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Capacitors with superior characteristics (called supercapacitors), which are unavailable in conventional batteries, exhibit

excellent functionality in many areas, including power density, charge/discharge cycles, operation over a wide

temperature range, and reliability, which have been noted as limits of batteries.
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1. Introduction

There are various requirements to implement next-generation energy storage systems (ESSs), but to date, some systems

to satisfy certain conditions remain nonexistent . Of these, capacitors using the extreme surface area and distance from

the electrode to the charged ions layer on the electrolyte have particularly attracted attention owing to their superior

specific power. Capacitors with superior characteristics (called supercapacitors), which are unavailable in conventional

batteries, exhibit excellent functionality in many areas, including power density, charge/discharge cycles, operation over a

wide temperature range, and reliability, which have been noted as limits of batteries . However, based on

energy density, it is evident that supercapacitors must be studied intrinsically.

2. Theory of the Electrochemical Double Layer

As the name itself indicates, supercapacitors are devices that maximize the capacitance of conventional capacitors.

These devices based on physical charge storage with electrical operation exhibit a charge output like capacitors; thus, the

capacitance “C” depends on the dielectric constant ε  of the electrolyte, the effective thickness “d” of the charge separation

layer from electrodes, and the accessible surface “A” through the distance between the electric layers based on Helmholtz

theory and the porous structure .

In conventional capacitors, surface area A is a two-dimensional single-planar electrode, while the supercapacitor is a

three-dimensional porous electrode—i.e., the surface area is maximized. The dielectric layer of a supercapacitor

comprises a single or several molecular layers, so “d” is only a small molecular distance, ranging from a few Å to several

Å. This is a huge difference, considering that an electrostatic capacitor has an insulator layer that reaches up to several

microns.

The charge separation layer is formed with ions when a charged object is placed in an electrolyte. The mutual interfacial

structure between the electrodes creates a certain structure. The balancing counter charge on the charged surface of this

object is formed correspondingly in the electrode and concentrated near the surface. Various theories have been

proposed to explain the structure wherein charges are formed, and a complete theory explaining all the mechanical

contents remains undetermined. There are theories for understanding the charge separation layer, as represented in

Figure 1.
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Figure 1. Models of the electrochemical double layer. (a) Helmholtz model; (b) Gouy–Chapman or diffuse model; (c)

Stern model; (d) Grahame model; (e) Bockris, Devanathan, and Muller model .

The Helmholtz model is the first theory to provide an approximation for the arrangement between the electrode and layer

of ions called the Helmholtz layer or plane with a finite distance. However, there are some problems with interactions that

occur further away from the electrode which include the electrolyte concentration and all the given environments, besides

the double layer arising from the interface (Figure 2a) . Chapman did not take this into account and proposed an

electrical double-layer theory and considered the applied potential and electrolyte concentration. Gouy suggested that a

layer of positive ionic charge that counteracts the charge affecting the charged electrode appears in the electrolyte

surrounding the charged solid, but that ions did not appear only on the surface with a diffusion layer based on the

Boltzmann distribution that demonstrated the concentration of charged ions with the counter ions near the surface. This is

called the diffuse layer. However, this model also has problems. Because ions are expressed as point charges, the

specific size of the ion is not considered. The theory does not recognize that the finite space of ions cannot exist near the

electrode. Secondly, it fails when applied to highly charged double layers (Figure 2b) . Stern modified

the diffusion double layer to integrate the theories of Helmholtz and Gouy–Chapman and proposed the compact layer

presented by the improved understanding of the architectures of the ions with a specific size and limiting space between

the electrode and electrolyte, but also extended the diffusion layer to the bulk layer. This distance is generally considered

as the radius of the ions. Consequently, the potential charges and concentration of the diffusion portion of the layer are

sufficiently low to justify treating ions with point charges (Figure 2c) . Grahame developed the theory of electrical

double layers based on four regions—the inner Helmholtz plane in front of the electrode with small molecular distances;

the outer Helmholtz plane, which consists of Helmholtz layers; the diffusion region; and the bulk region suggested by

Stern. The theory of specific adsorption was applied. This bond occurs on the surface of the metal electrode. The negative

ions are adsorbed on the surface of the electrode regardless of its charge, not by the electrical force, but via chemical

interaction. The ions referred to as ghost ions act as pseudocapacitive particles. Cations rarely stick to the electrode. The

adsorption of ghost ions would be reduced while keeping the solution and electrodes clean. The capacitor centered on the

reaction by specifically adsorbed ions is called a pseudocapacitor, which is found at the interface between the electrolyte

and electrode (Figure 2d) . Bockris, Devanathan, and Muller’s model shows a phenomenon for the preponderance

of solvent molecules around the interface. Solvated molecules, anions, cations, and electrodes were suggested, and the

dipole moment was considered for both the charge separation and diffusion layers. The model is acceptable for the values

applied to understand high-current-power EDLCs. However, the concept cannot perfectly explain carbon-based models

with porous structures (Figure 2e) .

