device is 

most often more effective than designing complicated nanostructured materials. 
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Microporous carbons are the primary materials used to make supercapacitor electrodes. They 

have relatively high electrical conductivity, essential for power applications, and large specific 

surface area (SSA), necessary for enhancing the capacitance. They are mostly derived from 

sustainable, natural, abundant, low to moderate cost resources, an important factor for industrial 

applications. In addition, they are available in a wide variety of forms such as: powders, fibers, 

cloths, monoliths, nanotubes, nanospheres and so on. Carbon’s versatility allows the engineer to 

match the material characteristics exactly to a given application (e.g., flexible devices or large 

scale stationary systems). Carbons’ most attractive properties are their diversity of 

textures/structures and surface chemistries. By adjusting these parameters, altering the 

electrochemical performance of the materials and adapting them to various kinds of electrolytic 

media and system configurations is possible. 

This review describes the design of carbons and electrochemical capacitor systems based on 

carbon electrodes, with the objective to enhance the capacitance or/and voltage to improve the 

energy density of the device. First, the general properties of electrical double-layer capacitors, the 

optimization of capacitance and charge propagation will be introduced. The impact of carbon 

porosity and pore architecture will be discussed in detail and design strategies will be outlined. 

Then the different possibilities for enhancing capacitance, through fast redox reactions in protic 

electrolytes, are explained. In particular, it will be shown that new forms of carbons, such as 

nanotubes or graphene, are an excellent support for pseudocapacitive materials such as transition 

metal oxides and electrically conducting polymers. Finally, the possibilities of enhancing the 

voltage through the use of advanced electrolytes or hybrid system designs will be discussed. In 

all examples of supercapacitor systems, the material - electrolyte couple will be at the centre of 

discussion.  
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2. Electrical Double-Layer Capacitors (EDLCs) 

2.1 Introduction 

The main energy storage mechanism in supercapacitors arises from the reversible electrostatic 

accumulation of ions on the surface of porous carbon. The Helmholtz model (Ref. 
[1]

) describes 

the charge separation at the electrode/electrolyte interface when an electrode of surface area S 

(m
2
) is polarized. Under this condition, ions of opposite sign diffuse through the electrolyte to 

form a condensed layer a few nanometers thick in a plane parallel to the electrode surface 

ensuring charge neutrality. This accumulation of charges is called electrical double-layer (EDL). 

The potential in the vicinity of the electrode then decreases when the distance d (m) between the 

ions and the electrode increases (Fig. 1a). This simplified Helmholtz double-layer (DL) can be 

regarded as an electrical capacitor of capacitance C defined by Eq. (1): 

0H r

S
C

d
     (1) 

where ε0 is the vacuum permittivity (ε0 = 8.854·10
-12

 F/m), εr the relative permittivity of the 

dielectric electrolyte, and d is the effective thickness of the DL, often approximated as the Debye 

length. Considering the very large SSA of porous carbon electrodes (up to 3000 m
2
/g) and a 

Debye length in the range of <1 nm, the resulting capacitance of DL’s will be much higher than 

for flat plate capacitors.  

Since the Helmholtz model does not take into account several factors such as the diffusion of ions 

in the solution and the interaction between the dipole moment of the solvent and the electrode, 

Gouy and Chapman proposed a diffuse model of the EDL in which the potential decreases 

exponentially from the electrode surface to the fluid bulk (Fig. 1a).
[2]

 However, the Gouy-

Chapman model is insufficient for highly charged double-layers, and in 1924, Stern (Ref. 
[3]

) 

suggested a model combining the Helmholtz and Gouy-Chapman models by accounting for the 
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hydrodynamic motion of the ionic species in the diffuse layer and the accumulation of ions close 

to the electrode surface (Fig. 1c). These two layers are equivalent to two capacitors in series, CH 

(Helmholtz layer) and CD (diffuse layer), and the total capacitance of the electrode (CDL) is given 

by Eq. (2): 

DL H D

1 1 1

C C C
   (2) 

An electrical double-layer capacitor (EDLC) consists of two porous carbon, generally activated 

carbon (AC), electrodes in direct contact with the current collector and separated by a porous film 

impregnated with an electrolyte solution (Fig. 2). When an electric potential difference is applied 

between the electrodes, the negative charge carriers, electrons, in the negatively polarized 

electrode are balanced by an equal number of positive cations at the electrode/electrolyte 

interface, while the holes stored at the positively polarized electrode are electrically balanced by 

anions. Hence, a supercapacitor consisting of two electrodes is equivalent to two capacitors in 

series and the resulting capacitance (C) can then be expressed according to Eq. (3): 

1 1 1

C C C 

   (3) 

where C+, C-, and C are the capacitance (Farad = Coulomb/Volt) of the positive electrode, the 

negative electrode, and of the resulting device, respectively. 

To provide a basis for comparison between different electrode materials, it has become common 

practice to provide a specific (gravimetric) capacitance, which is related to the capacitance of one 

single electrode, CSP (F/g). In case of a symmetric system, where both electrodes are equal in 

mass, thickness, size, and material, the Eq. 4 can be used: 

SP

AM

4
C

C
m

   (4) 
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where mAM is the total mass of active material. While some authors subtract the amount of binder 

or other additives, it is more accurate to use the total mass of both dry electrodes. The factor 4 is 

related to normalization to the mass of one electrode for the two identical capacitors in series. 

The stored specific energy E (Wh/kg), also called energy density, in a supercapacitor is given by 

Eq. (5): 

2

max

2 3600

C U
E

m




 
 (5) 

where m (kg) is the mass of the supercapacitor and Umax (V) the maximum region of 

electrochemical stability. The normalization to the supercapacitor weight provides a basis for 

comparison with other devices, especially from an application point of view.  

The maximum specific power (W/kg) also depends on the maximal applicable voltage and is 

given by Eq. (6): 

2

max

4

U
P

ESR m


 
 (6) 

where ESR (Ω) is the equivalent series resistance of the system. The ESR corresponds to the sum 

of the resistances related to the ionic resistance of the electrolyte impregnated in the separator, 

the electronic resistance of electrodes, and interface resistances between electrodes and current 

collectors. Alternatively, the normalization can also be carried out by the device volume v (m
3
) 

rather than the mass m (kg), to provide a comparison for the compactness of energy and power 

devices. 

Due the purely physical formation of the EDL without electrochemical reactions, the charging of 

EDL capacitors (EDLCs) is very rapid. This fundamentally differs from batteries, where energy 

is stored through redox processes. In other words, EDLCs can deliver very high power densities 

(~15 kW/kg) compared to, for example, Li-ion batteries (up to about 2 kW/kg).
[4]

 However, the 

specific energy of EDLCs is much lower (5-8 Wh/kg) than that of Li-ion batteries (up to 180 



    

 8 

Wh/kg for commercial products).
[5]

 Therefore, a lot of research effort is devoted to increasing the 

energy density of supercapacitors through an optimization of capacitance and/or voltage, 

following Eq. (5).  

 

2.2 General Properties of Electrolytes for EDLCs 

Electrolytes used in supercapacitors are aqueous, organic, or liquid salts (commonly known as 

ionic liquids). The two main criteria for selection of an electrolyte are the electrochemical 

stability window and the ionic conductivity. The first is important to maximize the specific 

energy values (Eq. (5)), while the second has a major influence on the values of power (Eq. (6)). 

Acid-based (H2SO4) and alkali (KOH) aqueous electrolytes have a higher conductivity (up to 

~1 S/cm) compared to organic electrolytes (based on acetonitrile or propylene carbonate), giving 

the system a higher power performance. However, due to the narrow electrochemical stability 

window (1.23 V) of water, the operating voltage is relatively low (~1 V)
[6]

 and consequently, the 

energy that can be stored in the device is limited. Khomenko et al. 
[7]

 demonstrated it is possible 

to increase the operating voltage of carbon based supercapacitors in aqueous H2SO4 up to 1.6 V 

by using different optimized carbons as positive and negative electrodes and/or by balancing the 

mass of electrodes. It is important to note that, depending on the used carbon, the over-potential 

for electrolyte decomposition varies and temperature plays an important role in the degradation 

mechanism. To mitigate the corrosive character of the acid media, electrolytes with neutral pH 

have been investigated, and voltage values up to 2 V, with good charge/discharge cycle life, have 

been observed for symmetric AC cells in Na2SO4 and Li2SO4.
[8, 9]

 Neutral pH electrolytes have 

been also implemented in asymmetric capacitors with an AC negative electrode and a positive 

electrode from transition metal oxide, for example MnO2.
[10]
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Electrolytes composed of a salt dissolved in an organic solvent provide a wider electrochemical 

stability window in the range of 2.7 - 2.8 V compared to aqueous solutions. However, their ionic 

conductivity and the specific capacitance (100 - 150 F/g) are lower than for aqueous 

electrolytes.
[11, 12]

 The high cell voltage allows supercapacitors using organic electrolytes to 

deliver a higher specific energy than aqueous systems and for this reason the majority of 

industrial systems are currently produced with organic electrolytes. Propylene carbonate (PC) and 

acetonitrile (AN) are the most commonly used solvents in supercapacitors. Ue et al. 
[13]

 reported 

using PC as a solvent because of its wide electrochemical window and its resistance against 

hydrolysis; however, due to its high viscosity, the performance of supercapacitors prepared with 

PC is more sensitive to temperature variations compared to AN.
[14]

 Salts commonly applied in 

organic electrolytes are quaternary ammonium salts out of which tetraethylammonium 

tetrafluoroborate (TEA-BF4) is the most widely used for commercial supercapacitors. It is 

necessary to optimize the conductivity of the electrolyte by selecting the appropriate salt.
[15]

  

The graph in Fig. 3 illustrates how the electrolyte conductivity increases with increasing salt 

concentration up to a maximum.
[16]

 Beyond the maximum conductivity point, additional salt ions 

do not contribute to the conductivity of the electrolyte. Note that at 25 °C, TEA-BF4 shows a 

maximum conductivity in PC at a concentration of 1 M, while the other salts have higher 

conductivities for higher concentrations. Due to high costs, salts like EMI-BF4 (1-ethyl-3-

methylimidazolium tetrafluoroborate) or MEPY-BF4 (1-ethyl-1-methylpyrrolidinium 

tetrafluoroborate) are currently unsuitable for industrial applications. Instead, it is possible to use 

TEMA-BF4 (triethylmethylammonium tetrafluoroborate) at higher concentrations (2 M) yielding 

higher ionic conductivities and avoiding ion depletion during charging of large cells at high 

power.
[17]

 Another salt, TMPY-BF4 (tetramethylene-pyrrolidinium tetrafluoroborate), shows even 
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higher solubility in propylene carbonate which translates to a higher ionic conductivity, and it is 

already introduced to commercial applications.
[18]

 

Room temperature ionic liquids (RTILs) are molten salts that have been considered recently as a 

promising class of electrolytes in supercapacitors.
[19]

 Since no solvent is required, these 

electrolytes have a very low vapor pressure, limiting environmental exposure and preventing the 

risk of explosion. Other attractive properties are their stability at increased temperatures 

extending well beyond the ~80 °C limit of organic electrolytes and a broad electrochemical 

stability which appears superior to that of organic solvents.
[20]

 However, the ionic conductivity of 

RTILs, especially at room temperature, is generally lower than that of organic electrolytes,
[21]

 

reducing the power performance of supercapacitors. 

 

2.3 General Properties of Carbon Materials for EDLCs 

Carbon is one of the most abundantly available and structurally diverse materials, and most 

present-day EDLCs employ porous carbons as the active material. Abundantly available organic 

materials, including food waste
[22]

, are a particularly attractive natural resource for the production 

of carbon materials. ACs, such as those derived from coconut shells or charcoal, are the most 

common commercially used porous carbons.  

There is a general trend of increased capacitance with increased SSA, however the carbon 

structure including pore shape, surface functional groups, conductivity has to be considered as 

well. Activation of porous carbons, using CO2 or KOH treatment, improves the capacitance by 

increasing the surface area by opening pores that are closed, clogged, or obstructed.
[12]

 This has 

been shown for ACs,
[23]

 hydrothermally-derived hydrochars,
[24]

 carbide derived 

carbons(CDCs),
[25]

 and multi-wall carbon nanotubes (CNTs)
[26]

 , among others (see Ref. 
[27]

 for a 

more detailed review of this topic). In particular, SBET values of more than 3000 m
2
/g and pore 
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volumes in excess of 1.6 cm
3
/g

 
are reported for coal and semi-coke activated in KOH for 5 h at 

800 °C.
[23]

 Similarly, hydrothermal treatment of eucalyptus wood sawdust and subsequent KOH 

activation at 800°C yielded up to 2967 m
2
/g

 
SBET and a pore volume of 1.2 cm

3
/g.

[24]
 Activation 

with KOH of low-temperature chlorine treated carbide derived carbons, exhibiting comparatively 

small pores with pore walls consisting of disordered carbon, almost doubled the SBET from 

~1100 m
2
/g to ~2100 m

2
/g, while the capacitance increased by 15%.

[25]
 There are disadvantages 

to introducing too much porosity. In fact, a high surface area or large pore volume limits high 

power or energy density, and a very large porosity directly translates to low volumetric density 

resulting in moderate to low volumetric power and energy performance
[28]

.  

The International Union of Pure and Applied Chemistry (IUPAC) defines pores strictly according 

to their size as follows (Ref. 
[29]

): 

• Macropores:  larger than 50 nm 

• Mesopores:  between 2 and 50 nm 

• Micropores:  smaller than 2 nm 

Since the term micropores may be associated with micrometer-sized pores, some authors have 

preferred the term “nanopores” for pore diameters smaller than 2 nm; we, however, prefer to the 

IUPAC definition and adhere to it throughout the paper. 

All porous carbons display pore size dispersion, not just “one” pore size, which is characterized 

with an average pore size (d50, sometimes also called L0; defined as the pore size up to which 

50% of the pore volume is represented in a cumulative pore size distribution [PSD] plot). There 

are several chemical and physical processes used to tailor and optimize pore characteristics, 

especially for ACs.
[30]

 Considering the significant influence of the pore size on the capacitance, it 

is critical to understand the PSD of porous carbons and the techniques by which they have been 

measured. For example, PSDs can be determined from X-ray or Neutron scattering and gas 
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adsorption; the latter usually involves deconvolution of the adsorption isotherms with DFT using 

either non-local (NLDFT) or quenched-solid (QSDFT)
[31]

 or grand canonical Monte Carlo 

simulations.
[32]

 The DFT-based deconvolution of adsorption data is widely used; however, such 

calculations are complicated because: 

i. knowledge of the pore geometry (e.g., slit-shape, cylindrical, spherical) is required for the 

model-dependent calculations; 

ii. the heat of adsorption is often used as a fixed parameter rather than being determined 

independently for an actual sample.  

From studies on CDCs, it has been shown that the pore shape
[33]

 and heat of adsorption
[34]

 varies 

as a function of the synthesis temperature, therefore functions describing these variations have to 

be incorporated in the DFT calculations. In this context, the term “average pore size” might be 

misleading for porous carbons because it does not reflect (i) the magnitude, and (ii) the modality 

of the pore size dispersion, for example, the width of the PSD and the number of distribution 

maxima. Only carbons with a narrow PSD, such as CNTs, many CDCs, and some ACs, exhibit a 

meaningful “average” pore size (d50), while most porous carbons exhibit a much more random 

distribution.  

