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Abstract

Pseudocapacitance is a phenomenon of charge storage involving redox transitions
at the electrode/electrolyte interface. As the result of an electrode potential modula-
tion, one or few components of the electrode and/or electrolyte change its/their
oxidation states. The redox reaction may be confined to the interface or propagate into
the bulk of the electrode material, thus significantly increasing the charge (and
energy) capacitance of the material. The rate and the reversibility of the interfacial
redox reaction are the key factors determining the efficiency of charge storage due to
pseudocapacitance phenomena. The influence of the characteristics of the interfacial
redox reaction on the efficiency of charge storage in pseudocapacitive materials is
considered in the current chapter. In particular, the similarities and the differences
between the charge storage in batteries and pseudocapacitors are discussed. The
analysis of the pseudocapacitive behavior of electrode material using the impedance
spectroscopy is presented.

Keywords: pseudocapacitance, ion insertion, interfacial kinetics, impedance,
staircase model

1. Introduction

The transition toward sustainable energy grids, based on renewable and non-
critical resources, relies strongly on the technologies of efficient and reversible energy
storage. Electrochemical energy storage devices (EESD) are among the most promis-
ing and versatile contemporary devices [1, 2]. Batteries, supercapacitors, and hybrid
cells are the main classes of EESD, providing a wide range of energy and power
densities. The energy densities of modern batteries are still inferior comparing to
traditional (e.g., diesel) and modern (e.g., liquid hydrogen) fuels. However, high
storage efficiency and zero operation emission make them indispensible elements of
sustainable energy grids (Table 1).

Supercapacitors have ca. 10 times lower energy density comparing to batteries, but
may operate at much higher power and have high capacitance retention with cycling.
These differences are related to different mechanisms of charge storage in batteries
and supercapacitors. Namely, in batteries the interfacial electrochemical reaction
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Storage device Energy density Power density Charge/discharge time Cycles lifetime
(W.h/kg) (W/kg)

Electrostatic capacitors 0.01-0.1 >10° ms o0
Supercapacitors 10-100 1000-10,000 Fromstoh >10%
Li batteries 100-300 10-300 Hours ~103
Diesel fuel 12,667 700* — 1
Liquid hydrogen 39,405 1500-2000° — ~1000 h

“In standard V8 diesel engine.

"In PEMFC [3].

Table 1.

Energy and power density of various energy storage devices.

results in the transformation of the bulk of electrode materials. For example, in Li
metal batteries, these reactions are the dissolution of Li to Li" at negative electrode
and the intercalation of Li* to positive host electrode (e.g., graphite) [4]. While the
maximal energy storage of batteries is primarily determined by the intercalation
capacitance of host material, the power of energy input/output is limited by the rates
of interfacial charge transfer and ion mass transport in solid-state bulk. Due to these
factors, the energy capacitance of electrode materials in batteries strongly depends on
the rate of charging.

On the other hand, in electrostatic capacitors, the charge Q is stored on two
electrode plates separated by an insulator:

_dQ  eeg

C=lE"a

A, (€))

where £y = 8.854 - 10 2 F.m~2 is the vacuum permittivity, ¢ is the dielectric
constant of the insulator, d is the distance between electrodes, and A is the surface
area of the electrode.

Contrary to batteries, the capacitance of a capacitor does not depend on the rate of
charging, providing that the charging time is longer than the circuit time constant
7 = Rgsg - C, where Rggp is the equivalent serial resistance of the circuit (Figure 1A).

In electrochemical capacitors, the charge is stored at or in the vicinity of the
electrode/electrolyte interface (Figure 1B). Comparing to electrostatic capacitors,
electrochemical capacitors have much shorter 4 (order of nm) and higher specific
surface area (SSA) A per mass unit. Thus, electrochemical capacitor possesses, in
general, the charge capacitance ca. 4 orders of magnitude higher than electrostatic
capacitors.

From the practical point of view, it is useful to define various types of specific
capacitance, as listed below.

e Surface specific capacitance C; = C/A. According to (1), C; depends only on the
properties of the interface (4 and ¢).

* Mass specific (gravimetric) capacitance C, = C/m. As a characteristic of
supercapacitors, C, is calculated per total mass of the device. However, in
material science C, is most often calculated per mass m of dry electrode material.
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Figure 1.

The scheme of distributions of the electrical potential between the electrodes of a solid-state capacitor (A) and an
electrical double layer capacitor (B).

In this case, C, = C; - SSA. C, is a useful parameter for comparison of different
electrode materials, because C, depends on both interfacial charge storage
efficiency (characterized by C;) and material structure (characterized by SSA).
However, this comparison can be misleading due to the utilization of dry material
mass with pores filled by air. The efficient electrode material has an open porous
structure with pores filled by electrolyte. It results in a significant increase in the
mass of the electrode material. Thus, the true value of C, is much lower than the
value calculated with the mass of dry material.