3. Variation of Capacitance According to Pore Size and Structure

Although the theory of electric double layers on plane surfaces has been clarified, problems arise when applying electric

double layers to pores in actual spaces. The characteristics of ion electrical adsorption in porous structures make the

process of charge storage difficult to deal with. Understanding the principle of charge storage through the formation of

layers by cations and anions remains insufficient to explain experimental results when applied in nanopores. Generally,

the inverse effect of pore size on capacitance is also known. Ions have different movement patterns with pores compared

to the surface or bulk region.

The specific surface area, which exhibits a connection between the pore sizes, is important in order to understand its

impact on specific capacitance. Additionally, it has been an attractive subject of study to numerous research groups in the

past two decades. The capacitance generally increases proportionally to the surface area, but in the micropore region a

difference in increasing value occurs. As the movement of ions has architectures with a finite size, the potential charges
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are greatly affected by the size of the pores. Each ion that plays a role in the storage of charge has a specific size,

thereby allowing access to structures above a certain scale. Even if the surface area is increased, in regions where the

pore size is too small for the solvated ion to approach it does not fully contribute to the layer, which should interact with

electrodes. The specific and volumetric capacitance values indicate significant increases and are inversely commensurate

to the nonlinear proportion depending on the chlorination temperature, which is largely involved in pore size control .

It is important to adjust the temperature, density, and intensity values for each material. The targets that constitute the

electric double layer with the ions in the electrode layer are activated carbon and graphene, which have two-dimensional

structures, and carbon nanotubes (CNTs), which have three-dimensional structures. Activated carbon changes the pore

size depending on the temperature. Because the size of the pores determines the number of ions that can pass through

the bilayer, if the conductivity is greatest at one point in the nano-meter range, then it decreases rapidly at higher and

lower temperatures based on that state .

The reasons for this are as follows. First, when they are smaller than the largest point, solvated ions do not have the

minimum length to form a double layer. That is, the optimal pore size may vary depending on the scale of the electrolyte

ions (Figure 3) . According to their characteristics, there is a change in the interaction mechanism between the

electrodes and ions. To understand this phenomenon, micropores are analyzed from various perspectives. The first

aspect concerns layer formation as a cylinder (Figure 3).

There are many inquiries regarding the interaction between the electrolyte and the electrode fabricated with carbon

material to adequately describe the electrostatic capacity depending on the pore shape and size. The analysis of

capacitance for a cylindrical model is as follows, and it is analyzed by Gauss’s law (Figure 3c):

(1)

(2)

. (3)

In the equation, “ ” represents the dielectric constant of the electrolyte, the permittivity of a vacuum is expressed as “ ”, the

distance from the center of the pore to the cation is expressed “a”, and the radius of the pore is expressed as “b”.

(4)

(5)

where the total charge on the cylinder is expressed as “Q”, and C represents the capacitance of the supercapacitor. This

is applied at a distance of ~0 nm or less from the electrode to ions. Depending on the size of the pores, the number of

ions that can contribute to the capacitance and the size of the layer of ions change (Figure 3b).

[22][23]

[22][23][24][25][26][27]

[25][26][27]



Figure 3. (a) Brief structure of a supercapacitor with a view of cylindrical theory (endohedral capacitors/electric double-

cylinder capacitor), (b) shape of the electrolyte ion placed and the cylindrical electrode according to the pore size. The first

picture shows that the ions are not very involved in charge storage because they have a very small pore structure. The

second figure shows one ion interacting with an electrode to store charge. The third figure shows more ions forming the

same layer and acting on the electrode. (c) The shape of pores observed in a three-dimensional shape; “a” is the distance

from the center to a layer of several ions, the radius of the pores is expressed as “b”, and the cylinder length is expressed

as “L” .

The second model tries to understand the interaction between ions and electrodes based on slits. Depending on the

interval between the slits, the types wherein the ions of the electrolyte with electrode contribute are different which is

described on Figure 4b–f .

If it is larger than point a in Figure 4g, the distance between the electrode and ions increases because one electrode and

several solvation ions constitute a double layer. Here, solvation ions act as an insulator, and the distance is applied to the

capacitor’s width of the dielectric layer. When the pore size is greater than a certain spot b in Figure 4g, the electrode

pores and the layer of ions that can be formed start to increase; thus, the capacitance starts to increase again .

Nanopores sometimes have minimal spaces to form electrical layers with solvated ions (Figure 4b) as well as electrical

layers with solvated ions (Figure 4c). If the pore size is less than or equal to a, (b) → (c) applies. (d) represents the case

of solvated ions with nanopores having extra space to form an electrical layer, and (e) shows that the nanopore has

sufficient solvated ions to form an electrical layer with each electrode and that there is adequate space in each electrode.