 

2.4 Effect of Carbon Structure and Porous Texture on EDLC Performance  

2.4.1 Introduction  

In Section 2.3, carbons were introduced as the material traditionally used in EDLCs and AC is 

ubiquitous in commercial devices. The porous texture of carbon materials, described by the SSA, 

PSD, and pore volume, as well as the presence of heteroatoms, confers a diverse range of 

material properties. It is important for device design to understand the effect the porous texture 

has on EDLC performance. To get an idea of how ions are adsorbed on the surface of AC, it is 
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necessary to conceptualize a structural and textural model. Early studies on carbons from 

R. Franklin in 1951, using X-ray diffraction data, proposed to distinguish two classes: non-

graphitizable and graphitizable carbons.
[35]

 ACs are part of the first class because they are unable 

to form a repetitive stack of graphene sheets even after treatment at 3000°C. The first 

transmission electron microscopy imaging of a non-graphitizable carbon prepared from 

polyvinylidene chloride (PVDC) by Ban et al. 
[36]

 in the 1970s suggested a ribbon type 

structure/texture as illustrated in Fig. 4a.  

To explain the textural entanglement of non-graphitizable carbons, it has been proposed that 

some carbon atoms in the graphene structure are actually sp
3
-hybridized.

[37]
 Harris et al. 

suggested that ACs have structural fragments resembling fullerenes, that is, the graphene 

structure includes pentagons and/or other non-hexagonal rings,
[38, 39]

 giving rise to curvatures as 

shown in Fig. 4b. The presence of pentagonal rings was confirmed by transmission electron 

microscopy (TEM) on the commercial AC “Norit GSX” post-treated at 2000°C
[40]

 and it has been 

suggested that these rings were already present in the original AC because the heat treatment is 

more favorable to the development of aromatic rings. This work can be correlated with the 

Monte-Carlo modeling of the porosity of microporous carbons, where the presence of pentagonal 

and heptagonal rings helping for the curvature of the graphene sheets was demonstrated.
[41]

 

Early studies trying to correlate the EDLC performance with the porous texture suggested a linear 

dependence between the specific capacitance and the SSA
[42]

 calculated from the Brunauer-

Emmett-Teller (BET) method.
[43]

 It was assumed that the SBET is the same as the surface area of 

the electrode/electrolyte interface in Eq. (1). Typically, there is a general correlation for small 

SBET values, but the capacitance becomes almost constant for values higher than 1200 - 1500 

m
2
/g. The BET method often overestimates the SSA for carbons therefore, Barbieri et al. applied 

the density functional theory (DFT) method to estimating SSA and showed a slightly better 
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correlation, but there is still a plateau for values higher than 1500 m
2
/g.

[44]
 To understand this 

trend, it was suggested that for carbons with high SSA the pore walls may become too thin to 

provide complete charge screening of ions in adjacent pores, in contrast to the low porosity 

carbons which have thicker walls. A similar observation was made for single graphene sheets 

suspended in an electrolyte, where the capacitance per unit area (F/cm²) decreased when the 

electrolyte had access to both faces of the graphene sheets; correspondingly, the areal capacitance 

was higher when only one side of graphene was exposed to the electrolyte. 
[45]

 

To get a more complete understanding of the capacitance properties and the correlation between 

the SSA and capacitance, other porous texture parameters must be explored. The respective sizes 

of ions and pores and the way the pores are connected may strongly influence the values of 

capacitance, particularly under high operating current densities found in supercapacitors. 

Moreover, the size of the solvated or partially desolvated ions under polarization differs from the 

molecular probes (N2, CO2) commonly used for characterizing the porosity via gas adsorption. 

Thus, the calculated SBET may not sufficiently reflect the “effective” surface area and porous 

characteristics for carbon materials.  

 

2.4.2 Ion Sieving  

New aspects have to be considered when decreasing the pore size of the carbon materials to the 

range of the ion sizes present in the system. Using carbons with an average pore size approaching 

the size of hydrated ions, Aurbach et al. demonstrated it was possible to selectively electrosorb 

ions based on size.
[46-48]

 They defined this as ion sieving. In the three-electrode cyclic 

voltammograms (CVs),
[49]

 where the potential of the working electrode is controlled versus a 

reference electrode, three situations (Fig. 5) can be differentiated: 
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i. A typical capacitive rectangular-shape of CV with MgSO4 electrolyte when the average 

pore size (0.58 nm) of the carbon material is significantly larger than the size of ions. 

ii. For a smaller pore size carbon (0.51 nm), the current is negligible in all the potential 

range, because both Mg
2+ 

and SO4
2-

 ions are larger than 0.51 nm. 

iii. When the size of one of the electrolyte ions is larger than the average pore size, the 

capacitive current is negligible in the corresponding part of the voltammogram, while it 

becomes important for the other part associated with the counter ion smaller than the 

pores. This is the case for Li2SO4 and MgCl2 aqueous electrolytes with the carbon of 

average pore size 0.51 nm. The triangular shape and the narrowing of the two 

voltammetry curves confirms the adsorption of the small ions (Li
+
 or Cl

-
) into the pores 

and the absence of adsorption of the larger ions (SO4
2-

 or Mg
2+

, respectively) on the other 

side of the point of zero charge. 

 

The electrosorption and insertion of a certain ion in pores of different sizes does not necessarily 

lead to the same capacitance, even not for materials of comparable SBET values. In fact, the 

capacitance will be controlled by the relationship between the average pore size and the effective 

size of ions. Such processes can be studied by means of cyclic voltammetry and in the case where 

the average pore size is slightly smaller than the size of the ions, it is possible to force their 

insertion into the pores by slowing down the scan rate applied. In this case, ion sieving also 

results in increased, yet reversible swelling of the pore network, as shown by electrochemical 

dilatometry
[50]

 and electrochemical atomic force microscopy.
[51]

 However, if the average pore 

size is substantially less than the size of the ions of the electrolyte, a decrease or even 

disappearance of the capacitive current is observed on the cyclic voltammograms. 



    

 16 

Using carbons with pores of size less than 0.7 nm, Noked et al. have demonstrated that the 

geometry of ions from aqueous solutions has an impact on their electrosorption.
[48]

 Planar 

solvated ions, like NO3
-
, are adsorbed in slit-shaped pores, while spherical solvated ions, such as 

Cl
-
, are excluded. A similar study was carried out with Na

+
, Ca

2+
, and Mg

2+
 which showed that 

electrosorption of hydrated monovalent sodium ions in micropores is preferred while the 

hydrated bivalent cations are excluded.
[46]

 

The sieving effect was also evidenced by studying the capacitance of an AC in a series of 

solvent-free ionic liquids (ILs) of increasing cation size.
[52]

 Unlike for organic or aqueous 

electrolytes, ions in ILs are not solvated enabling a more direct approach to interpret the 

capacitance properties by comparing the size of pores and ions calculated by molecular modeling. 

It was found that the overall porosity of the carbon is noticeably underused, because an important 

fraction of the pores are smaller than the effective size of the cations. Hence, the dimensions of 

pores and ions must match to each other.
[52]

 

Comparable results were obtained when keeping the same ionic liquid (1-ethyl-3-

methylimidazolium-bis(trifluoromethylsulfonyl)imide, EMI-TFSI) and using a series of 

microporous carbons with average pore width in the range of 0.65 to 1.1 nm.
[53]

 The ion sizes, 

calculated along the longest expansion, are 0.79 and 0.76 nm for TFSI
-
 and EMI

+
, respectively. 

The plot of normalized capacitance versus average pore size in Fig. 6 shows a capacitance 

increase when the average pore size decreases from 1.1 to 0.7 nm, and a decrease of capacitance 

below ~0.7 nm, that is when the pore size becomes smaller than the longest dimension of both 

types of ions. It must also be noticed that the results reported in Ref. 
[52, 53]

 are consistent with the 

assumption that the IL cations are vertically aligned, that is, with their largest dimension 

perpendicular to the pore walls. In this orientation, more ions can occupy the available active 

surface of the pores, i.e. the electrosorbed charge carriers are more closely packed.  
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2.4.3 Ion Desolvation  

In the case of solvent based aqueous or organic electrolytes, the effective ion size is larger due to 

the solvation shell as compared to the ion itself. Pores too small for ions to enter are to be 

avoided for the rational design of porous carbon electrodes in EDLCs. However, the optimum 

pore size yielding the best EDLC performance is more difficult to identify. For templated 

carbons, Vix-Guterl et al. 
[54]

 showed that the capacitance is proportional to the ultra-micropore 

volume (pores smaller than 0.7 - 0.8 nm) measured by CO2 gas sorption, in both aqueous and 

organic media (Fig. 7). Taking into account the size of solvated and desolvated 

tetraethylammonium (TEA
+
) and tetrafluoroborate (BF4

-
) ions in AN, listed in Table 1, it was 

demonstrated for a two-electrode set-up that at least partial desolvation of ions is necessary to 

enable their access into the pores. The sieving effect is more important for the negative electrode, 

where the cations are trapped, than for the positive one meaning that the cell capacitance is 

essentially controlled by the negative electrode according to Eq. (3).  

Desolvation has been confirmed with ACs or CDCs homologous series of varying average pore 

size in organic (TEA-BF4 in AN) and aqueous (KOH and H2SO4) electrolytes. The capacitance, 

normalized to SBET (m
2
/g)

[55],[56]
, increases when the average pore size decreases as seen in Fig. 8. 

In organic electrolyte, it reaches its highest value for average pore size around 0.7 -0.8 nm, which 

corresponds approximately to the size of the desolvated TEA
+
 ion (0.67 nm). The sharper 

increase with CDCs as compared to ACs could be attributed to the generally claimed narrower 

PSD of CDCs.
[57]

 Initially, ion desolvation in confinement of small micropores had been 

proposed based on electrochemical measurements; however, recently published data based on 

nuclear magnetic resonance (NMR) also clearly confirm the occurrence and importance of ion 

desolvation for the system of 1 M TEA-BF4 in AN.
[58]

 We note that the correlation between pore 
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size and capacitance is still under investigation with disagreeing research findings and 

interpretations.
[59]

 

The specific capacitance has been further determined in a two-electrode cell with a silver 

reference electrode using TEA-BF4 in AN as a function of the average pore size.
[60]

 The specific 

capacitance of the system (Ctotal) shows a maximum around 0.7 nm (Fig. 9), leading the authors 

to confirm a partial desolvation of TEA
+
 and BF4

- 
ions. The maximum capacitance of the positive 

electrode (C-, attracting anions) is at a pore size value greater than that observed for the negative 

electrode (C+, attracting the cations) (Fig. 9), because the anions are less bulky than the cations. 

Hence, removal of the solvent from the solvation sphere plays an important role in the 

mechanism of energy storage. The drop in capacitance for carbons which average pore size is less 

than 0.7 nm (Fig. 9) is explained by the sieving effect when pores become smaller than the size 

of desolvated ions. 

The capacitive behavior of microporous carbons with a very narrow PSD (carbide-derived 

carbons - CDC, especially TiC-CDC; Ref. 
[61]

) and with an average pore size (d50) ranging from 

0.68 to 1.0 nm has been studied using a cavity microelectrode in a three-electrode set up with 

TEA-BF4 dissolved in either AN or PC.
[62]

 It was found that the size of the electrosorbed cations 

and anions is larger in PC than in AN. The comparison of the size of the adsorbed ions deduced 

from these measurements to the solvated ion size demonstrates that, in both solvents, ions have to 

be at least partially desolvated to enter the pores. This correlation, along with a maximum 

capacitance for an average pore size of 0.75 nm was corroborated by modeling using classical 

DFT calculations.
[63]

 It is also important to consider the pore wall / solvent interactions. As one 

example, Boukhalfa et al. have shown that the accessibility for small micropores varies greatly in 

1M aqueous sulfuric acid, as a result of different solvent / carbon wall interactions and solvation 

behavior, when substituting H2O with D2O.
[64]
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Apart from capacitance limitations, too narrow pores may also contribute to an increased ESR, 

and consequently a decrease of power; especially if the carbon is exclusively microporous, the 

equivalent resistance is rather high.
[65]

 For a series of carbons with average pore size less than 

1 nm in 1.5 M TEA-BF4 dissolved in AN, the diffusion resistance of the BF4
-
 ion is the same for 

all carbons.
[66]

 In contrast, the diffusion resistance of the larger TEA
+
 ions increases as the pore 

size decreases. Hence, carbons with subnanometer-sized pores are recommended for enhancing 

ions trapping, but a small proportion of mesopores (i.e., pores between 2 and 50 nm) is necessary 

to reduce the diffusion resistance. This is reflected in the high power handling ability of 

templated CDCs which combine a large volume of micropores with the presence of ordered 

mesopores.
[67]

 Optimized pore architecture of templated carbons has shown to be a critical factor 

to enable application at very low temperatures where limited ion mobility is a major limitation to 

the energy storage mechanism.
[68]

 

The capacitance increase which occurs when the pore size decreases (Fig. 8)
[55]

 cannot be simply 

modeled by the Helmholtz model (Eq. (1)). Therefore, Huang et al. have proposed models where 

the ionic species enter the pores partially desolvated and arrange in lines within the entire pore 

length.
[69]

 In the mesopores (2 to 50 nm), solvated ions approach the pores wall and form an 

electrical double-cylinder capacitor (EDCC) of capacitance given in Eq. (7a) and Eq. (7b): 
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where L is the pore length and b and a are the radii of the outer and inner cylinders, respectively 

(Fig. 10). In such case, the effect of pore size and pore curvature becomes prominent as 

compared to the distance d between ions and pore wall. 
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In the case of micropores, desolvated or partially desolvated counter ions line-up to form an 

electrical wire-in-cylinder capacitor (EWCC), which capacitance is given by Eq. (8):  

0

0

ln

rC

S bb
a

 


   
 

 (8) 

where a0 is the radius of the inner cylinder (effective size of counter ions) and b the micropore 

radius. 

In the case of macropores (>50 nm), the pore diameters are large enough so that pore curvature is 

no longer significant; the classical Eq. (1) can be applied. The increase of normalized capacitance 

observed in Ref. 
[55, 56]

 for pores smaller than 1 nm can be fitted by the application of equations 

(7b) and (8). 

 

2.4.4 Pore Saturation  

When designing carbons with subnanometer-sized pores, it was demonstrated that the porosity of 

carbon could be saturated with electrolyte ions for high voltage values in 1.5 M TEA-BF4/AN 

electrolyte.
[70]

 Fig. 11a shows the cyclic voltammograms of two-electrode cells built from two 

ACs, namely APC (SDFT = 1434 m
2
/g; average pore size: 0.7 nm) and AVC (SDFT = 2160 m

2
/g; 

average pore size: 1.4 nm). Whereas AVC shows a typical rectangular voltammogram in the 

whole voltage range, for APC the capacitive current dramatically decreases at voltage higher than 

1.5 V, although most pores of the later carbon have presumably an optimal size.
[56]

 For the APC 

carbon, the charge determined by integration of the voltammogram is approximately equal to the 

theoretical maximum charge storable in the pores larger than the desolvated cations, leading the 

authors to propose that the reduction of the capacitive current is due to the saturation of the pore 

volume accessible to ions.
[70]

 By contrast, in the case of AVC, the theoretical value of charge is 

larger than the experimental one, demonstrating that for this carbon the porosity is not saturated, 
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at least for the maximum voltage value reached in this experiment. During galvanostatic cycling 

at 960 mA/g, the porosity saturation is reflected for APC by the non-linear shape of the “voltage-

time” curve, whatever the current density (Fig. 11b).  