* Volume specific capacitance Cy = C/V. Similarly to C,, in material science the

value of Cy is most often calculated using the volume unit of the electrode
material V: Cy = C, - SSA - p, where p is the density of a porous material.
Contrary to C,, Cy has the same value for dry material and material filled with an
electrolyte. This is one of the reasons why Cy is a more relevant characteristics of
the charge capacitance of the material than C, [5].

Depending on the main mechanism of charge storage, one distinguishes between 2

types of supercapacitors: electrochemical double layer capacitors (EDLC) and
pseudocapacitors.

As the name suggests, in EDLC main mechanism of charge storage is the formation

of an electrical double layer at the electrode/electrolyte interface. In pseudocapacitors,
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the predominant mechanism of charge storage is the pseudocapacitance phenomena.
This phenomenon involves reversible interfacial electrochemical reaction and interca-
lation of a solvent component into the bulk of the electrode material. From the chemical
point of view, the intercalation reactions in batteries and pseudocapacitors are similar.
The important difference is that the rate of intercalation in supercapacitors, as opposed
to batteries, is not limited by solid-state ion transport, but limited mostly by material
intercalation capacitance and interfacial charge transfer rate.

In the current chapter, the influence of the rate of interfacial charge transfer on the
electrochemical performance of electrode materials in supercapacitors is considered.
The particular features of EDLC and pseudocapacitor performances are described.
The focus of the current work is on the electrode materials of pseudocapacitors,
because the charge transfer rate strongly influences the rate of pseudocapacitance
phenomena. The influence of pseudocapacitance on the performance of EDLC is
briefly discussed. The influence of interfacial charge transfer rate on the material
capacitance of pseudocapacitors electrodes is first considered for a model flat elec-
trode/electrolyte interface. Then, the dependence of the capacitance of porous elec-
trode materials on interfacial charge transfer rate is analyzed. To evaluate the role of
interfacial charge transfer, the models of interfacial impedance in the presence of
pseudocapacitance reaction are considered.

2. The influence of the interfacial charge transfer rate on the performance
of supercapacitors

2.1 Electrical double-layer capacitors

In EDLC the predominant mechanism of charge storage is charging of interfacial
electrical double layer. This layer consists of adsorbed ions of electrolyte and solvent
dipole molecules. The change of electrode potential results in changes of the ratio of
adsorbed cations and anions at the interface and re-orientation of solvent dipoles.
These phenomena result in charge accumulation at the interface with potential
change, similarly to the charging of a capacitor when voltage is applied. The detailed
models of the structure of the electrical double layer were developed in the last
century [6]. As a very simple approximation, electrical double layer can be
represented as a capacitor with one plate being an electrode and another plate being
adsorbed ions and solvent molecules (Figure 1B). Under this approximation, the
charge capacitance of the double layer Cy is given by (1).

Considering that for aqueous solutions ¢ = 80 and the thickness of electrical
double layer is d ~ 1 nm, the surface specific charge capacitance C; of electrode/
electrolyte interface can be estimated as C;~2 - 10 F.cm ™% = 20 yF.cm™2. A small
thickness d of electrical double layer allows using the materials with highly developed
surface as EDLC electrodes, for example, highly porous carbon materials with
SSA >2600 m”.g~! [7]. On the other hand, carbon/electrolyte interface has lower
surface specific capacitance C; comparing to metal/electrolyte interface, namely
below 20 uF.cm 2 [8]. For a single-layer sp* carbon graphene sheet, the value of 13.5
uF.cm™? is predicted and expected to decrease with the thickness of the carbon stack
down to ca. 5 uF.cm 2 for the graphite structure. Thus, for carbon materials with
highly developed SSA, the specific capacitance C, related to double layer formation is
expected to be in the range of 150-200 F/g.

1



Redox Transitions in Pseudocapacitor Materials: Criteria and Ruling Factors
DOI: http://dx.doi.org/10.5772/intechopen.104084

The modulation of electrode potential results in the change of ion adsorption,
solvent dipoles orientation, and, possibly, electrode surface reconstruction [9]. These
phenomena lead to the changes of the values of 4 and ¢ of (1). Thus, the value of
specific interfacial capacitance C,; may depend strongly on electrode potential. This
results in the a complex shape of CV curves with well-defined CV peaks and different
values of double layer charging current at different potentials.

However, these interfacial phenomena are relatively fast and the total charge
associated with them does not depend on the rate of charging (rate of potential
sweep). Therefore, the value of charging current is expected to be proportional to the
rate of potential sweep for a given potential. This proportionality is one of the criteria
that was proposed to distinguish between the electrode materials behaving as
supercapacitor or battery electrode materials [10].