If the pore size exceeds a and b or less, (c) → (d) is applicable. If the pore size is greater than b, (e) → (f) is applied

(Figure 4) .
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Figure 4. (a) Brief structure of activated carbon particles with various pore sizes, not based on a circle, but based on the

electrode theory of walls and walls. (b) Nanopores do not have the minimum space required to form an electrical layer

with solvated ions, (c) nanopores have minimal space to form an electrical layer with solvated ions, (d) nanopores have

extra space to form an electrical layer with solvated ions, (e) nanopores have sufficient space for each electrode such that

solvated ions can form an electrical layer with each electrode, (f) electric layer for carbon grain at the surface, (g)

schematic diagram of normalized capacitance according to pore size. When the pore size is less than or equal to a, which

is indicated by a red-colored line, (b,c) is applicable, and when the pore size is more than a and less than or equal to b,

which is indicated by a yellow-colored line, (c,d) is applicable. If the pore size is larger than b, which is indicated by a

green-colored line with a conventional view, (e,f) is applied .

Depending on how the capacitor interacts with the carbon surface of the counter ion, these EDLCs can also be divided

into endoderm and ectoderm capacitors, distinguished by the way the carbon surface interacts with the charged molecule

layer. In the endoderm, counter ions enter the pores and form EDLs with the external electrodes. This type of charge

accumulation is observed for nanoporous carbons with negative surface curvatures. These structures are conventionally

shown on the activated carbon, carbide-derived carbon, and template carbon. In the case of an outer surface capacitor, it

was observed that ions existed on the outer surface of the carbon particles .

The third model tries to interpret both theories with a cylindrical and slit structure (Figure 5). This theory suggests that

there are significant cylinders that affect the normalized capacitance and slits which are based on micropores with

inaccessible architectures according to the size of the pores. As this theory combined conventional theories about micro

and macropores, it is more compatible to interpret lots of phenomena. The cylinder radius size plays a role of

consolidation with capacitance, since the pore size reaches certain values. Additionally, the size of the slits affects the

normalized capacitance, since the size is changed with various ranges . Both the macropore and micropore structure

is captured by scanning electron microscopy (SEM) images of highly pores activated carbons (HAPC). The images by

SEM are 1 μm to 10 μm with different elements (Figure 6) .

Figure 5. An analysis model for the theory of nanopores, showing a model that combines the theory of a structure made

of cylinders and micropores .

Figure 6. (A−C) Macro/micropole-dominated carbon on SEM (scanning electron microscope) images with different scale

(10 μm and 1μm) and (D) element mapping of highly porous activated carbon . Reprinted with permission from Ref. .

Copyright 2017 American Chemical Society.

Carbon materials with positively curved surfaces, such as nanofibers and carbon ions, exhibit certain types of behaviors.

Since the curvature of graphene is zero, it does not belong to the first two categories, and it is classified as a graphene

capacitor itself.

The capacitance in the plane is shown in series with the electrical double layer, wherein “a ” is few molecular distances

which are radii to solvated cation, the half of distance from the slit is expressed as “b”, and “d ” is the effective separation

distance between the electrode surface and the oppositely charged ions, which do not simply point charges, and the ionic

radii place a role of the location of the charge densities.
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In the recently discovered carbon, a realistic approximation of the pore shape is a slit rather than a cylinder. Accordingly, a

polarity located in-between two electrodes separated by a single layer of charge has been proposed. The capacitive

formula for the sandwich capacitor, which is located in between two electrodes of the same polarity and is formed with a

layer formed with a counter ion separated with 2b, which is indicated in the pore width (Figure 7). Because the counter

electrode shares the total net charge of the opposite charged ions, slit capacitors can be considered as two capacitors in

parallel, represented by the left and right-hand electrodes and the charged molecule layer in the middle, as shown in

Figure 7. Therefore, the total capacitance C  is calculated as follows :

. (6)

In the equation,  represents the dielectric constant of electrolyte,  is the permittivity of a vacuum, and the surface area of

the electrode is represented as A.

(7)

where d  is the effective separation distance between the electrode surface and the opposite charged ions, and the total

capacitance of the capacitor is obtained as follows:

(8)

All the analyses were performed in one region, similar to the interaction method between the dielectric layer and the

electrode, which was performed in a typical capacitor. The theory notified that the corrections of charge separation by the

locations of charge densities are extremely important in producing a reliable capacitance model, especially for micropores.

However, as the present model is derived for parallel plates, we should notice that a precise structure of the electrode was

not considered for the reason of feasibility. The areal total capacitance of the system should be obtained .

Figure 7. Schematic diagram of a capacitor formed by a solvated cation with a negative polarity located in the middle of

two electrodes separated by a single layer of charge .
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