In order to confirm this interpretation, the microporous carbon AVC has been used with 0.5 M 

solutions of symmetrical quaternary ammonium bis(trifluoromethylsulfonyl)imides in AN - 

denoted as [R4N]
+
[Tf2N]

-
 - where R is n-C2H5, n-C3H7, n-C4H9, n-C5H11 substituents of 

increasing size.
[71]

 The voltammograms of two electrode cells showed that the capacitive current 

normalized by the mass of one electrode is the same for all ions up to a voltage of 1 V. While the 

voltammograms did not show any decrease in capacitive current at high voltage for the 

tetraethylammonium-based salt, a current decrease could be distinguished for the tetrapropyl-, 

tetrabutyl-, and tetrapentylammonium-based salts as the charging progresses, and this decay is 

more pronounced for the gradually bulkier cations. It has also been shown that the galvanostatic 

characteristics deviate from linearity at progressively lower voltage and to a higher extent as the 

size of the cation’s alkyl substituent increases.
[71]

 Such behavior of AVC carbon with 

[R4N]
+
[Tf2N]

-
 solutions in AN can be as-well interpreted as porosity saturation, similarly to the 

above case of tetraethylammonium tetrafluoroborate and APC carbon.  

These results demonstrate that if the pore size is adjusted to the size of ions, the pore volume may 

become saturated by electrolyte species, limiting the maximum operating voltage and the energy 

stored in the supercapacitor. Therefore, it is not enough to design carbons with the pore size 

compatible with that of ions, but it is also necessary that the porosity be sufficiently developed to 

accommodate a maximum number of ions. These two constraints are partly antagonistic, because 

the development of porosity generally results in an enlargement of pores or a broadened PSD. 

The latter has been shown to be detrimental to achieve high energy density values. 
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2.4.5 Distortion, Insertion/Intercalation, and Trapping of Ions 

Besides desolvation, other effects might occur when the pore size of carbons approaches or is 

even lower than the size of desolvated ions. For example, an unexpectedly high capacitance of 92 

F/g has been observed in TEA-BF4/AN electrolyte using a microporous carbon with average pore 

size centered at 0.58 nm and with 63% of its pores smaller than the size of the desolvated TEA
+
 

ion (0.68 nm).
[72]

 To explain this behavior, it was suggested that distorted cations penetrate in the 

pores under the effect of the electric field, showing slightly smaller dimensions that their 

computed rigid size. For some TEA
+
 conformations, a size smaller than the average pore size of 

the carbon has been computed.
[72]

 

Through electrochemical dilatometry measurements with a three-electrode configuration in TEA-

BF4/AN, Hahn et al. observed variations in size of the AC working electrode (Fig. 12). The 

expansion is larger at negative polarization, with for example 0.6 % at -1.35 V versus immersion 

potential (ip), while it is less than 0.2 % for a positive polarization of 1.15 V versus ip. When the 

potential is swept from -2 to 2 V versus ip, the expansion is greatly amplified, and reaches 3% 

and 2% for the negative and positive polarization, respectively.
[73]

 Considering that TEA
+
 cations 

are larger than the BF4
-
 anions, the differences of expansion observed between the two polarities 

are related with the insertion of ions in the electrode material. Taking into account the relatively 

low value of expansion, it might be anticipated that both distortion 
[72]

 and intercalation/insertion 

[73]
 of ions can occur in ACs. 

With supercapacitors made from microporous carbon electrodes in TEA-BF4/PC electrolyte, 

Aurbach et al. showed that the cations of the electrolyte could be trapped irreversibly in the pores 

after charging to 2.3 V and then keeping the system at this voltage for 1000 h (i.e., floating) at 

50 °C.
[74]

 After the floating period, each of the electrodes was tested separately in a three-

electrode cell. The voltammogram of the negative electrode in its operating range shows a loss of 
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capacitive current, C-, while the capacitive current of the positive electrode is the same before and 

after floating (Fig. 13). However, if the negative electrode is polarized to about 4.2 V versus Li, 

there is an intense anodic peak attributed to desorption of TEA
+
 ions trapped in the porosity 

during floating. The lower capacitance of the negative electrode after floating could be related 

either to the adsorption of TEA
+
 ions in narrow micropores or their intercalation in disordered 

graphene clusters.
[75]

 The floating parameters such as temperature and voltage can also affect the 

capacitance of the system and/or an electrode depending on the solvent used.
[76]

 Similarly, the 

formation of decomposition products, which could be accumulated in the pores, may play a 

role.
[76-78]

  

A similar effect has been observed with CDC with an average pore size of 0.68 nm, using a 

cavity microelectrode as working electrode in a three-electrode set-up with a 2 M EMI-TFSI/AN 

solution.
[79]

 When the scan is limited to the EMI
+
 electrosorption potential range (blue plot in 

Fig. 14), the cyclic voltammogram displays a rectangular shape typical for DL behavior. 

However, at potential higher than 0.7 V versus reference, the current dramatically drops down on 

the positive scan, demonstrating that the accessible pores are saturated with the TFSI
-
 ions (red 

plot in Fig. 14). On the reverse scan, a cathodic peak appears at 0.25 V versus reference and is 

attributed to the electrostatic repulsion of the TFSI
-
 anions which were forced to enter the small 

pores during the positive potential scan. This trapping is related to the form factor 

(length/thickness ratio) of the TFSI
-
 ions that forces them to orient and align in order to penetrate 

into the porous network. 

In conclusion, the desolvation, distortion, intercalation/insertion and trapping of ions all 

simultaneously occur during/charging supercapacitors in organic electrolyte. These effects added 

to the operating conditions of supercapacitors may reduce the voltage window, due to porosity 

saturation, or accelerate aging. Therefore, the study of the relationship between supercapacitor 
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performance and the texture/structure of carbons in the electrodes remains a research topic 

relevant for the optimization of these systems. Studies with single wall carbon nanotubes and 

ACs in organic medium by Kimizuka et al.
[80]

 and Ruch et al. 
[81]

 have shown that the porous 

texture of carbons is not solely responsible for their electrochemical properties. The increase of 

capacitance and decrease of electrical resistance observed under high polarization of single wall 

carbon nanotubes could be related to electrochemical doping resulting in a shift of the Fermi level 

toward the valence band or the conduction band of the graphene layers during charging; this 

explains the "butterfly" shape of three-electrode cell voltammograms. As this behavior is also 

observed in the case of ACs,
[81]

 the single-layer modeling proposed by Harris et al.
[38]

 is fully 

relevant (Fig. 4b). The electrochemical doping is dependent on the carbon structure, which 

makes interpreting the distribution of ions in the micropores during charging of supercapacitors 

much more difficult. 

 

 

3 Design of Carbon-based EDLC Electrodes 

 

3.1 Tailoring Pore Characteristics and Particle Size 

From the foregoing, the control of the pore characteristics of electrode materials for EDLCs is a 

key performance parameter. Therefore, variations in the synthesis routes of porous carbons have 

been established to leverage new insights into ion transport behavior and to optimize the device 

performance. As one example, the major advantage of some CDCs, such as TiC-CDC or SiC-

CDC, compared to many other porous carbons, is the high level of control over a narrowly 

distributed PSD and d50 as a function of the precursor and synthesis temperature - especially in 

the critical pore size range between 0.5 and 1.0 nm.
[61]

 As a result, the maximum specific 
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capacitance of CDC supercapacitors is rather large (e.g., 140 F/g for TiC-CDC in 1 M TEA-BF4 

in AN).
[24, 82]

 

Another group of tunable materials are templated carbons
[83]

 which usually employ zeolites 

(ZTC, Fig. 15)
[84]

 or silica
[83, 84]

 as sacrificial scaffold. Work by Matsuoka et al. 
[85]

 illustrates that 

very high SBET values (3360 m
2
/g) can be achieved, with the majority of the pores ranging 

between 1 and 2 nm. Zeolite templated carbons have been used successfully as a model system 

for the study of EDLC performance.
[86]

 This “hard” templating involves a number of synthesis 

steps, which can be broken down in (i) synthesis of the template itself, (ii) infiltration with carbon 

or a carbon-containing precursor, and, finally, (iii) removal of the skeletal template (Fig. 15a). 

Typical zeolites used for carbon templating are zeolite Y or X; also, SBA-15 and MCM41 are 

often employed for silica templating yielding ordered mesopores. The ordered pore structure of 

ZTCs and silica templated carbons are in contrast to the largely disordered pore networks of ACs 

or CDCs. In particular, silica templating (i.e., hard templating) has attracted attention as a way to 

obtained mesoporous CDC with an ordered pore structure.
[87]

 The reported specific capacitance 

of templated carbons varies and typical values range between 100 and 190 F/g.
[88]

 

Compared to the synthesis of CDCs or CNTs, and in particular ACs, templating is rather 

elaborate, resulting usually in lower carbon yields and inherently higher costs. An alternative 

templating method to hard templating is soft templating
[89]

 using resorcinol formaldehyde as the 

carbon source and self-assembly of block copolymers (BCPs; especially triblock copolymers) as 

the template.
[90]

 As shown in Fig. 15b, after a film of polystyrene-b-poly(4-vinylpyridine) (PS-

P4VP) and resorcinol-formaldehyde has been cast on a substrate (step 1), phase separation is 

initiated by annealing at 80°C in a DMF/benzene atmosphere (step 2). After polymerization and 

cross-linking in formaldehyde gas (step 3), the material is then pyrolysed under nitrogen flow so 

that a film of ordered hexagonal carbon channels can be obtained after the block copolymer has 
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fully decomposed (step 4). Adjusting the pyrolysis temperature from 400 to 800°C yielded a SSA 

ranging from 624 to 1354 m
2
/g and an average pore size ranging from 7.4 to 5.9 nm; also, 

samples pyrolyzed at 800 °C still showed a high oxygen content (17.4 wt.%).
[90]

 This high level 

of control of the pore size and pore alignment is useful to provide optimized transport pathways 

for ion transport and to optimize the EDLC device performance. 

As we have seen, ion transport is a limiting parameter for high charge/discharge rates in EDLC 

devices. While low ionic conductivity can be a feature of the electrolyte,
[19]

 effective ionic 

transport is closely related to transport limitations within porous carbon particles.
[91, 92]

 Thus, 

while using the same electrolyte, the ion transport can be facilitated by either using very small 

particles (nanoparticles or thin films) to decrease the diffusion length, or utilizing hierarchical 

porosity.  

Different studies 
[67, 93]

 have demonstrated that the EDLCs performance of CDCs depends not 

only on the PSD but also on the particle size. Nanoparticulate CDCs (20 - 30 nm) exhibit easier 

ion transport through the porous particle compared to CDCs with average particle size of 6 - 

20 µm, and a clear trend of increased power (and energy) density with decreased particle size was 

established.
[93, 94]

  

Transport-optimized 3D pore networks have been already the focus of research activities; for 

example, Keil and Rieckmann calculated an optimized porous material for catalysis 

applications.
[95]

 Hierarchical pore networks decrease transport limitations, resulting in an 

improved performance beyond the field of catalysis and into applications such as high-

performance liquid chromatography (HPLC) separation.
[96]

 Hierarchical meso- and microporous 

carbons have been created by using templated mesoporous carbides to obtain CDCs that exhibit 

both, ordered mesopores for improved ion transport and, through chemical etching, micropores 

for improved ion storage (Fig. 16a). As a first step, ordered mesoporous (OM) carbides, such as 
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SiC
[97]

 and WC/C composites,
[98]

 were obtained by SBA-15 templating, known as nanocasting. In 

the second step, OM carbides are transformed into porous carbons via thermal halogenation (i.e., 

chemical etching).
[87]

 Ordered mesoporous CDCs maintain the ordered nature of the mesopores 

from the carbide precursors (Fig. 16b) while introducing a large micropore volume to the total 

porosity (Fig. 16c); such OM CDCs exceed conventional CDCs in power handling ability and 

measured capacitance (Fig. 16d). Compared to the performance of ~170 F/g at ~1 A/g, ordered 

mesoporous SiC-CDCs synthesized at 700 °C exhibit only a 15 % reduction in the capacitance in 

a full cell experiment at a current density of 18 A/g in 1 M TEA-BF4 in AN.
[67]

 

Another kind of hierarchical porous carbon has been reported by Wang et al.
[99]

: hierarchical 

porous graphitic carbon (HPGC). After mixing Ni(OH)2 with phenolic resin, followed by 

carbonization at 600°C and removal of the metal oxide scaffold with 3 M HCl solution, porous 

carbons can be obtained. While 43% of the pore volume is associated with micropores, there are 

two more maxima in the PSD at approximately 20 and 60 nm, indicating there is a hierarchy of 

pores in the system. The capacitance of the HPGC is 270 F/g in 6 M KOH and is likely the 

product of EDL and pseudocapacitance, as it cannot be accounted solely by the moderate SSA of 

970 m
2
/g. Nevertheless, compared to conventional ACs, these materials display high capacitance 

at high current densities, up to 50 A/g, and scan rates up to 100 mV/s.  

Porous carbon fibers represent a special class of hierarchical porosity containing interfiber and 

intrafiber pores. For example, activated carbon fibers (ACF) derived from polyacrylonitrile 

(PAN), phenolic-resin, or pitch-based carbon fibers, have been investigated as supercapacitor 

electrode materials. Yoshida et al.
[100]

 established the feasibility of using high surface area 

phenolic-resin based fibers with SSA up to ~2500 m
2
/g as active electrode materials in coin cells 

with a capacitance of up to 119 F/g in TEA-BF4/AN.
[101]

  Even higher values for SBET (2832 

m
2
/g) were reported for ACFs by Leitner et al. and, using a three electrode setup, a maximum 
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capacitance of 175 F/g was measured in 5.25 M H2SO4.
[102]

 An upper limit to carbon fiber 

activation was discussed by Yoon et al., where over-activation in KOH at 1000°C leads to fiber 

structural collapse which was associated with decreased electrochemical performance.
[103]

 

Electrospinning of a spin dope containing n-butoxide (TiBO) and furfuryl alcohol combined with 

pyrolysis under neutral atmosphere (producing TiC/C composite fibers) and subsequent chlorine 

treatment yields mechanically stable and flexible ultrathin TiC-CDC fibers mats
[28]

 which exhibit 

micro- and mesopores.
[104]

 Such CDC fiber mats showed a beneficial power handling ability in a 

two electrode setup: starting with 135 F/g in aqueous and 120 F/g in 1 M TEA-BF4/AN at low 

scan rates, there was a fade in capacitance of approximately 50% at 5 V/s. However, such fiber-

electrodes show usually a moderate or low volumetric capacitance, such as only 19 F/cm
3
 in the 

case of CDC fiber mats because of the low density of the electrode (~ 0.14 g/cm
3
). 