The surface-specific charge capacitance can be increased due to the phenomena of
pseudocapacitance, which involves a fast and reversible surface electrochemical
transformation of an electrode component at a certain potential. The following elec-
trochemical phenomena may occur: oxidation/reduction of surface oxides, partial
charge transfer to/from adsorbed electrolyte species (for example, electrochemical
adsorption/desorption of atomic hydrogen [11], underpotential deposition of electro-
lyte metal cations [12]).

For carbon electrodes, the characteristic surface redox transformation is attributed
to the presence of quinone-type surface groups on the partially oxidized surface
[13, 14]. This reversible surface transition is reflected by the appearance of a pair of
CV peaks around the equilibrium potential E; = 0.668 V (RHE) of quinone-
hydroquinone redox couple. The surface density of quinone groups on oxidized car-
bon surfaces is estimated to be approximately equal to 0.1 — 1.1%,, or 10 ¢ — 10~
mol.cm ™2 [14]. These groups provide additional 1 — 10 yF.cm~? to surface-specific
capacitance. The interfacial capacitance is also increased in the presence of hetero-
atoms in carbon structure. In particular, an increase in surface charge capacitance due
to N-doping of carbon was studied most thoroughly [15-18]. N-doping of carbon
materials up to few %, can be achieved, resulting in a significant increase in surface
specific capacitance. It allows to reach the mass specific capacitance close or even
higher than 300 F/g for N-doped carbon electrode materials [17, 18].

As mentioned above, the predominant mechanism of charge storage in EDLC is a
charging of an interfacial electrical double layer by ion adsorption and solvent mole-
cule orientation, even though the surface pseudocapacitance phenomena may provide
additional contributions. In contrast, in pseudocapacitors, the contribution of
pseudocapacitance is predominant due to the propagation of the surface pseudoca-
pacitance reaction further to the bulk of electrode material.

2.2 Pseudocapacitors

Even in the case of carbon materials, the pseudocapacitance reaction may propagate
from interface further to the bulk of electrode material. One interesting example of this
phenomenon is a hydrogen intercalation into a graphitic carbon structure. This phe-
nomenon has been studied in details on activated carbon CH900-20 ACC (Japan) with
SSA = 1520 m?.g ! [19, 20]. Few hours of galvanostatic cathodic polarization of CH900-
20 resulted in a formation of an intercalation compound with stoichiometry CgH:

C6(s) + HH) +e = CGH(S) 2)
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The maximal charge capacitance provided by the reaction (2) is 943 F/g, and the
total mass specific capacitance C, of CH900-20 in acid electrolytes is equal to
1114.3 F/g. To the knowledge of the authors, this is the highest mass-specific capaci-
tance reported for carbon materials. On the other hand, the estimated diffusion coeffi-
cient D of hydrogen in carbon, according to [20] is estimated as 5- 10~ cm?.s7%, and
the intercalation is controlled by solid-state ion transport. This makes the material
CH900-20 to be impractical for supercapacitors.

The pseudocapacitance is the main mechanism of charge storage in transition
metal oxide (TMO) electrode materials commonly used as pseudocapacitor electrodes
[21-23]. Similar to the functional groups at the carbon surface considered above, the
metal cations at or in the vicinity of the electrode/electrolyte interface can undergo a
fast reversible transformation due to a variability of oxidation states of transition
metals. In comparison to the carbon, the percentage of metal sites available for the
redox transformation is much higher: every metal atom is capable to change its
oxidation state and participate in charge storage. This phenomenon provides signifi-
cantly higher pseudocapacitance values for metal oxides comparing to carbon mate-
rials. The values above 900 F/g are routinely observed for RuO,-based electrode
materials, which are among the best performing oxide materials in pseudocapacitors.
As for the carbon electrodes, different phenomena can be involved in the pseudoca-
pacitance: the surface redox transformation (involving interfacial charge transfer) and
ion intercalation into solid-state electrode. For example, for RuO,, which is the most
studied metal oxide supercapacitor material, the redox transition is described as
follows [24]:

Ru*t0, + sH' + se~ = HsRu*9+0, 3)

The transformation starts as an electroreduction of RuO; surface and then propa-
gates into the bulk of the oxide. According to (3), this process can be also considered
as H-intercalation. The transformation degree and the stored charge are characterized
by the intercalation parameter &§: 0<6<1.

In more general case, the reaction (3) can be presented as follows:

MOy + 6Ct* + de~ = MOy Ct; (4)

The nature of intercalating cation into the oxide materials from aqueous electro-
lytes is still debated even for Mn oxides—the second most studied type of oxides for
supercapacitor electrodes. Most of transition metal oxides utilized in supercapacitor
electrodes are stable only in neutral and alkaline solutions. Thus, the intercalation of
cations of electrolyte (K*, Na") was proposed to be a pseudocapacitance reaction (4)
[25, 26]. The inclusion of Na and S elements into thin film of MnO, and the decrease in
Mn oxidation state from +4 to +3 (as the result of its polarization) have been indeed
confirmed by ex situ XPS study [27]. However, the inclusion of these elements was
mostly confined to the sub-surface atomic layers of oxide, while the high value of
charge storage capacitance suggests the propagation of pseudocapacitance reaction
into the bulk of oxide [27, 28]. Moreover, the pseudocapacitance reaction for Mn
oxides appears to be pH-dependent: in general, higher charge capacitance is observed
at higher pH [29, 30]. For Mn3;0,/C electrode material, the potential of pseudoca-
pacitance reaction (4) was found to shift by 59 mV/pH (Figure 2).