 

3.4 Exohedral Carbon EDLC Electrodes 

Another strategy for high power EDLC electrodes is the use of dense nanoparticles with only an 

external surface area and positive surface curvature, such as capped CNT or onion-like carbon 

(OLC, also known as carbon onions), which provide abundant interparticle pores. In such 

systems, the SSA remains significantly smaller compared to porous carbons and limited by the 

particle size. Typically, these exohedral carbons exhibit SBET of only 300-500 m
2
/g, and 

correspondingly, they show usually a moderate capacitance of only 20 - 100 F/g. Yet, the highly 

graphitic nature and external surface area makes these materials suitable for fast charge and 

discharge applications.
[105-107]

 

In general, exohedral carbons have the intrinsic ability to enable high power density and 

normalized capacitance. The positive curvature of tubes or spheres of the exohedral carbon 

family (carbon onions and CNTs) facilitates DL formation, and the reduced electrical field near 
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spherical or cylindrical surfaces (Fig. 17b) decreases the driving force for counter-ion adsorption 

and co-ion desorption.
[108, 109]

 This effect is more pronounced for spheres compared to tubes, and 

increases as the curvature increases (Fig. 17a).
[108]

  

As seen, curvature or, when considering surfaces in general, nanotexture, is a parameter of 

particular importance for the resulting energy density. It has been shown for different carbon 

surface structures in carbon nanofibers that layers of graphitic carbon oriented parallel to the 

surface show a lower specific capacitance compared fibers with a roughened surface with 

tubular- or herringbone-like structures on the surface.
[110]

 These findings, derived from 

experiments carried out in 0.5 M H2SO4, are qualitatively well in agreement with simulation 

results of nanopatterened carbon electrode surfaces; for the latter, N-methyl-N-

propylpyrrolidinium bis(fluorosulfonyl)imide was used and, compared to the flat surface, the 

roughened electrode showed a significantly higher normalized capacitance (F/m
2
), that is, even 

when the larger total surface area was considered.
[111]

 

Capped CNTs are the most commonly known and widely investigated exohedral carbon material 

and can be envisioned as one-dimensional carbon wires. Oxidized MWCNTs (SBET: 430 m
2
/g) in 

6 M H2SO4 aqueous electrolyte exhibit a capacitance of 102 F/g
[112]

 and later studies show 

moderate intrinsic capacitance (18-137 F/g) for single-wall and multi-wall CNTs in 6 M KOH 

aqueous electrolyte.
[113]

 Activation, for example with KOH, increases the capacitance of 

MWCNTs but it usually comes with the trade-off in power handling ability and power 

density.
[114, 115]

  

High purity single-wall CNTs were claimed to open a large usable voltage window of 4 V in 

TEA-BF4/PC with a specific capacitance of ≈160 F/g
 
at current densities up to 20 A/g.

[116]
 These 

values would correspond to a power density of 210 W/g and an energy density of 0.094 Wh/g, 

which is significantly larger than AC electrodes tested in the same electrolyte at a smaller 



    

 31 

maximum voltage window (60 W/g and 0.033 Wh/g). However, cycling stability has not been 

demonstrated for such high cell voltages and it is unlikely that long term performance of actual 

devices is possible under such extreme conditions. 

Besides capped CNTs, OLC (Fig. 17C) is another group of exohedral nanocarbons used as 

electrode material for EDLCs.
[117]

 Carbon onions can be envisioned as spherical (quasi zero-

dimensional) nanoparticles. There exist a number of ways to synthesize carbon onions, but the 

most facile technique is to derive OLC from detonation nanodiamond via thermal annealing in 

vacuum.
[107]

 Carbon onions obtained from this process have been studied in the microcavity 

electrode (MCE) and even though this method does not reflect the performance of macroscopic 

films or assembled EDLC devices, it still documents the high power handling ability of carbon 

onions.
[118, 119]

 For thin film systems, OLC EDLC performance has been studied up to 200 V/s, 

and as documented by MCE testing in 1 M H2SO4, the synthesis conditions significantly 

influence the power and energy density of carbon onions.
[118]

 Low vacuum annealing (1200°C) 

yields onions that, when tested at a scan rate of 2 V/s, yielded a capacitance of 4.7 F/cm
3
; 

increasing the annealing temperature to 1800°C resulted in a decrease of the capacitance 

(≈3 F/cm
3
). However, the current density and power handling ability increased with higher 

annealing temperatures because they are related to the intrinsic electrical conductivity of the 

material.  

The moderate intrinsic capacitance of CNTs and OLCs, have motivated the use of these 

exohedral carbon nanomaterials as an alternative to carbon black (CB) conductivity additive, 

rather than active electrode materials. As shown in 1 M LiClO4/ethylene carbonate - diethyl 

carbonate electrolyte, small addition of multi-wall CNTs (3 wt.%) to AC yielded a capacitance 

and power handling ability comparable to AC mixed with 9 wt.% CB;
[120]

 this effect can be 

explained by the improved electron transport along the nanotubes, compared to isolated spherical 
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CB particles. A compromise between energy and power density was found by adding 15 wt.% of 

CNTs to AC electrodes tested in 1 M TEA-BF4/AN;
[121]

 the addition of CNTs lowers the 

capacitance because of their low SSA, while the ESR decreases as the content of the highly 

conductive CNTs increases.  

OLC as a conductive additive was described in Ref. 
[122]

 where soft templated ordered 

mesoporous carbons were blended with carbon onions, and the electrochemical performance in 

AN with 1.8 M triethylmethylammonium-tetrafluoroborate evidenced a lower ESR and, hence, 

an improved power handling ability. In particular, adding 5 wt.% of OLC yielded a lower ESR 

than when 25 wt.% of CB was added to the mesoporous carbon which may be related to the finer 

dispersion of the carbon onions in the electrode.
[122]

 In agreement with these results, the addition 

of 10 wt.% carbon onions to AC supported on a polyester microfiber substrate lowered the device 

resistance from 9 to 3.5 Ω.
[123]

 

 

3.5 Carbon Thin Film EDLC Electrodes 

EDLC ratings, especially when normalized to the volume and not to the weight, are sensitive to 

the compactness of the porous carbon electrode. Eliminating interparticle spaces and, at the same 

time dead weight / dead volume, provides a higher volumetric device performance. While 

matching pore size to ion size is beneficial for capacitance, this improvement is attenuated as the 

electrode’s thickness increases. As shown by Chmiola et al.,
[124]

 varying the film thickness of 

monolithic TiC-CDC films drastically decreases the volumetric capacitance (Fig. 18a). A 5 µm 

thick film yielded a specific capacitance of ≈160 F/g in 1 M H2SO4 and ≈180 F/g in 1 M TEA-

BF4/AN, but these values dropped by approximately 50% for the aqueous and by more than 80% 

for the organic electrolyte for a 50 µm thick CDC film with the exact same porosity. These 

examples show that diffusional limitations are more severe for larger ions / more viscous 
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electrolytes, and films which are monolithic and consisting only of microporous carbons must be 

very thin to fully benefit from an increased volumetric power and energy density. Similar 

limitations were observed when increasing the thickness of printed CNT-based electrodes to 

more than 5 µm when comparing the performance in 1 M H2SO4 with a gel electrolyte.
[125]

 

There are two manufacturing approaches to making carbon thin film supercapacitors: top-down 

and bottom-up. Top-down, involves synthesis of a carbon precursor, such as carbides, and 

conversion into carbon. This has been shown for CDC derived from monolithic TiC
[124]

 and TiC 

thin films deposited with magnetron sputtering on glassy carbon, highly-oriented pyrolytic 

graphite (HOPG), sapphire, or thermally oxidized silicon.
[126]

 Such films can be patterned so that 

interdigitated electrodes are obtained (Fig. 18b) and a gold coating on top of the CDC layer can 

be utilized as the current collector. A similar approach was recently reported by using low-

pressure chemical vapor deposition (CVD) of silicon carbide (SiC) thin films.
[127]

 On-chip 

integrated devices obtained from partial graphitization (reactive plasma etching) yielded an 

approximately 1 µm thick SiC-CDC layer on top of SiC exhibiting a very low time constant 

(τ = 62 ms).
[127]

 The time constant (RC time constant) is defined as the product of resistance and 

capacitance (τ = R·C) and it is representative of the time required to charge or discharge a 

capacitor by 63.2 % (i.e., 1 - 
1
/e), 

The bottom-up approach involves the selective deposition of nanoparticulate carbons on a current 

collector; the latter may be patterned, so that the interdigitated feature described before can be 

utilized. Printing
[125]

 or electrophoretic deposition
[92, 115]

 have been used to obtain thin film 

supercapacitor electrodes based on CNTs and OLC. Such patterned thin film electrodes have 

become known as “micro-supercapacitors” and their manufacturing and performance was 

documented for OLC and AC
[92]

 thin films (5 - 7 µm thick). While the OLC micro-supercapacitor 

displayed a very short time constant (26 ms) in combination with a small decrease in the 
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capacitance up to a scan rate of 200 V/s, the AC-based device exhibited a larger time constant 

(700 ms) and lower power handling ability (up to approximately 20 V/s; tested in 1 M TEA-

BF4/PC). We note that 200 V/s is two orders of magnitude higher than the usual limit for 

conventional AC film electrodes. Also, because of the low surface area of OLC, the AC micro-

supercapacitor had an energy density approximately one order of magnitude larger than the OLC-

based one (≈0.04 Wh/cm
3 

versus 0.001 Wh/cm
3
); the latter had a significantly larger power 

density (≈250 W/cm
3
 versus ≈40 W/cm

3
). 

Cost and production considerations are important also for the advancement and implementation 

of micro-supercapacitors. Noticeably, a very facile way for mass production of micro-

supercapacitors was recently introduced via the use of a CO2 laser
[128]

 or a LightScribe DVD 

burner, where 100 employing laser-scribed graphene (LSG) devices were fabricated in 30 

minutes.
[129]

 Such micro-patterned and flexible systems showed a high volumetric capacitance of 

3.05 F/cm
3 

when using a hydrogel polymer electrolyte (poly(vinyl alcohol-H2SO4) and 2.35 

F/cm
3
 when employing a fumed silica / IL ionogel (all values for a stack of 16 interdigitated 

micro-electrodes).
[129]

 

While preferred orientation is not a concern for OLC (as they are spherical particles), this is not 

the case for CNTs. Electrophoretic deposition, for example, yields randomly oriented CNTs 

without any periodicity (Fig. 19a), while well-oriented patterns of vertically aligned multi-wall 

CNTs (VA-MWCNTs) can be obtained via chemical vapor deposition (CVD, Fig. 19c). 

Laterally, even complex pattern are possible for VA-CNT films, as shown in Fig. 19b; such 

nanotube meshes can be obtained by growing the CNTs in a prefabricated template, such as a 

glass substrate that was patterned by photolithography to yield a regular array of hexagonal 

holes.
[130]

 Maintaining a vertical alignment with respect to the substrate, as shown in Fig. 19c, 

enhances electron transport to the current collector, while direct deposition decreases the contact 
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resistance.
[131]

 As shown in Ref. 
[132]

, mostly vertically aligned CNTs can be synthesized on 

carbon paper (i.e., sheets of carbon fibers with a diameter of 7 µm). Although such films were 

relatively thick (500 µm), a high power handling ability up to 150 A/g was documented in 

1 M H2SO4 (~250 F/g @ 2 A/g; ~180 F/g @ 150 A/g = -28%); yet, the power handling ability 

was significantly lower in an organic electrolyte (1 M TEA-BF4/AN; ~170 F/g @ 2 A/g; 

~124 F/g @ 30 A/g = -27%). 

The utilization of thin VA-MWCNTs films (≈20 µm thick) on aluminum in combination with an 

ionic liquid mixture (1:1 mixture of N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide, 

PIP13FSI, and N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide, PYR14FSI) has been 

documented up to 20 V/s between 20 and 100 °C, and up to 50 mV/s at -50 °C.
[131]

 Such thin VA-

MWCNT films did show a stable capacitance when comparing low (-50 °C) with high 

temperature performance (+100 °C); in contrast a 200 µm thick OLC film, tested under the same 

conditions, did show a significant drop in capacitance and increase in series resistance when ionic 

mobility dropped at low temperatures. Considering the high power handling ability of OLC 

micro-supercapacitors, this must be related to transport limitations at increased film thickness. 

The ultimate carbon thin film system, of course, is monolayer graphene. There has been 

tremendous excitement stimulated by the promising properties of graphene (high surface area, 

2,630 m
2
/g, high electron mobility, etc.), and first graphene EDLC electrodes have been reported. 

Ref. 
[133]

 exemplified the utilization of chemically modified graphene (CMG; Fig. 20a) yielding 

135 F/g in 5.5 M KOH and 99 F/g in 1 M TEA-BF4/AN (94 F/g in PC). CMG, however, yielded 

in this early study a relatively low BET SSA (705 m
2
/g) with a nitrogen content of 4 at.% and an 

oxygen content of 8 at.%. A similar performance was reported for graphene films derived by 

reducing graphene oxide, and the best performance was seen for a thin graphene electrode 

(25 nm: 135 F/g; 100 nm: 103 F/g in 2 M KCl) deposited on a polyethylene terephtalate (PET) 
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substrate.
[134]

 High power density (up to ≈10 kW/kg at 8 A/g for a 4 V window) was measured for 

low loading (6.6 mg for a 1.3 cm
2
 electrode) of graphene flakes (Fig. 20b) in EMIM-BF4.; yet, no 

cycling stability was documented for such a large operational cell voltage.
[135]

 Miller et al.
[136]

 

documented a time constant of 200 µs with a 600 nm thin electrode of vertically aligned graphene 

in KOH (3 F/cm
3
), enabling line filtering applications at a 120 Hz frequency (Fig. 20c) and 

approaching the response rate of electrolytic capacitors. High SSA reduced graphitic oxide (SBET: 

2687 m
2
/g) has recently been reported to yield up to 220 F/g in 1 M TEA-BF4/AN in a three 

electrode setup.
[137]
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4. Pseudocapacitance and Carbon Electrodes 

 

4.1 Introduction 

Besides tailoring the pore size and total pore volume, the achievable maximum capacitance of 

conventional EDLCs remains limited, and high energy density supercapacitors require a different 

technological solution. One strategy to increase the capacitance is related to pseudocapacitive 

phenomena at the electrode/electrolyte interface. Pseudocapacitance typically originates from 

materials such as conducting polymers,
[138, 139, 140, 141]

 transition metal oxides,
[7, 142-144, 145, 146-148]

 

carbons enriched in heteroatoms (oxygen, nitrogen),
[149-152, 153, 154]

 or microporous carbons with 

electrosorbed hydrogen.
[54, 155, 156, 157, 158, 159, 160, 161, 162]

 In addition to electrode materials, 

pseudocapacitance can also originate from redox reactions of the electrolyte species.
[163-166, 167]

 In 

the following sections, examples of pseudocapacitive materials mainly their composites with 

carbon and redox species active at carbon/electrolyte interface will be discussed. 

 

4.2 Conducting Polymers / Carbon Composites  

Electrically conducting polymers (ECPs) such as polypyrrole (PPy), polyaniline (PANI), 

polythiophene (PTh), poly[3-methylthiophene] (PMTh), or poly[3,4-ethylenedioxythiophene] 

(PEDOT) can store and release charges through redox processes associated with the π-conjugated 

polymer chains.
[138, 139, 140, 141]

 When oxidation (= doping) occurs, ions from the electrolyte are 

transported to the polymer backbone, and released back into the solution during reduction 

(= dedoping). The doping/dedoping process, as shown in Eq. 9 for PPy, involves the entire 

electrode material, enabling high values of specific capacitance.  
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PPy A e PPy A           (9) 

The insertion/extraction of counter ions during cycling causes volumetric changes of conducting 

polymers that may contribute to mechanical degradation (swelling, breaking, shrinkage) of the 

electrode.
[132, 134]

 Hence, the application of a moderate amount of CB, carbon fibers, CNTs, or 

graphene to improve the mechanical properties of the electrodes is crucial.
[140, 141, 168, 169, 170, 171]

 

Furthermore, they also enhance the electrical conductivity of electrodes. Among these materials, 

multi-wall or single-wall carbon nanotubes have the advantage of an electrically conducting and 

flexible network; also, the mesopores (between the nanotubes) facilitate ion diffusion that is 

critical to the doping process. ECP/CNTs nanocomposites can be obtained by electrochemical or 

chemical polymerization of monomers. When comparing these two methods, we see that the 

latter is less expensive and often more convenient. 