These facts are more consistent with the nature of pseudocapacitance reaction of
Mn oxides in aqueous solutions as expressed by the following equation:
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Figure 2.
CV curves of Mn;0,,/C (34%,.) oxide electrode in 1 M (Na,SO, + NaOH) electrolytes with various pH,
measured at 20 mV/s [30].

Mn** Oy () + 6H,0 + 6~ = Mn'*?"0, ;0H; () + SOH (5)
The total specific amount of charge (in C/g) stored due to pseudocapacitance Q,,
is as:

_x-6-F
=

Qe 6)

where x is the stoichiometric coefficient of metal cation in M, Oy oxide, M is
molecular weight of the oxide (in g/mol). For example, for RuO,, Qq, =725.4 Clg,
according to (6), which is close to the experimental values of specific charge density
Q¢ = 614 C/g reported for amorphous RuO; [24]. This indicates that § ~ 0.85 for
RuO,, i.e., the most of Ru cations in the bulk of the oxide are involved in the charge
storage.

2.3 Pseudocapacitors versus batteries

The propagation of reaction (4) into the bulk of the oxide results in the cation Ct"
intercalation into the oxide M,Oy. Cation intercalation is also a charge storage mech-
anism in various types of batteries: in particular, the Li* cations are intercalated into
the graphite cathodes in the conventional Li batteries [3]. The apparent similarities
between these intercalation processes sparkled the discussion about the criteria to
distinguish between the materials behavior as battery or as supercapacitor electrodes
[10, 31].

As discussed in Section 1, comparing to batteries, the pseudocapacitors provide
smaller energy density storage, but operate with higher output power and better
reversibility, i.e., retention of capacitance in a larger number of cycles. It suggests that
the intercalation reaction is faster and more reversible in supercapacitors. The criteria
of reversibility of intercalation reaction are considered below.
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The rate of the reversible interfacial redox process of Ct* intercalation (4) is
expressed by the equation [32], similar to the Buttler-Volmer equation combined with
the Frumkin isotherm:

(1-a)F(E-Eg) aF (E-Eg)

i=1g <(1 — 5)3_(1—“)g5e_ RT — 5e%80e 7T > @)

Here iy is the exchange current density of reaction (4), « is the symmetry factor
(a = 0.5 for reversible intercalation). The constant g of the Frumkin isotherm charac-
terizes the lateral interaction between the intercalated ions: g < 0 for attractive and
2> 0 for repulsive interaction (most commonly observed for intercalation cations).
For example, ¢ = —4.2 was found for intercalation of Li" into Li,CoO, [32].

The (7) assumes that the cations Ct" in the electrolyte and in the solid oxide phase
are in quasi-equilibrium, which depends only on the interfacial potential E according
to the Frumkin isotherm:

0 _ A g603)
13- e’ ¢ . (8)
Egs. (7) and (8) assume that the distribution of § within the bulk of host material is
not influencing the interfacial reaction, i.e., that the rate of (4) is determined by its
kinetics and not by the mass transport of Ct" in the solid phase. For example, for Li
intercalation into LiCoO,, this model is valid at a potential sweep rate 10-50 'V /s. At
faster charging rates, the rate of Li" intercalation is determined by its diffusion in the
host material and the Egs. (7) and (8) are no longer valid.
Figure 3 illustrates the intercalation process of Ct" into the oxide particle and the
formation of a gradient of Ct" concentration (or §) within the particle. If 5, >d,
where &y, is a characteristic length of concentration gradient and 4 is the particle size,

Cx A_y

C(]“

N\ OCt" + §e + MOy « Cts-MOx

ct*

Figure 3.
The intercalation of Ct* into the oxide particle.

8



Redox Transitions in Pseudocapacitor Materials: Criteria and Ruling Factors
DOI: http://dx.doi.org/10.5772/intechopen.104084

then the gradient of 6 has no influence on the rate of interfacial reaction, the Egs. (7)
and (8) are valid, and the reaction (4) can be considered as reversible.

Assuming that the material of electrode has sufficiently high electronic conductivity,
the presence of a gradient of potential inside the solid-state material can be neglected.
Thus, the diffusion is a predominant mode of propagation of reaction (4) into the bulk
of solid state. The solution of the first Fick’s law for planar diffusion with boundary
conditions C¢+ .o = Co, Cgp+ x—oo = 0 shows the relation between the current I of Ct*
intercalation reaction (4) and the length of the concentration gradient ;. :

1= AFC, Do 9)
oL

Here A is the surface area of the interface, D, is the solid-state diffusion coeffi-
cient of Ct*. For an efficient intercalation host material, maximal value of é is equal to
1and Cg+ can be approximated as a concentration of metal cations at the interface,
i.e. C+ = Cp - 8. For example, for MnO,, Co ~p/M = 0.058 mol.cm 3.