The applied voltage is the key factor influencing the specific capacitance of supercapacitors 

based on ECP/CNT nanocomposites.
[141]

 When the same ECP/CNT material is used for both 

electrodes, it shows a poor cycling stability if the maximum voltage exceeds some limit. Beyond 

this limit, one electrode reaches a potential at which the ECP is electrochemically unstable and 

the performance degrades.
[141]

 Taking into account that ECP/carbon composites only operate 

reversibly in a narrow range of potential, their optimal application requires an asymmetric 

configuration, realized by selecting different types of ECPs for positive and negative electrodes 

or combining them with another electrode material such as AC or a metal oxide. This approach 

extends the operating voltage and consequently, higher energy and power densities can be 

achieved.
[7, 144]

 
[172]
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4.3 Metal Oxide / Carbon Composites  

Transition metal oxides are also considered as attractive materials to achieve high energy storage 

in supercapacitors. Among them, ruthenium oxide (RuO2) exhibits very high capacitance, good 

electrical conductivity, excellent electrochemical reversibility, high rate capability, and long 

cycling life. However, the cost, the lack of abundance, and toxicity has made it necessary to find 

alternative materials, and significant attention has been devoted particularly to manganese oxide 

(MnO2) because of its environmentally friendly character and large abundance.
[7, 142-144, 145, 146-148]

 

The electrochemical performance of MnO2 is strongly affected by its texture, and various 

methods have been applied to prepare oxide with an optimized architecture. Microporous hydrous 

MnO2 has been studied by the organic-aqueous interfacial method,
[147]

 and the SSA and PSD 

were controlled by adjusting the reaction time and the concentration of surfactant in the aqueous 

phase. MnO2 synthesized by this method demonstrated a capacitance of 261 F/g with good 

cycling; however, the performance was limited to very low charge/discharge rates (0.5 mA/cm
2
) 

because of the low electrical conductivity.  

Almost pure manganese oxide (λ-MnO2) has been obtained through lithium exclusion from the 

layered structure of spinel-type LiMn2O4 using 0.5 M aqueous H2SO4, and most of the lithium 

ions could be removed from the tetrahedral sites while preserving the framework of spinel.
[148]

 

Even if the final product has a very low SSA (SBET = 5 m
2
/g), high values of capacitance (300 

F/g) were measured, but only at moderate discharge current (100 mA/g). 
[148]

 

Another method for preparing MnO2 is the oxidation of a Mn
2+

 salt by a strong oxidant. In this 

case, amorphous a-MnO2 has been precipitated on CNTs by adding Mn(OAc)2·4H2O to a KMnO4 

solution.
[146]

 Scanning electron microscopy (SEM) showed that the CNTs acted as the substrate 

with an extremely good adhesion of the oxide layer. Such textural characteristics are useful for an 
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easy access of ions to the bulk of the active material whereas the mechanical properties of CNTs 

are beneficial for a good resiliency of the composite electrodes and an enhanced electrical 

conductivity.  

Generally, the pseudocapacitive properties of amorphous manganese oxide (a-MnO2·nH2O) are 

attributed to the redox exchange of protons and/or cations with the electrolyte as shown in Eq. 10 

(Ref. 
[143]

): 

   x x ny y n
MnO OH nH ne MnO OH 

 
    (10) 

where MnOx(OH)y and MnOx-n(OH)y+n indicate interfacial a-MnO2·nH2O in higher and lower 

oxidation states, respectively. Symmetric two-electrode capacitors built with a-MnO2/CNTs 

composite electrodes demonstrated a dramatic decrease of cell resistivity from 2000 Ω·cm
2
 to 

4 Ω·cm
2
 and an increase in capacitance from 0.1 F/g to 137 F/g after adding 15 wt.% of CNTs. It 

has been also shown that 15 wt.% of CNTs is an optimal ratio more beneficial than using CB, 

with the latter being the commonly used material as conductive additive in electrodes.  

A lot of research has been dedicated to optimize the SSA of oxides through a hierarchical 

structure of the composite. The oxide component was placed on carbon nanotubular support in 

various exotic forms such as nanorods, nanoflowers, nanoflakes.
[91, 171, 173, 174]

 For instance, 

flower-like shaped MnOx has been deposited on a CNT array with a resulting SSA of 236 m
2
/g. 

As an effect of the hierarchical morphology,
[148, 204] 

the high density of this composite (1.5 cm
3
/g) 

allows a great volumetric capacitance of 305 F/cm
3
 to be reached and due to such accessible 

porous morphology of the composite a capacitance of up to 100 F/g has been observed even at a 

high current load of 77 A/g.  
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These studies show that only nanostructured carbon/MnO2 composites with an optimized SSA 

and good dispersion of oxide yield a high performance. Furthermore, it is important to employ 

such materials only within the electrochemical stability window, as exemplified by the Pourbaix 

diagrams for aqueous electrolytes (i.e., potential versus pH-value).
[175]

 Commonly, the 

composites are used as positive electrode in an asymmetric configuration with AC, conducting 

polymer or another oxide at the negative electrode. 

Besides Ru- or Mn-based oxides, the advantages of using CNTs as the substrate for 

nanocomposite electrodes have also been shown with other pseudocapacitive materials, such as 

nickel, cobalt, vanadium, and iron oxides.
[170, 174]

 However, achieving high performance and high 

stability in pseudocapacitors based on transition metal oxides remain a challenge. The surface 

and bulk redox phenomena involve diffusion processes that preclude high rate performance from 

these materials. Additionally, the limited electrical conductivity of most oxides is at the origin of 

further problems that can be mitigated by blending carbon, preferentially CNTs or graphene, to 

the materials. Some novel advanced composites based on two pseudocapacitive materials, for 

example, metal oxides and conducting polymers together with CNTs have also been 

developed.
[176]

 The resulting specific gravimetric capacitance of, for instance, 

PEDOT/CNT/MnO2, can reach over 400 F/g especially with functionalized nanotubes and 

moderate regime whereas 200 F/g was obtained at 3.3 A/g charge/discharge rate with satisfactory 

charge retention and cycling stability (1000 cycles).
[213]

 For the same ternary composites, a 

maximum capacitance of 280 F/g at 200 mV/s scan rate was indicated. 
[211]

  

In summary, Fig. 21 shows the advantages of depositing pseudocapacitive materials (ECPs and 

oxides) on CNTs arrays in order to get a synergy of the two components and superior capacitive 
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properties. In particular, it illustrates the usefulness of mesoporosity for ions access and resiliency 

of electrodes.  

 

4.4 Pseudocapacitance of Carbons with Heteroatoms  

4.4.1 Introduction  

A greatly increased capacitance can also be obtained by using different types of faradaic 

reactions originating from oxygen and nitrogen heteroatoms in the carbon network.
[101, 143- 148, 171-

174]
 Such pseudocapacitive effects additionally accompany the typical electrical double-layer 

charging and they can be connected with either quick faradaic reactions of functional groups or 

also with a local modification of the electronic structure of the doped carbon. In this case, the 

decrease of gap between the conduction and valence bands enhances conductivity, in turn, ions 

sorption due to an increase of local free electrons.
[162]

 When using carbons enriched in 

heteroatoms, special attention should be paid to an optimal selection of the doped material 

depending on the electrode polarity. Some oxygenated functional groups, for example, quinone-

hydroquinone redox pairs, play a significant role for the electrode of positive polarity,
[105, 177, 178]

 

preferably in acidic media, whereas quaternary nitrogen seems to be an optimal functionality for 

the negative electrode operating in alkaline medium.
[218] 

 

4.4.2 Oxygen-Enriched Carbons  

Introducing oxygenated functionalities in the carbon network can greatly enhance the 

capacitance.
[105, 177, 178]

 A common method to achieve a highly oxygenated carbon is to choose a 

suitable oxygen rich precursor for carbonization or post-treatment of carbon in strongly oxidative 

atmosphere.  
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Carbon materials with a high performance, for example, were obtained by one-step carbonization 

of a seaweed biopolymer, such as sodium alginate, without further activation.
[177]

 Although 

sodium alginate has a structure very close to the structure of cellulose, its thermal behavior is 

different; while the thermal decomposition of cellulose comes to a completion at 400 °C, alginate 

still shows a significant weight loss associated with CO evolution between 700 and 900 °C. 

Pyrolysis of sodium alginate at 600 °C under argon flow yielded a slightly microporous (SBET = 

273 m
2
/g) material which contains a high amount of oxygen (15 at.%) retained in the carbon 

framework. Despite this low value of SBET, the capacitance in 1 M H2SO4 reaches up to 200 F/g - 

a value comparable to the best available ACs. The contribution of pseudocapacitance was 

confirmed with cyclic voltammetry by the presence of reversible redox peaks connected with the 

quinone/hydroquinone pair, and involving a proton-coupled electron transfer of two electrons and 

two protons.
[177] 

Pyrone-like structures (i.e., the combination of non-neighboring carbonyl and 

ether-oxygen atoms at the edge of the graphene layers) can also effectively accept two protons 

and two electrons in the same electrochemical potential range as the quinone/hydroquinone 

pair.
[179]

 Consequently, in the carbon obtained from sodium alginate, the high value of 

capacitance is related with charge transfer reactions on the quinone, phenol, and ether groups.
[177]

 

The resulting material has also a high density and a good electrical conductivity that yields a 

volumetric capacitance higher than for highly porous carbons and fast charge/discharge rates 

without requiring the presence of conductivity additives in the electrodes. Further research has 

been performed on the carbon from a pure seaweed precursor.
[178]

 Special types of seaweeds 

(Lessonia Nigrescens) rich in alginate (30-40%) after carbonization at 600 °C pointed out 

interesting capacitance properties because of a well-balanced micro/mesoporosity. The relatively 

high BET SSA (746 m
2
/g) was originated from metallic elements present in precursor being 

responsible for self-induced activation. The final carbon of higher density than typical ACs 
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exhibited a great capacitance of 264 F/g in 1 M H2SO4 with long durability at 1A/g current load. 

Additionally, improved power handling was obtained by incorporating CNTs in the seaweeds 

before the thermal treatment.
[180]

 

 

4.4.3 Nitrogen-Enriched Carbons  

Nitrogen enriched carbons can be obtained by ammoxidation of nanoporous carbons
[181]

 or by 

carbonization of nitrogen-rich polymers followed by steam activation.
[149, 153]

 However, since one 

of the reactions involved in these procedures occurs in oxidative conditions, oxygen is also 

incorporated together with nitrogen in the carbon network and it is difficult to assess completely 

the measured values of capacitance to the unique contribution of the nitrogenated functionality. 

Nevertheless, a correlation has been found between capacitance and the nitrogen content for a 

unique series of nitrogen enriched carbons prepared by carbonization of polyacrylonitrile (PAN) 

or pitch/PAN and pitch/polyvinylpyridine blends, followed by steam activation (Fig. 22). These 

samples of comparable porosity (SBET  800 m
2
/g) demonstrate a capacitance proportional to the 

nitrogen content in aqueous medium, whereas it was almost constant in an organic aprotic 

electrolyte.
[149]

 This dependence shows the important role of protons for pseudocapacitive effects. 

The enhancement of capacitance with the nitrogen content in H2SO4 medium is interpreted by 

pseudofaradaic reactions due to the nitrogenated functionality as exemplified in Fig. 23. 

Another nitrogenated carbon composite has been obtained by one-step carbonization of PAN 

blended with carbon nanotubes (70/30 wt.%) at 700 °C.
[182]

 The relatively high capacitance of 

100 F/g in contrast to a moderate SSA of 220 m
2
/g is related to the presence of nitrogen. The 

beneficial effect of nitrogen in composites with an incorporated nanotubular backbone has clearly 

been demonstrated using melamine as nitrogen-rich (45 wt.%) carbon precursor.
[154]

 Such carbon 
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composites have been obtained by polymerization of melamine with formaldehyde without any 

catalyst in the presence of a controlled amount of multi-wall CNTs. The polymerized blends were 

carbonized at 750 °C for one hour under nitrogen flow to give composites with various 

proportions of components (see Table 2). The results of elemental analysis showed that the 

nitrogen content in the final product varies from 7.4 to 21.7 wt.% and the oxygen content varied 

in all the samples from 5.9 to 7.8 wt%. The porosity characteristics of all the composites are 

illustrated in Table 2 and correlated with their capacitance properties. Fig. 24 shows that the 

ability for charge accumulation in 1 M H2SO4 diminishes with the increase of current density, but 

the composite from melamine, formaldehyde (proportion 2:1) and carbon nanotubes, i.e., sample 

Nt+2M+F is still able to supply a capacitance of 60 F/g at a high current density of 50 A/g. The 

high charge propagation of this composite can be explained by the fast electronic transport along 

the CNTs which are preserved after the carbonization process. Albeit the positive effects of 

nitrogen, such as improved capacitance and wettability, it is important to note that an excess of 

nitrogen (presumably over 15%) aggravates the conducting properties, and in turn, the 

capacitance characteristics and the supercapacitor cyclability. 

Apart from aqueous 1 M H2SO4, attention has been also devoted to other aqueous electrolytes, 

such as 6 M
 
KOH or 1 M Na2SO4, and an organic electrolyte, for example 1 M TEA-BF4 in AN. 

The best performance of Nt+2M+F (101 F/g) is observed in acidic solution, slightly exceeding 

the alkaline one (92 F/g). In organic solution (35 F/g) and in neutral aqueous Na2SO4 (26 F/g), 

the capacitance values are relatively low due to the absence of pseudo-faradaic reactions in these 

media and to the low SSA of the electrode material (SBET = 393 m
2
/g).

[148]
 

The correlation between the nitrogen content in carbons with the electron density of states (DOS) 

has been studied with molecular quantum calculation. As a result, it was reported that the energy 
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gap between the conduction and valence bands affected by the nitrogen content was qualitatively 

correlated with the electronic conductivity and capacitance properties of the composite.
[162]

 

Other routes were proposed to prepare nitrogenated carbons using N-rich precursors. With 

melamine polymerized in mica 
[150]

 followed by ammonia treatment,
[151]

 the highest capacitance 

values have been obtained in KOH medium (280 F/cm
3
 equal to 198 F/g), whereas values of 152 

F/cm
3
 equal to 115 F/g were measured in sulphuric acid. A very high capacitance (340 F/g) has 

been reached using templated carbons from acrylonitrile pyrolysis in NaY zeolite.
[183]

 This high 

value results from the synergy between the highly developed surface area of the material and the 

pseudofaradaic reactions related to the presence of the nitrogenated functional groups. Another 

approach is based on the nitrogen plasma treatment of graphene and a high capacitance values of 

circa 280 F/g was reported which was 4-times higher than for the pristine graphene.
[155]

 

 

4.5 Electrosorbed Hydrogen in Porous Carbons 

Pseudocapacitive properties can also be observed for nanoporous carbons through the reversible 

electrosorption of hydrogen in aqueous media. In that case, during the negative polarization of an 

electrode, water is reduced and nascent hydrogen is adsorbed in the material and, finally, the 

adsorbed hydrogen is desorbed by anodic oxidation.
[54, 155, 156, 157, 158, 159, 160]

 

Hydrogen sorption/desorption in a carbon electrode can proceed at high current loads, leading to 

interesting application for the negative electrode of ECs. However, while EDL charging takes 

place in a short time-scale of micro to milliseconds, hydrogen pseudocapacitance requires slightly 

longer time because of diffusion limitation typical for faradic reactions.  
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Hydrogen electrosorption can be performed on AC cloth or powder. The most important 

parameters of the carbon material controlling hydrogen storage are, among others, the volume of 

micropores and the PSD, a contribution of mesopores, surface functional groups, electrical 

conductivity, and the number of surface defects. Experiments on carbons with a controlled 

hierarchical micro/mesoporosity 
[54, 158, 159]

 have shown that hydrogen capacity expressed in H 

wt% can be increased. Presence of mesopores is profitable as the place for water decomposition 

(reduction) whereas micropores are suitable for hydrogen sorption.  

Fig. 25 presents CVs which have been obtained with a microporous AC cloth (ACC) electrode in 

6 M KOH.
[184]

 The various loops have been recorded with a stepwise shift of the negative 

potential cut-off. For electrode potentials higher than the onset of the thermodynamic value 

corresponding to water decomposition (i.e., -0.924 V versus Hg/HgO, in 6 M KOH), the box-like 

shape of the curves confirms the reversible charging of the electrical double-layer. The increase 

of negative current which is observed from the third loop, that is, when the potential cut-off is 

lower than the equilibrium potential, indicates that the faradaic water decomposition starts 

gradually to take place according to Eq. (11): 

2H O e H OH     (11) 

The nascent hydrogen formed in Eq. (11) is partly fixed on the nanopores surface as in Eq. (12): 

xC xH CH   (12) 

whereas another part may recombine to form H2 molecules.  

Eq. (13) summarizes the overall process: 

2 xC xH O xe CH xOH      (13) 
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where <C> and <CHx> stand for the carbon substrate and for hydrogen inserted into this 

substrate, respectively. As a consequence, during the anodic scan, the positive current recorded 

above the equilibrium potential increases, being related with the electro-oxidation of hydrogen 

trapped in ACC pores. During the oxidation step, the Eq. (13) runs in opposite direction. 

When the negative potential cut-off decreases, the positive current due to hydrogen oxidation 

increases, and the corresponding hump shifts towards more positive potential values (Fig. 25). 

The high over-potential for hydrogen oxidation reveals either strong hydrogen trapping in the 

carbon material or severe diffusional limitations.  

Taking into account that electrochemical hydrogen trapping takes place essentially in micropores 

smaller than 0.7-0.8 nm 
[54, 155, 156, 157]

 and that the tortuous pore network may slow down the 

desorption process from these pores, this may explain the improved tendency to reversibility at 

low scan rate. A careful analysis of the CVs at various scan rates supplies information on the 

reversibility but also supports the assumption of weak <C>-H chemical bonding. Weak chemical 

bonding of hydrogen has been also indicated by thermoprogrammed desorption (TPD) analysis 

on ACC obtained after hydrogen insertion by galvanostatic charge.
[151]

  

Since hydrogen seems to be stabilized in the carbon substrate by weak chemical bonds, the self-

discharge is not important.
[157, 159]

 Moreover, the capacity of carbon electrode increases at 

enhanced temperatures because the amount of hydrogen stored increases and the desorption 

potential is decreased. Therefore, reversible hydrogen electrosorption in porous carbon electrodes 

in aqueous medium is attractive for the construction of asymmetric capacitors which associate a 

negative carbon electrode storing hydrogen and a positive electrode in the form of carbon or 

composite based on MnO2 or a conducting polymer.
[7, 144]

 Such supercapacitors in aqueous 

medium can operate with a good cycle life at voltage values as high as 1.6 V. It has also been 
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demonstrated that even better performance (1.6 - 2.0 V) can be reached with symmetrical AC/AC 

capacitors using alkali sulfates as electrolyte.
[8, 185]

 Taking into account the high electrical 

conductivity of the positive carbon electrode compared to any MnO2-based composite, this new 

concept represents a great advantage for high power applications.  

 

4.6 Faradaic Reactions originated from the Electrolyte 

The enhancement of capacitance by pseudocapacitive charge storage can be also achieved by the 

application of redox-active electrolytes instead of using the electrode material as a source of 

redox reactions. In this case, the electrolyte is the main source of capacitance because of various 

oxidation states of the electrolytic species (e.g., iodine, bromine, hydroquinones).
[164-166, 167, 168]

 

Taking into account that the faradaic reactions proceed at the electrode/electrolyte interface, the 

selection of an optimized carbon material is important.  

The electrochemical behavior of the carbon/iodide interface has been demonstrated to yield 

beneficial performance in supercapacitor application.
[164]

 Efficient charge storage is based on the 

specific sorption of iodide ions as well as stable reversible redox reactions connected with 

various possible oxidation states of iodine from -1 to +5. The solutions based on iodide ions play 

a dual role, that is, they show a good ionic conductivity as well as undergo faradaic reactions. It is 

important to note that the domain of iodide ions in the Pourbaix diagram is moderately stable in 

the range of water stability with a possibility of various oxidation states depending on the applied 

potential and pH value.  
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The 1 M KI solution applied in the experiments has a neutral pH value close to 7. In such a case, 

the following reactions, especially from Eq. (14a-d), could be considered as source of 

pseudofaradaic effects.  

33 2I I e     (14a) 

22 2I I e    (14b) 

3 22 3 2I I e    (14c) 

2 2 36 2 12 10I H O IO H e       (14d) 

Iodine easily dissolves in the aqueous iodide solution forming the I3
- 

complex. The potential 

range measured experimentally in the capacitor by CV and galvanostatic technique (Fig. 26-27) 

agrees with the thermodynamic values of the reactions presented before.
[163]

 From both 

characteristics, it is well seen that this effect of iodide ions is observed for the positive electrode 

operating in a narrow range of potential and giving extremely high capacitance values exceeding 

1840 F/g (estimated from integrated area of the voltammetry curve). As opposed to typical 

pseudocapacitive effects from electrode materials, for example oxides, which are often 

characterized by some diffusion limitations and observed only at moderate regimes, this two-

electrode system can be loaded up to 50 A/g still supplying 125 F/g.  

Very high capacitance values of the carbon/iodide interface have been proved during long-term 

cycling at a high current density of 1A/g and the cyclability is greatly affected by the type of 

metallic collector used for the cycling tests. In the case of gold collectors, a capacitive decrease 

of less than 20% was observed after 10000 cycles, whereas in the case of stainless steel, an 

increase occurs from 235 F/g during the first cycles up to 300 F/g after 10000 cycles. A shift of 

the operating potentials has been shown experimentally for both electrodes through additional 
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potential measurements after cycling and this process may explain this effect. The negative 

electrode with lower capacitance values operates in a more narrow range, while the operating 

potential range of the positive electrode, with high capacitance values, is extended to the negative 

direction.  

The application of the carbon/iodide electrochemical system represents a new concept in 

supercapacitor development. This bi-functional iodide electrolyte, which ensures ionic 

conductivity and supplies pseudocapacitive effects, has advantages because it is inert, neutral in 

pH, and environmentally friendly. It gives an additional benefit concerning the choice of the 

current collectors and different metallic foils can be considered for this target but obviously 

stainless steel is the most suitable candidate.  

Apart from iodides, interesting properties have been obtained when bromides are applied as 

electrolyte,
[165]

 serving also as a source for pseudocapacitance. Among all halides, the iodide ions 

are the most environmentally friendly and because of its rich variety of oxidation states, iodine is 

probably the most suitable halide for this sort of energy storage. 

In order to circumvent the disadvantage of low capacitance of the negative electrode in the 

halide-based systems, a new concept using two different electrolytes acting as conjugated redox 

couples has been developed.
[167]

 Basically, the halide electrolyte is used for the positive electrode 

and another redox pair operates on the negative side (with a suitable separator between both 

electrodes).  

Due to the high redox activity of vanadium-based aqueous electrolytes, these species were 

selected as candidates for pseudocapacitance source at the negative electrode. In the literature, a 

high activity of vanadium-based species is reported mainly in acidic solutions,
 
which severely 

restrict their commercialization because of the prohibitive price of corrosion-resistant current 
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collectors (like gold or platinum). For this reason, neutral (pH = 7) aqueous electrolytes were 

applied, according to the pragmatic rule that supercapacitors will see growth only when the costs 

fall. Drawing on the experience of pure iodide-based electrolyte and the high redox activity of 

vanadium-based systems, 1 M potassium iodide (KI) has been applied as electrolyte for the 

positive electrode and 1 M vanadyl sulphate (VOSO4) solution for the negative one (Fig. 28, ).
187 

Both electrolytes act as conjugated redox couples with AC electrodes (SBET ≈ 2520 m
2
/g). In 

some cases, because of their mesoporosity and high electrical conductivity, CNTs (10 wt.%) have 

been added to improve the electrodes performance (Fig. 29). The two electrodes are soaked in the 

appropriate electrolytes and separated by a Nafion
®
-117 membrane, to avoid mixing of the 

electroactive electrolytic species. Comparable results were obtained by three different 

electrochemical techniques such as constant current charging/discharging, cyclic voltammetry 

and electrochemical impedance spectroscopy (EIS). The irregular shape of the galvanostatic 

charge/discharge dependence and well-defined peaks on the voltammetry curves, especially at 

slow scan rates, are indicative of pseudocapacitive phenomena. The improved performance when 

adding CNTs (Fig. 29) shows the importance of mesopores in the development of the interface 

between the redox species for both polarities of the system. Thus, high capacitance values (from 

300 F/g to 1000 F/g depending on the current load) were obtained using AC + 10 wt% CNTs 

with two different electrolytic solutions separated by a Nafion® membrane. The two selected 

redox active electrolytes allow to reaching a high energy density, about 20 Wh/kg with a 

maximum power density of 2 kW/kg
 
(calculated on the basis of the total mass of both electrodes). 

A few papers describe also the effect of hydroquinone HQ dissolved in the electrolytic solution, 

being the source of pseudocapacitive effects.
[166]

 It has been shown that OH functional groups in 

di-hydroxybenzenes as well as the pH-value of electrolytic solution have a significant effect on 

capacitive properties. Acidic medium seems to be optimal because of the proton source. Additive 
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of catechol, that is, 1,2-dihydroxybenzene (0.38 M) in 1 M sulfuric acid supplies moderate 

improvement of capacitance whereas the same amount of 1,4-dihydroxybenzene affects greatly 

the electrochemical performance (increase of capacitance from 123 F/g for pure acidic medium to 

283 F/g with 1,4-dihydroxybenzene additive). It is assumed that grafting of the 

hydroquinone/quinone redox couple to carbon surface is at the origin of additional 

pseudocapacitance. Taking into account faradaic origin, these effects are certainly diffusion 

limited, hence, suitable micro/mesopores ratio of carbon is indispensable. The application of such 

redox active couple presents a new trend in capacitor development to increase the energy density.  

 

5. High Voltage EDLCs 

5.1 Electrolytes for high voltage EDLCs 

Considering Eq. (5) and Eq. (6), it is obvious that the enhancement of the operative voltage is the 

most effective way to increase both the energy and power of EDLCs. The operative voltage is 

normally limited by the electrochemical stability of the electrolyte. Therefore, the development of 

high performance EDLC cannot be realized without considering the electrolyte. 

Commercially available EDLCs contain quaternary ammonium salts in PC or AN as electrolyte 

and generally operate up to 2.7 V - 2.8 V. AN-based electrolytes display higher conductivity and 

lower viscosity compared to the PC-based one. Therefore, EDLCs containing AN as solvent 

demonstrate normally higher power and better low temperature performance with respect to those 

containing PC. However, PC is less toxic and has a higher flash point than AN (AN was banned 

in Japan for many years because of safety concerns), and is usually considered as a safer 

electrolyte. In addition, the use of PC-based electrolytes allows the realization of devices having 

operative voltage slightly higher than that with AN.
[76, 78, 91, 142, 186]
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The possibility to increase the operative voltage of EDLC containing AN and PC-based 

electrolytes has been intensively investigated in the past years.
[18, 187-189]

 These studies showed 

fundamental limitations to apply voltage beyond 3 V while maintaining stable performance when 

ACs are used in combination with the state-of-the-art electrolytes. In the case of AN, the 

electrolyte degradation seems to be the main obstacle for the increment of operative voltage, and 

the positive electrode seems to be the one that suffers the most in the case of such an increase.
[76]

 

In the case of PC, the formation of carbonates and the evolution of gaseous species (H2 and CO2) 

have been identified as the main reasons for the decrease of performance at high voltages.
[76, 78, 

142, 187]
 Considering this limitation, and with the aim to increase the operative voltage of EDLCs, 

several electrolytes have been proposed in the last years as alternative to the state-of-the-art. 

Generally, the alternative electrolytes proposed so far can be divided in two main categories: 

ionic liquids (ILs) and organic solvent based electrolytes (Fig. 30).  

Ionic liquids generally include a bulky, unsymmetrical organic cation and a weakly coordinating 

inorganic/organic anion. The main advantages of ILs in organic solvents are the non-

flammability, the negligible vapor pressure, the high chemical and thermal stability and 

hydrophobicity.
[190]

 For these characteristics, ILs have attracted attention for use as “green” 

solvents and recently have been extensively investigated as electrolytes and/or electrolyte 

components in electrochemical devices.
[191]

 The chemical-physical properties of ILs strongly 

depend on the water content present in these compounds.
[192]

 Relatively small amounts of water 

can affect dramatically the conductivity, viscosity, electrochemical and chemical stability of ILs. 

For this reason, in order to be effectively used in EDLCs, ILs with water content lower than 10 - 

20 ppm are needed, and hydrophobic ILs should be preferentially selected.
[191, 193]

 

The use of IL electrolytes (often considered as solvent-free electrolytes) allows the realization of 

EDLC with operative voltage significantly higher than 3 V. So far, mainly two families of 
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(aprotic) IL have been considered, based respectively on the imidazolium cation 
[194, 195-198]

 and 

the pyrrolidinium cation.
[131, 199, 200, 201-205]

 Since the chemical-physical properties, for example, 

ionic conductivity and viscosity, strongly depend on the ions present in these salts, it is not easy 

to make a general comment.
[192]

 Nevertheless, considering the results so far reported, it is 

possible to assert that the imidazolium based-ILs normally display higher ionic conductivity and 

lower viscosity with respect to the pyrolidinium-based ones (see Table 3). On the other hand, the 

pyrolidinium-based ILs usually displays a larger electrochemical stability window than the 

imidazolium based-ones. EDLCs with imidazolium-based ILs operate up to 3.0 - 3.2V.
[194, 195, 197, 

198]
 while 3.5 - 3.7 V can be reached with the pyrrolidinium-based ILs.

[198-200, 201-205]
 

Consequently, the latter display a higher energy density compared to those containing 

imidazolium-based ILs, but a lower power density because of their lower ionic conductivity and 

higher viscosity. Due to the relatively high viscosity of these electrolytes and resulting high ESR 

of the ILs-based EDLCs, the power is often poor below room temperature. In order to overcome 

this limitation, mixtures of two different ILs have been proposed. This approach, which was 

already considered for the use of ILs in lithium-ion batteries,
[206]

 leads to a solvent-free 

electrolyte with tunable properties. One important advantage related to the use of such mixtures is 

the possibility to lower the melting point of IL-based electrolytes,
[195]

 and consequently to enlarge 

the operating temperature range of EDLCs. In a recent work, Lin et al. showed that the 

temperature range can be extended from -50 to 100 °C by using eutectic mixtures of ILs.
[131]

 A 

second strategy becoming popular in lithium-ion batteries is based on the use of mixtures of IL 

and organic electrolyte.
[193, 207]

 Frackowiak et al. (Ref. 
[208]

) and later Lewandowski et al. (Ref. 

[197]
) were the first to report the physical-chemical properties of several IL/organic electrolytes 

mixtures for EDLCs.  Ruiz et al. studied a large number of mixtures and investigated their 

properties at different temperatures, showing that the ionic conductivity of these electrolytes is 



    

 56 

much higher and the viscosity much lower than that of pure ILs.
[205]

 Krause et al. demonstrated 

that a PC-PYR14-TFSI mixture enables an operative voltage as high as 3.5 V with less than 5% 

capacitance loss after 100.000 cycles, resulting in high energy and high power density.
[201]

  

In parallel, novel electrolytes containing organic solvents have been also investigated, either by 

implementing novel solvents, or by using solvent mixtures typically used in lithium-ion batteries. 