From the practial point of view, it is useful to relate the charging rate I (in A) with
mass specific current density 7,, (in A/g) by considering the geometry of a spherical
particle with the diameter d:

iy = —— (10)

where p is particles density (in g.cm*3). Combining (9) and (10), the equation for
the dependence of §;, on i,, is obtained:

5, _ 6FCodDe:

L (11)

impd

Eq. (11) provides the criterion of reversibility of reaction (4). If §;, >d, then the
concentration of intercalated cation within the oxide is nearly constant. In this case,
the value of intercalation factor § depends only on interfacial conditions, namely
potential E, and the Egs. (7) and (8) are valid. On the other hand, if §, ~#d, then the
value of intercalation factor § depends on the distance from interface and is changing
with time at constant E.

The strongest incertitude in Eq. (11) is related to the values of solid-state diffusion
coefficient D+ at ambient temperature. For Li batteries electrode materials, the values
of Dy;+ are reported mostly for non-aqueous electrolytes. The values as high as D+ ¢ =

107 — 107" cm?.s~! were determined for Li* intercalation into graphite electrode using
impedance spectroscopy [33]. However, the values of Li* solid-state diffusion coeffi-
cients are most commonly found in the range 10~ — 10" cm?.s ! using the modeling
of galvanostatic charging curves [34-36]. The advantages and limitations of this
approach are thoroughly discussed in [37]. The thorough review of ambient temperature
ionic conductivity in Li batteries electrode material is given in [38].

The diffusion coefficients D+ for cation intercalations from aqueous electrolytes
are seldom measured. Indirectly, the values of D+ can be estimated from the ionic
conductivity values of oxide o; using the following Equation [38]:

o F2 CCt+DCt+

= 12
o RT (12)
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For example, for MnO, oxides, o; was reported in the range 0.001-0.02
Ohm ".cm', depending on their crystallographic structure [39]. Thus, the diffusion
coefficient values can be estimated as D+ 10~/ — 10~° cm?.s~! for a cation insertion
into MnO, from aqueous electrolytes. In general, the rate of diffusion in
supercapacitor electrode materials is expected to be few orders of magnitude larger
comparing to Li* diffusion in Li batteries electrode materials. Using the Egs. (11) and
(12), one may estimate &1, value for 100 nm particles of a material with ¢; = 0.001
Ohm .cm~1: §, ~ 0.03 cm even at fast charging rates (i,, = 100 A/g). Thus, for the
oxide materials with relatively high ionic conductivity, 6 > d even for fast charging
rates. It indicates that the intercalation reaction can be considered as reversible and
the material acts as a pseudocapacitor electrode.

The equations above provide qualitative criteria to distinguish between the mate-
rials behaving as supercapacitor or battery electrodes. To develop quantitative criteria,
the modeling of various simultaneous interfacial processes as functions of their rates is
needed. The simplest strategies for these models are considered below.

2.4 Impedance of flat interface in the presence of pseudocapacitance reaction

Impedance spectroscopy may provides detailed information of the interfacial phe-
nomena occurring with various rates. In particular, in the presence of pseudoca-
pacitance reaction on the flat electrode/electrolyte interface the following processes
have to be taken into account.

 Formation of electrical double layer by reversible adsorption of electrolyte ions.
Assuming a small amplitude of potential modulation, the interfacial
characteristics (dielectric constant ¢, change of ion adsorption with potential
dI'/dE) can be considered to be constant. The impedance of double layer
formation is then expressed as a capacitance impedance:
i

Za = ———
dl wCﬂll’

where w = 2zf is the angular frequency (in rad/s), f is the potential modulation
frequency (in Hz), Cj is the double layer capacitance, Cy = C; - A, where C; is the
surface specific capacitance (in F.cm™2), A is the electrode area (in cm?). Depending
on the electrode material, C; varies between 5 yF.cm~2 for carbon electrodes and
20-50 uF.cm~2 for metal electrodes.

e Interfacial charge transfer in the course of the reaction (4). For small potential
modulations around the equilibrium redox potential Eo, the Eq. (7) can be
simplified to a linear form. The current 7 is proportional to the overvoltage E — Eg
and the impedance of this process can be approximated by a simple resistance R

RT
th =Ry = Fizo

* Diffusion of charged species into the bulk of the oxide material. Assuming the
semi-infinite diffusion conditions (C¢;+ g = Co, Cg;+ 4—0o = 0), the impedance
of this process is given by the warburg impedance:
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_RT
7= VaDAFC,

* Accumulation of charge in the bulk of oxide material. For small potential
modulation this process can be considered similar to the accumulation of the
charge at a capacitor:

Zp=——,
P oC,
G, -A

7~ SSA -10*

Here C, is the capacitance of charge accumulation due to the pseudocapacitance
reaction (in F), G, is the gravimetric capacitance of electrode material (in F/g), SSA is
the specific surface area of electrode material (in m%.g1).