In the first case, Chiba et al. proposed the use of sulfone based electrolytes (e.g., dimethylsulfone, 

DMSO), and showed that they enable an operative voltage higher than 3.0 V, along with high 

performance and high cycling stability.
[188]

 Also, alkylated cyclic carbonates show a high 

electrochemical stability up to more than 3 V.
[187]

 Adiponitrile (ADN) as a high flash point (163 

°C) solvent has been proposed for EDLCs, demonstrating an operating voltage higher than as 

high 3.2 V at room temperature.
[139, 209]

 The results of these study showed that the use of these 

alternative solvents make possible a significant increase of the operating voltage. Nevertheless, 

their moderate ionic conductivity and viscosity, especially at temperatures below room 

temperature, limit the power handling of such EDLCs. Lithium-ion battery (LIB) electrolytes 

have been also investigated in the last years for high voltage EDLCs.
[210-212]

 They consist 

commonly of mixtures containing a high dielectric constant solvent (e.g., ethylene carbonate, EC) 

and a low viscosity solvent (e.g., dimethyl carbonate, DMC) in which a lithium salt (typically 

lithium hexafluorophosphate, LiPF6) is dissolved. These mixtures display high ionic conductivity 

and rather large electrochemical stability, and when used in EDLCs allow operative voltages in 

the order of 3 V.
[211]

 Nevertheless, they are very sensitive to moisture, and the presence of EC 

causes the formation of a passive layer (solid electrolyte interphase, SEI) on the carbon surface, 

limiting the EDLCs performance. Moreover, the flammability of the solvent and the limited 

chemical and thermal stability of LiPF6 pose safety risks and reduce the operating temperature 

range.
[191]
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It is important to take into account that most of the ACs used in EDLC have not been developed 

for use in relative viscous electrolytes like those mentioned in the previous paragraph, and 

consequently they display non-optimized characteristics (e.g., porous texture, wetting behavior). 

For this reason, a good matching between the intrinsic characteristics of the electrolyte and the 

carbonaceous materials needs to be considered for the development of high performance EDLCs. 

With this aim, carbon xerogel,
[204]

 polypyrrole-derived AC,
[213]

 microporous carbon,
[202]

 CNTs 

and carbon onions
[131]

 have been proposed as high affinity materials for ILs-based electrolyte.  

Another important aspect for the development of high voltage EDLCs is the electrodes mass 

balancing. When the electrochemical stability of the high voltage electrolytes is considered, one 

important aspect is the fact that the anodic and cathodic electrochemical stability limits are 

different; typically, the cathodic stability limit is higher than the anodic. When two electrodes of 

the same mass containing the same carbon are used, one of them may actually operate at a 

potential beyond the electrolyte stability limit, leading to a decreased cycle life of the EDLC. 

Such example is shown in Fig. 31 (SYM m+/m- = 1) where, at voltage of 3.5 V, the potential of 

the positive electrode exceeds the anodic stability limit of the electrolyte. An improved utilization 

of the maximum electrochemical stability window can be accomplished through an asymmetric 

configuration 
[139, 204, 214]

 employing carbon electrodes with different masses, and the capacitance-

voltage-relation can be expressed via Eq. (15a-b): 

SP, SP,C m U C m U           (15a) 

maxU U U     (15b) 

where U+ and U- is the working potential range of positive and negative electrodes, 

respectively. The sum of these two increments (Eq. (15b)) corresponds to the cell voltage (i.e., 

the maximum width of the applied potential window Umax).
[203, 210]

 Going back to the previous 

example in Fig. 31, the potential range U+ of the positive electrode must be reduced in order to 
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lower its maximum potential and to keeping it below the anodic stability limit of the electrolyte. 

This can be done by applying Eq. (18) and considering the different capacitance values of the two 

electrodes. Fig. 31 shows an example of the influence of the electrode balancing on the 

performance of a high voltage ADN-based EDLC (Umax = 3.5 V).  

In summary, for high voltage EDLCs with high performance three parameters appear crucial: 

 electrolyte properties (ionic conductivity, viscosity, and electrochemical and chemical 

stability) to enable large Umax, low ESR and cycling stability; 

 affinity (wetting) between carbon and electrolyte, in order to guarantee high capacitance 

and low ESR (which is a sensitive aspect for all EDLC systems); 

 adjusting the mass ratio of the positively and negatively polarized electrode (balancing), 

in order to guarantee high cycling stability. 

 

5.2 Lithium Ion Capacitors 

In the last years, the demand of high energy, high power high cycling stability (in the order of 

several thousands of cycles) devices have increased consistently. Neither LIBs, nor EDLCs can 

satisfy these demands based on current technology.
[91]

 Lithium ion batteries do not display a 

sufficiently long cycle life and have a limited power density, while EDLCs do not display 

sufficiently high energy density as required for many applications.
[91, 215]

 A convenient strategy 

for the design of high voltage devices (i.e., high power and energy density) is the creation of a 

hybrid system by combining a lithium-ion battery electrode with a supercapacitor electrode.
[142, 

216]
 

Among the hybrid devices proposed so far, the lithium-ion capacitor (LIC) is currently 

considered as one of the most interesting since it displays an operating voltage of about 3.8 - 

4.0 V (Fig. 32), high energy (more than 20 Wh/kg) and cycle life in between those of LIBs and 
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EDLCs.
[201, 215-225]

 LICs employ a combination of a graphite anode and a positive electrode 

composed of AC. During the charge-discharge of LICs, two processes simultaneously take place: 

Li
+
 insertion/extraction at the graphite electrode and EDL formation/depletion on the porous AC 

electrode. As the negative electrode material does not contain any lithium initially, a key aspect is 

the pre-lithiation of the graphite anode. During this process, which takes place after the assembly 

and before cycling of the device, the graphite electrode is reduced in order to form the graphite 

intercalation compound and the Solid Electrolyte Intephase (SEI) on its surface - which is 

necessary for keeping a good stability of the material during further extraction/intercalation of 

lithium.
[217, 219, 221-223, 225, 226]

 The initial amount of lithium intercalated into graphite affects the 

specific capacity, and the resulting specific energy of the LIC. The SEI formation is a prerequisite 

to efficient lithium intercalation-extraction during the charge-discharge process and it affects the 

cycle life of LICs.
[217, 221, 222, 225]

 Usually, the anode is lithiated by using a sacrificial lithium 

electrode which simultaneously ensures a large source of lithium and does not alter the 

electrolyte composition.
[216, 218, 220-224]

 However, it has the disadvantage to require metallic 

lithium, which might reduce the overall safety of the LIC (e.g., because of thermal runaway) . 

Alternatively, pre-lithiation can be carried out by using the dissolved lithium salt as the lithium 

source.
[215, 227]

 This approach has the advantage of removing the metallic lithium but complicates 

the electrolyte formulation. Since the lithium salt is acting partly as lithium source for the LIC, an 

unavoidable change (reduction) of lithium concentration occurs during the pre-lithiation that 

affects the physical-chemical characteristics (e.g., ionic conductivity and viscosity) of the 

electrolyte.  

Graphite is the most common anode material in LIBs, and for this reason has been also widely 

investigated for LICs. Graphite displays a Li intercalation potential between 0.2 and 0.1 V versus 

Li,
[228]

 high capacity, and good cycling stability. Therefore, when used in combination with ACs, 
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it enables LICs with operating voltage as high as 4 V, high energy density, and good cycling 

stability.
[218, 219, 221, 223, 224]

 The lithium ion loses its solvation shell through the SEI and it is fully 

desolvated before being intercalated into graphite.
[223]

 The intercalation process into graphite is 

limited by lithium diffusion through the SEI; this limitation increases with the applied current 

density.
[223]

 Therefore, the use of graphite, even if convenient, might limit the LICs performance 

during tests at high current densities. It is clear that the use of a material able to guarantee the 

same cell voltage as graphite with an improved behavior at high current density would be 

beneficial for high performance LICs.  

With this aim, the use of hard carbon/stabilized lithium metal powder based anode has been 

proposed.
[219]

 Very recently, soft carbon has been also considered for the realization of LIC.
[222, 

229]
 Although soft carbon has a higher initial irreversible capacity loss with respect to graphite, it 

has the advantage to better retain the capacity than graphite when high current densities are 

applied (Fig. 33). Moreover, it can display a higher capacity retention during prolonged cycling 

when compared to graphite, improving the performance of LIC during test at high current 

densities.
[230]

 
 

ACs currently developed for EDLCs in non-aqueous electrolytes have been used in LIC, and no 

special development has been implemented for this kind of application. Recent work showed that 

some carbon blacks might display higher capacitance compared to AC, and for this reason it 

could be interesting for replacing ACs in LICs.
[226]

 More recently, graphene has been also 

proposed as positive electrode material for LICs. However, even if the specific capacitance of 

this material is higher than that of ACs or carbon black, an effective introduction of graphene in 

LICs appear at the moment quite far.
[225]

 

An important aspect related to the development of high performance LICs is the electrode mass 

balancing. In these devices, the two electrodes operate with two different mechanisms and they 
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display different capacities. Typically, the anode capacity is much larger than that of the positive 

electrode. While most of the anode capacity can be delivered in a rather small potential range 

(typically between 0 and 0.7 V versus Li/Li
+
), the capacity of the AC is proportional to the 

potential excursion that the electrode is subjected to. Thus, for high voltage and high energy 

density LICs, it is very important to have an optimized electrode mass balancing which should 

consent the AC electrode to work in a wide potential window so that its capacity can be 

maximized, and the anode to work within a narrow potential range where its large capacity can be 

utilized. One of the main reasons for the loss of performance in LICs appears to be the shift of 

electrode (positive and negative) potential over cycles.
[225]

 As soon as one of the two electrodes 

operates out of its optimal potential window the other electrode is affected as well. For example, 

as shown by Sivakkumar et al. 
[223]

, the self-discharge of the pre-lithiated graphite anode causes a 

shift of both electrodes towards higher potentials. The consequence of such a shift is a reduced 

capacity of both electrodes. The anode cannot operate in the potential range where most of the 

lithium is intercalated. At the same time, this shift forces the AC electrode to work at potentials 

where the electrolyte decomposition may occur. 

As mentioned before, the SEI formed during pre-lithiation originates from the electrolyte 

decomposition. Moreover, the two different storage processes (chemical for the anode and 

physical for the positive electrode) occurring at the same during charge-discharge cycling imply 

different characteristics for the electrolyte. For these reasons, a careful selection of the electrolyte 

is necessary for the development of high performance LICs. Three aspects are of particular 

importance:  

 high ionic conductivity and lithium mobility, necessary to guarantee high power; 

 good film forming ability, necessary for the SEI formation; 
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 high overall electrochemical stability, necessary for the realization of high voltage 

devices. 

 

So far, the electrolytes used in LICs were mainly LIBs electrolytes.
[215, 216, 218-221, 223, 231]

 They 

were selected because of their high ionic conductivity, wide electrochemical stability window and 

ability for SEI formation (called film forming ability). However, because of their flammability 

and limited thermal stability, their use poses safety risks and might reduce the operative 

temperature range. Considering this point, the investigation of alternative electrolytes is 

important for high performance and safe LICs. Even so, a very limited number of studies 

considered alternative and safer electrolyte for these devices. Recently, the use of PC-based 

electrolytes 
[219]

 as well as the use methacrylate-based gel polymer electrolytes
[232]

 has been 

proposed with the aim to improve the safety of soft-carbon based LICs. Nevertheless, a detailed 

investigation of alternative electrolytes is certainly necessary. New solvents (e.g., based on IL) 

for lithium salts, or new types of electrolytes (e.g., gel-polymer electrolytes or polymeric ionic 

liquids) may be developed, and their advantages and limits need to be understood and evaluated.  

 

 

6. Conclusions 

 

This review demonstrates that carbon is by far the best material for supercapacitor electrodes and 

this choice is independent of the kind of electrolyte and construction. Carbon is a highly versatile 

material, existing in almost infinite varieties of structures / textures and with adaptable 

morphology; additionally, the high electrical conductivity and low cost of carbon are determining 

criteria which make it the champion for supercapacitor application. 
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A lot of progress has been accomplished in understanding and optimizing the properties of 

carbon/carbon electrochemical capacitors within the last 10 years, allowing to designing 

materials capable to significantly enhance the energy density and / or power density, especially 

taking into account the industrial requirements for optimizing these parameters on a volumetric 

basis. It has been clearly established that developing the specific surface area of carbons is no 

longer the best solution to enhance the capacitance, particularly because the density of materials 

decreases and low volumetric performance is obtained. However, the capacitance can be 

optimized when the pore size of carbons fits with the size of desolvated/distorted ions from the 

electrolyte (or the bare ion in the case of ionic liquids). In other words, the materials should have 

essentially micropores in the range of around 1 nm for ion storage, but also some mesopores for 

optimized ion transportation within the carbon particles. There are now computational models 

and experimental works, for example, by nuclear magnetic resonance, demonstrating that the 

porosity of carbons in discharged capacitors is completely filled with ions and solvent molecules. 

When the capacitor is charged, there are only small movements of ions within the pores, with an 

increase of the number of ions of opposite charge to the electrode polarity and a decrease of the 

number of solvent molecules. Optimized carbons with additional mesopores or exohedral carbons 

with only external surface, like carbon nanotubes and onion like carbons, are the best solution to 

achieve very high power performance. 

While organic electrolytes are almost exclusively used by industry until now, because they offer a 

large voltage stability of up to 2.7 / 2.8 V, new electrolytes appear very promising. Until very 

recently, aqueous electrolytes were considered not suitable because of the presumably small 

usable voltage window. The reason was that only traditional battery electrolytes based on H2SO4 

and KOH were implemented for AC/AC capacitors, demonstrating a maximum voltage of 0.7 – 

0.8 V. This is no longer the case, since it has been demonstrated that, in alkali sulfate media, 
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hydrogen can be electrochemically stored in the AC negative electrode with a high overpotential, 

leading to voltages up to 1.6 – 2.0 V. Besides, in aqueous media, the capacitance can be enhanced 

by carbon/redox species interfaces, for example by adding iodides or quinones to the electrolyte. 

Similarly, grafting functional surface groups and molecules that are capable to undergo fast redox 

reactions to carbon can also provide pseudocapacitive contributions.  

Over the last decade, room temperature ionic liquids (RTILs) proved to be the most promising 

electrolyte to enhance the voltage of supercapacitors to values higher than 3.0V. However, their 

relatively high viscosity and low ionic conductivity reduce, at the present, the power performance 

of supercapacitors. Solutions have been proposed to compensate for these shortcomings: when 

RTILs are mixed with limited amounts of a solvent, such as propylene carbonate or acetonitrile, 

they seem to keep a high voltage stability window. Besides, it has been also demonstrated that 

eutectic mixtures of ionic liquids may allow reaching low operational temperatures, down to -

50°C. Yet, such mixtures require the use of essentially mesoporous carbons which are obviously 

not optimal for high volumetric performance. It means that still some optimization remains 

necessary to better adapt the compatibility of the RTIL/carbon couple.  

Finally, in the last years, the family of electrochemical capacitors has been enriched by the hybrid 

systems, where only one of the electrodes is dominated by double-layer related energy storage. 

The most popular system is the lithium ion capacitor, made of a graphite (or other kinds of 

carbons) intercalation negative electrode and a positive electrical double-layer activated carbon 

electrode. Recent developments by industrial companies demonstrate that such systems can 

operate up to 3.7 V with a very high cycle life and excellent power performance that classifies 

them as a true electrochemical capacitor. 

To summarize, extremely important progress has been accomplished in the recent years for 

understanding the mechanisms of carbon/carbon capacitor operation, but also for developing and 



    

 65 

optimizing new materials, new electrolytes and new concepts. In most of these researches, 

enhancing the energy density was the main guideline. It must nevertheless be mentioned that the 

winner will never be the system with the highest energy density. There are other factors, such as 

cost, environmental issues, and kind of applications that have to be taken into account, meaning 

that there are niches for many propositions of materials and electrolyte developments. For these 

reasons, at the end of this review, we are confident that there is still plenty of room for a plethora 

of future research in the field of carbons and electrolytes for electrochemical capacitors. 
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Table 1.  Sizes (in nm) of solvated and desolvated TEA and BF4-ions 
[233]

. 

 TEA
+
 BF4

-
 

Solvated in AN 1.30  1.16  

Solvated in PC 1.35 1.40 

Desolvated 0.67  0.48  
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Table 2. Physicochemical and electrochemical characteristics of the nitrogen rich 

nanocomposites. Csp stands for the capacitance estimated at 5 A/g current load, that is, 

50 mA/cm
2
. Two-electrode cell in 1 M H2SO4.

[154]
 

Sample 
SBET 

(m
2
/g) 

Vtotal 

(cm
3
/g) 

Vmicro 

(cm
3
/g) 

Csp 

(F/g) 

Nitrogen content 

(wt.%) 

M+F* 329 0.162 0.152 4 21.7 

Nt+3M+F* 403 0.291 0.174 100 14.0 

Nt+2M+F* 393 0.321 0.167 126 11.7 

Nt+M+F* 381 0.424 0.156 83 7.4 

 

* M+F (composite from melamine and formaldehyde without carbon nanotubes), Nt+M+F 

(composite with carbon nanotubes, melamine and formaldehyde), Nt+2M+F (similar composite 

with twofold melamine proportion in the blend), and Nt+3M+F (threefold melamine proportion). 
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Table 3.  Ionic conductivity and viscosity of some electrolytes for high voltage EDLCs at 

20 °C.  

AN (acetonitrile), PC (propylene carbonate), TEA-BF4 (tetraethylammonium tetrafluoroborate), 

EiPS (ethyl isopropyl sulfone), 2,3 BC (2,3-butylene carbonate), ADN (adiponitrile), EC 

(ethylene carbonate), DMC (dimethyl carbonate), LiPF6 (lithium hexafluorophosphate), EMIM-

PF6 (1-ethyl-3-methylimidazolium hexafluorophosphate), EMIM-BF4 (1-ethyl-3-

methylimidazolium tetrafluoroborate), EMIM-TFSI (1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide), EMIM-FSI (1-ethyl-3-methyl imidazolium 

bis(fluorosulfonyl)imide), PYR14-TFSI (N-butyl-Nmethylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide), PYR1(201)-TFSI (N-methoxyethyl-N-methylpyrrolidinium 

bis(trifuoromethanesulfonyl)imide), PYR14-FSI (N-butyl-N-methylpyrrolidinium 

bis(fluorosulfonyl)imide), PIP13-FSI (N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide), 

n.a. (not available), [*] from BASF website (52012BF-9822_US_SelectilyteLP_Datasheet-

051512) 

 



    

 69 

 

Electrolyte Reference Conductivity 

(mS/cm) 

Viscosity 

(mPa·s) 

    

Organic solvents    

Conventional    

AN-TEA-BF4  
[139]

 55.0 0.6 

PC-TEA-BF4  
[201]

 13.0 2.6 

Alternative Organic    

EiPS 
[187]

 n.a. 5.6 

2.3 BC  
[187]

 n.a. 2.8 

ADN-0.7M TEA-BF4  
[139]

 4.3 6.6 

Lithium-ion batteries    

EC-DMC (3:7) 1M Li-PF6 [*]  11.8 2.7 

    

Ionic Liquids     

Solvent-free    

EMIM-PF6  
[205]

 10 18.0 

EMIM-BF4  
[197]

 12 34.0 

EMIM-TFSI  
[196]

 8.4 28.0 

EMIM-FS 
[196]

 15.5 17.9 

PYR14-TFSI  
[201]

 2.6 62.0 

PYR1(201) -TFSI 
[199]

 3.8 57.0 

PYR14FSI-PIP13FSI 
[131]

 4.9 n.a. 

ILs co-solvents    

PC-PYR14-TFSI (1:1 wt%.)  
[201]

 10.3 5.6 

AN-PYR14-TFSI (1:1 wt.%) 
[205]

 57 n.a. 
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Fig. 1. (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the electrical double-layer 

formed at a positively charged electrode in an aqueous electrolyte. The electrical potential, φ, 

decreases when transitioning from the electrode, φe, to the bulk electrolyte infinite away from the 

electrode surface, φs. The Stern plane marks the distance of closest approach of the ions to the 

charged surface. Note the absence of charges / ions in the Stern layer. The diffuse layer starts in 

the range of 10 – 100 nm from the electrode surface.  
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Fig. 2 : Representation of the charged state of a symmetric electrical double-layer capacitor using 

porous electrodes and of the corresponding equivalent circuit (adapted from Ref. 
[16]

). R denotes 

resistors, C denotes capacitors. 
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Fig. 3 : Conductivity versus concentration of quaternary ammonium salts in propylene carbonate 

(PC) at 25 °C (adapted from Ref. 
[16]

). EMI-BF4: 1-ethyl-3-methylimidazolium tetrafluoroborate; 

TMPY-BF4: tetramethylene-pyrrolidinium tetrafluoroborate; MEPY-BF4: 1-ethyl-1-

methylpyrrolidinium tetrafluoroborate; TEMA-BF4: triethylmethylpyrrolidinium 

tetrafluoroborate; TEA-BF4: tetraethylammonium tetrafluoroborate. 
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Fig. 4 : (a) Nanotextural model of a non-graphitizable carbon from PVDC according to Ban et al. 

[36]
. (b) Schematic nanotextural and structural model of a non-graphitizable carbon showing 

fullerene-like elements. The arrows show pentagonal and heptagonal defects in the graphene 

structure.
[38]
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Fig. 5: Voltammograms of activated carbon electrodes with average pore size of 0.58 nm and 

0.51 nm obtained in 0.1 M
 
MgSO4 solution. For comparison, curves are also given for pores of 

0.51 nm in 0.1 M Li2SO4 and MgCl2 solutions. The current is normalized per unit of BET SSA 

(adapted from Ref. 
[49]

). 
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Fig. 6: Normalized capacitance (gravimetric capacitance divided by SBET) versus average pore 

size of a series of carbide derived carbons, and models of the structure of EMI and TFSI ions 

(adapted from Ref. 
[53]

). 

 



    

 76 

 

Fig. 7: Capacitance in two electrolytic media versus the volume of micropores smaller than 0.7 - 

0.8 nm for various templated carbons (adapted from Ref. 
[54]

). 
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Fig. 8: Capacitance normalized to SBET versus the average pore size (data adapted from Ref. 

[55, 

60]
).  
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Fig. 9: Specific capacitance calculated from a constant current discharge of 5 mA/cm
2
 for the 

electrodes (C- and C+) and for the system (Ctotal) versus the average pore size of the carbons in 1.5 

TEA-BF4 in AN (adapted from Ref. 
[60]

). 
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Fig. 10: Models of ions electrosorption in the different kinds of pores: (a) macropore; (b) 

negatively charged mesopore with cations approaching the pore wall to form an electrical double-

cylinder capacitor with radii b and a for the outer and inner cylinders, respectively, separated by a 

distance d; (c) negatively charged micropore of radius b with solvated cations of radius a0 lining 

up to form an electrical wire-in-cylinder capacitor (from Ref. 
[69]

). 
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Fig. 11: (a) Cyclic voltammograms for EDLCs based on APC carbon (left-hand side y-axis for 

current) and AVC carbon (right-hand side y-axis for current); (b) Galvanostatic charge-discharge 

of the EDL capacitor based on the microporous carbon APC at a current density of 960 mA/g. 

The straight part of the discharging line is extrapolated in order to discriminate the point of 

porosity saturation (adapted from Ref. 
[70]

). 
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Fig. 12: Three-electrode voltammograms obtained for different potential ranges (top) and 

simultaneous measurement of the expansion of each electrode (bottom; all adapted from Ref. 
[73]

). 

(a) negative electrode from 0 to -1.35 V versus ip, positive electrode from 0 to 1.15 V versus ip. 

(b) negative electrode from 0 to -2 V versus ip, positive electrode from 0 to 2 V versus ip. 
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Fig. 13: Cyclic voltammograms (1 mV/s) in 1 M TEA-BF4/AN of each electrode of a symmetric 

cell before and after 1000 hours floating at 50 °C (adapted from Ref. 
[74]

). 
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Fig. 14: Three-electrode voltammograms of a CDC with 0.68 nm average pore size in 2 M EMI-

TFSI/AN at 10 mV/s: first scan (blue curve) from -1.2 V up to 0.5 V versus Ag reference 

potential range and second scan (red curve) from -1.2 V versus Ag reference up to 1.3 V versus 

Ag reference potential range (from Ref. 
[79]

). 
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Fig. 15: Schematic drawing of templating processes and resulting carbon particles: (a) 

Zeolite-templated carbons (ZTC) - modified after Ref. 
[234]

; (b) Soft-templated, ordered 

mesoporous carbon (Ref. 
[235]

) 
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Fig. 16: (a) Schematic synthesis of ordered mesoporous (OM) carbide-derived carbon 

(CDC) employing SBA-15 hard templating of mesoporous SiC and subsequent chlorination (i.e., 

removal of silicon). (b-c) Electron micrographs (b: SEM; c: TEM) of OM-CDC obtained from 

OM-SiC. (d) Power handling ability and specific capacitance of OM-CDC in comparison with 

conventional activated carbon AC (YP17D) and conventional micro- and nanoparticulate CDC 

tested in 1 M TEA-BF4/AN. (a-c: from Ref. 
[67]

; d: data extracted from Ref. 
[67]

) 
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Fig. 17: (a) Normalized capacitance versus particle / pore size comparing endohedral (i.e., 

carbons with an internal porosity and negative pore surface curvature) with exohedral carbons 

(i.e., external, positively curved surfaces). (b) Schematic concept of electrical double-layer (DL) 

formation in micro- and mesopores and for exohedral carbons. (c) Transmission electron 

microscopy (TEM) image and schematic drawing of carbon onion films exhibiting positive (grey 

arrows) and negative (white arrows) surface curvature. (from Ref. 
[109]

) 
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Fig. 18: (a) Rate performance and capacitance fade as a function of the thickness of a 

carbide-derived carbon (CDC) thin film (1 M TEA-BF4/AN and 1 M H2SO4; data from Ref. 
[124]

). 

The inset shows an approximately 100 µm thick CDC film in a scanning electron microscopy 

(SEM) cross-section. (b) Schematic drawing of patterned TiC-CDC thin film supercapacitors 

(from Ref. 
[126]

). 
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Fig. 19: (a) Scanning electron microscopy (SEM) image of a CNT film obtained by 

electrophoretic deposition of multi-wall carbon nanotubes (MWCNT; from Ref. 
[236]

); the inset 

shows a Fourier Transform (FT) of the CNT orientation and documents the random alignment. 

(b) SEM image of a CNT film (from Ref. 
[130]

) with a high level of pattern periodicity (see FT 

inset). (c) SEM image of a vertically aligned CNT film grown on an Al current (from Ref. 
[131]

). 
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Fig. 20: (a) Chemically modified graphene (CMG; from Ref. 
[133]

) and (b) graphene 

powder (from Ref. 
[135]

). (c) Phase angle of activated carbon and graphene evidencing the high 

power handling ability of graphene (data from Ref. 
[136]

). 
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Fig. 21:  A schematic diagram illustrating how pseudocapacitive materials can be deposited 

on CNTs. The different representation for both coatings traduces different physico-chemical and 

electrochemical properties for polymers and metal oxides
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Fig. 22: Capacitance values versus nitrogen content of N-enriched PAN-derived carbons in 

1 M H2SO4, 6 M KOH, 1 M TEA-BF4 in AN.
[149]
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Fig. 23: Scheme of a possible redox reaction with pyridinic nitrogen. 
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Fig. 24:  Capacitance versus current load for the composites investigated in sulfuric 

acid(1M) electrolytic solution. M+F (composite from melamine and formaldehyde without 

carbon nanotubes), Nt+M+F (composite with carbon nanotubes, melamine and formaldehyde), 

Nt+2M+F (similar composite with twofold melamine proportion in the blend), and Nt+3M+F 

(threefold melamine proportion).Two-electrode cell.
[162]
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Fig. 25: Cyclic voltammograms of an activated carbon tissue electrode in 6 M KOH at 5 mV/s 

scan rate with a gradual shift to negative values of potential.
[184]
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Fig. 26: Cyclic voltammograms at 5 mV/s scan rate for AC in 1 M KI solution. Potentials 

of both electrodes are measured separately versus the saturated calomel electrode.
[163]
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Fig. 27: Galvanostatic charge/discharge of a capacitor built from AC in 1 M KI solution at 

a current load of 500 mA/g. The voltage of the two-electrode cell (black) as well as the potential 

of the positive (red) and negative (blue) electrodes versus SCE are shown separately.
[163]
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Fig. 28: Galvanostatic charge/discharge characteristics at different current loads for a 

capacitor operating in KI/VOSO4 conjugated redox couples as 1 M aqueous electrolyte 

solutions.
[167]
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Fig. 29: Effect of adding CNTs to activated carbon on the cyclic voltammetry performance of 

cells constituted of two redox couples KI/VOSO4 aqueous solutions (1 M) at a 5mV/s scan rate. 

NT10: 10 wt.% addition of CNTs.
[161] 
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Fig. 30: Comparison of the EDLCs operating voltage achievable with organic electrolyte 

and ionic liquids based electrolytes. AN (acetonitrile), PC (propylene carbonate), ADN 

(adiponitrile), Alkylat. Cyc. Carb. (alkylated cyclic carbonate), EC (ethylene carbonate), DMC 

(dimethyl carbonate), LiPF6 (lithium hexafluorophosphate), IL (ionic liquids) 
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Fig. 31: Influence of the electrode balancing (a and b) on the cycling stability of EDLCs 

operating at 3.5 V and containing 0.7 M TEA-BF4 in ADN as electrolyte (c). In panel d and e is 

clearly visible the beneficial effect of the balancing on the resistance and capacitance of the 

EDLCs 
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Fig. 32:  Comparison of the operating voltage and electrode potential profiles of 

EDLCs (currently available and high voltage) and lithium-ion capacitors subjected to an identical 

current density.  
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Fig. 33: Comparison of voltage profile (a) and capacity retention under increased current 

densities (b) of a graphite electrode (SFG 6L, Timcal, initial capacity 370 mAh/g) and a soft 

carbon electrode (PeC Timcal, initial capacity 250 mAh/g). The values reported in the figure 

refer to the capacity of the materials in half-cell tests. 
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By F. Béguin, V. Presser, A. Balducci, and E. Frackowiak 

Carbons and Electrolytes for Advanced Supercapacitors 

 

Electrochemical capacitors, also known as supercapacitors, are devices for highly efficient energy 

storage and recovery. This review summarizes the science and technology of carbon 

supercapacitors, especially regarding the relation between ion size / ion desolvation and the pore 

size of electrically charged porous carbon materials. Using pseudocapacitive materials and 

employing electrolytes that allow applying very high cell voltages is presented as two strategies 

to improve the energy density. 
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