For a small potential modulation, the listed processes can be considered to be inde-
pendent. In this case, the total interfacial impedance can be expressed by the Frumkin-
Melik-Gaykazyan (FMG) model [32, 33], depicted as an equivalent circuit in Figure 4.

From the practical point of view, it is useful to correlate the frequency of the
potential modulation f in the impedance spectra with the typical rates of potential
variation during the charge/discharge of supercapacitors. The correlation can be done
by using the root mean square rate v,,, of potential in the course of sinusoidal
modulation:

Vyms = ZHEOf > (13)
V2

where Ej is the amplitude of potential modulation. One can demonstrate that 1C

charging rate of a capacitor with 1 V operation voltage is comparable with the v, at
f = 6.25Hz (for Eg = 10 mV). For 10C charging rate, the equivalent frequency is
62.5 Hz. Thus, one can roughly define the frequency range of interest for
supercapacitors as ca. 0.1-10 Hz, and for batteries—below 1 Hz. This attribution is
important for an interpretation of impedance modeling results.

Figure 4 shows the results of the modeling of interfacial impedance of a flat
electrode in the presence of pseudocapacitance reaction, assuming C; = 5 uF.cm ™2,
C, =90 F.g™!, SSA = 30 m?.g~'. The maximal surface specific capacitance of this
interface is C,, = 305 uF.cm ™2, consisting of both C, and C, contributions. The Bode
plots (Figure 4B, D) show the calculated values of the surface specific interfacial
capacitance C; as a function of the modulation frequency and the rates of interfacial
charge transfer i and solid-state diffusion D. The values of C; are calculated from the
calculated values of the interfacial impedance Z:

1
Ce =~ Im(Z)-A (14)

As discussed above, the diffusion rate in supercapacitor electrode materials is few
orders of magnitude larger comparing to Li batteries electrode materials. The
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Figure 4.

Nyquist (A,C) and bode (B,D) plots for the Frumkin-Melik-Gaykazuan model of interacial impedance in the
presence of pseudocapacitance reaction, calculated for solid-state diffusion coefficients D = 10”7 cm>.s™* (A,B)
and D = 10™* cm?.s™* (C,D) and for various charge transfer rates (depicted in legend).

influence of the rate of solid-state diffusion on the behavior of the electrode materials
can be illustrated by the comparison of the Bode plots calculated by the FMG model
with D = 1077 cm?.s~! for supercapacitors and with D = 10 cm?.s~! for batteries
electrodes.

In the first case (D = 10~/ cm?.s~1), for not particularly slow charge transfer rate
(ip>10"* mA.cm™2) C, is frequency-independent and close to C,,. This behavior is
observed in relatively wide frequency range at low and moderate frequencies (f <100
Hz). This shape of the Bode plots shows that the electrode material, including its bulk,
acts as capacitor, while neither rate of charge transfer, nor rate of diffusion, are
limiting factors of its charge/discharge. This is the set of conditions under which the
material acts as a pseudocapacitor. Under these conditions, the amount § of interca-
lated ions is determined by the interfacial equilibrium according to Frumkin isotherm
(8), and depends only on the electrode potential. The phase angle of the interfacial
impedance is close to ¢ = 90° (dotted curves in Figure 4B,D). The Nyquist imped-
ance plots under these conditions show straight vertical line with possible slight
inclination due to the constant phase element behavior. The latter is often observed
experimentally and explained by the capacitance slight dependence on applied fre-
quency due to the surface heterogeneity, both chemical and geometrical [40, 41].
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For very slow charge transfer rate (ig < 107> mA.cm2), a clear decrease in C, with
an increase inf is expected even at low frequencies above 0.01 Hz, indicating that the
material is not behaving as a pseudocapacitor even despite fast ionic transport in the
solid-state.

At slow diffusion in solid state (D = 10" cm?.s7?), the surface specific charge
capacitance C; decreases with increase in f even for fast charge transfer rates. In fact,
the model curves for exchange ratesip =1 — 0.01 mA.cm 2 are nearly identical,
demonstrating that the rate of charging process is determined by a slow diffusion rate.
For lower ij the decrease in C; with increase in f becomes much sharper, as both
diffusion and interfacial charge rates become limiting factors. As the amount 6 of
intercalated ions is limited by these factors, it is no longer in agreement with the
Frumbkin isotherm and the material cannot be considered as pseudocapacitor electrode
material.

The described simple model is valid for flat interface only, because it neglects the
effect of the geometry of electrode surface and material deposit. However, in EESD,
such as batteries and supercapacitors, porous materials with well-developed interfa-
cial surface area are utilized. To model the impedance of electrodes of supercapacitors,
the influence of porous structure has to be taken into account.

2.5 Impedance of porous electrodes for supercapacitors

The interfacial impedance inside a pore is often modeled by the staircase-type
equivalent circuit.

It was demonstrated that for the infinitely long cylindrical pore the interfacial
impedance Z, is described by the DeLevi Eq. (15) [42]:

Z, = \/RIZI¢?, (15)

where R is the electrolyte resistance within the pore, Z is the impedance of a pore
wall/electrolyte interface, and ¢ is the phase angle of Z. The Eq. (15) predicts that
phase angle of the interfacial impedance of the pore is equal to a half of the phase
angle of flat interface with the same characteristics. For example, the phase angle of
the impedance of the interface with a double layer formation only is 90° for a flat
interface, and 45° for the interface inside the infinite pore.

The behavior of the interfacial impedance of a porous system is determined by the
penetration depth A of potential modulation signal into the pore [43]:

1 |od
A= 2 Zwé ’ (16)

here ¢ is the conductivity of the electrolyte, d,, is the pore diameter. The Eq. (16)
suggests that at the frequency below a certain threshold f ), A>[,, where I, is the length
of the pore, and the whole surface of pore acts as a flat interface. Thus, the transition
from infinite pore behavior to flat interface is observed on the impedance curves, that is
often detected in the experiments with porous electrodes (for example [44]).

This staircase model allows to correctly fit experimental impedance spectra of
porous electrodes in the absence of interfacial faradaic processes and determine the
capacitance C;. Moreover, the average pore length [, can be estimated from the f/,
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value, providing that the average diameter d,, of the pores is known from the other
methods [45]. The model can also be adapted to take into account irregular shape of
the pores: conical, globular pores etc. [43].

The majority of the studies of the impedance of porous systems simulate the pores
as a system of parallel independent pores. The staircase circuit is applied separately to
each pore, and total impedance is calculated as a parallel combinations of the pores.
The supercapacitors electrode materials, for example the activated carbon, often have
branching hierarchical structures: the larger pores are branching into few narrower
pores of next generation, which can be branching further. The hierarchical porous
structure of these materials makes the application of the staircase model more com-
plicated, because the staircase circuits of pores from different generations are no
longer independent.

The model of branching pores was proposed in [46] by introducing 2 generations
of pores: the large (um size) voids between carbon particles and the narrower (sub-um
size) internal pores. The larger pores were branching into # smaller pores with length
and diameter scaled by a; and a, factors comparing to the parent pore. This model
clearly demonstrated the influence of various parameters of geometry of pores on the
performance of carbon materials in supercapacitors. An important conclusion of this
work was the role of the interplay between the different parameters of the geometry.
In particular, as the porosity of the material was a fixed parameter in the model, an
increase in branching factor resulted in an increase in the diameter scaling factor, i.e.,
narrower pores of the next generation. As it follows from (16), the AC-penetration
depth 4 is shorter for an narrower pore, and, therefore, the utilization of an interface
within such pore is less efficient. Thus, it was concluded that the branching of pores is
counter-productive for their efficient utilization [46].

The staircase model was recently generalized take into account complexity of the
porous structure of carbon electrode materials of supercapacitors [47]. Three genera-
tions of pores were considered: short and wide pores (d; = 10 — 30 nm) of the 1%
generation were branching into f3;, narrow mesopores of the 2"/ generation
(dy = 3 — 10 nm). The pores of the 2" generation formed the main population of
pores. These pores could also branch into f,; micropores (d <1 nm). The branching
was allowed to occur along the whole length of a parent pore. To take into account the
contribution of pseudocapacitance, the Z interfacial impedance (see Figure 5) was

R

1

R
— ] ]
Cdl,s_

R
—
L1

Cdli

— Zis —— Zis

v

pore length

Figure 5.
The staircase equivalent civcuit of the impedance model inside a single pore. The highlighted elements form the
repeating pattern along the pore.
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modeled as a serial combination of charge transfer resistance R, and pseudoca-
pacitance C,. To limit the number of model parameters, relatively fast ion transport in
the solid phase of the electrode was assumed. Thus, the warburg impedance Zy was
excluded from this model.

The Nyquist plots of the interfacial impedance, modeled by generalized staircase
model in the absence of the faradaic impedance, are shown in Figure 6A. In agree-
ment with simpler models, the curves show the transition from infinite pore behavior
(¢ = 45°) at high frequency to flat capacitor behavior (¢ = 90°) at frequencies f > f.
In the presence of the fast pseudocapacitance reaction (ip = 0.1 mA/cm?) and high
pseudocapacitance (C, = 100 yF.cm~?), a characteristic semi-circular behavior is
observed at intermediate frequencies (Figure 6A,C). The model also shows that the
interfacial impedance changes significantly with the geometry of the electrode mate-
rial for the same characteristics of pseudocapacitance reaction (Figure 6A,C).

One may distinguish between two main factors of the influence of the geometry of
electrodes on the performance of electrode materials in supercapacitors:” penetration
depth” (4-factor) and” porosity” (p-factor). The A-factor is related to the decrease in
the value of 1 with an increase in potential modulation frequency f (16). As the
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Figure 6.

The Nyquist (A,C) and bode (B,D) plots for porous electrodes calculated by the generalized staircase model with 3
generations of poves. The non-faradaic model excludes Z ¢ from the calculations.
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surface of” active” interface within the pores decreases, the interfacial capacitance C;
is also decreasing with increase in f, and this decrease is more pronounced for smaller
and longer pores. On the other hand, smaller pores have lower inner volume and can
provide high SSA while having lower porosity and higher density p of the material.
Thus, these two factors are often found to be counter-active.

As it was mentioned above, the utilization of volume specific capacitance Cy =
C; - SSA - p allows accounting for both 4- and p- factors. Similar to the previous section
2.4, C; can be calculated from the model impedance values by (14). Similar to the
model of flat interface (Figure 4B,D), the Bode plots for porous electrodes,
constructed with Cy (Figure 6B,D), demonstrate flat segments at low frequencies,
corresponding to ¢ = 90°, or pseudocapacitive behavior. The values of Cy of these
segments are determined by p-factor: it is higher for smaller and longer pores. Also,
the branching of the pores provides the material with higher density (fewer pore are
needed for high SSA), and, thus, higher Cy values at low frequencies (Figure 6B).

However, comparing to flat interface, the segment of pseudocapacitive behavior is
much shorter: the decrease in Cy with increasing frequency is observed at signifi-
cantly lower frequencies. This decrease is related to A-factor of geometry influence
and it is more significant and observed at lower threshold f', for smaller and longer
pores (Figure 6D).

For fast pseudocapacitance reaction (io = 0.1 mA.cm™2) and the typical porous
structure of mesoporous carbon (predominant pores withd~3 —10 nmand /~1—3
um), the pseudocapacitive behavior is observed up to f %100 Hz, i.e., in the region of
potential modulation rates relevant for supercapacitors. However, for slower reactions
the range of pseudocapacitive behavior is limited to low-frequency ranges only
(f <1Hz), showing strong effect of A-factor of the geometry of pores on the capaci-
tance of electrode material. Also, for longer pores of few tens of um (e.g., thick
electrode deposits), the pseudocapacitive behavior is restricted to slow potential
modulation even for very fast pseudocapacitance reaction (Figure 6D).

3. Conclusions

The phenomenon of pseudocapacitance allows to increase significantly the charge
storage capacitance of the materials by involving the bulk of the electrode material to
the charge storage. This phenomenon involves a fast and reversible interfacial charge
transfer reaction, followed by an insertion of electrolyte cation into sub-surface and
bulk layers of the solid-state electrode. This phenomenon is similar to cation interca-
lation into the batteries electrodes. However, in the case of supercapacitors, the
interfacial reaction must be fast and reversible. In this case, the amount of inserted
cation, as characterized by the intercalation factor 6, is in agreement with the Frumkin
isotherm (8). In practical terms, this criterion means that the amount of stored charge
depends only on the applied potential and does not depend on the rate of charging.

In the case of several simultaneous interfacial phenomena, the electrochemical
behavior of the materials can be analyzed by interfacial impedance measurements and
modeling. The advantage of the impedance spectroscopy is that, due to a small poten-
tial modulation, various interfacial phenomena can be considered to be independent
and total impedance can be modeled as a combination of several elements
corresponding to different processes. Namely, the impedance of flat electrode/elec-
trolyte interface in the presence of pseudocapacitance phenomena can be analyzed by
the FMG model. This analysis shows that in the case of relatively fast ion transport in
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the solid phase (D~ 10~ cm?.s7!) and not particularly slow interfacial charge transfer
rates (i.e., io >10~* mA.cm2), the pseudocapacitive behavior is expected up to very
fast potential modulation (f ~100 Hz). Under these conditions, the calculated surface
specific interfacial capacitance C; does not depend on the frequency f and the imped-
ance phase angle is close to ¢ = 90°. This behavior is in clear contrast to the behavior
of materials with slow ion transport in solid phase D~ 10~ cm?.s7%, in which case a
decrease in C; with increase in potential modulation rate is detected already at low
frequencies f ~ 0.01 Hz even for fast charge transfer rates (ip = 0.1 mA.cm™2).

The analysis of the electrochemical behavior of electrode materials for
supercapacitors must take into account the complex porous structure of these mate-
rials. For this purpose, the generalized staircase model of interfacial impedance for
materials with hierarchical branching porous structure can be used. The effects of the
geometry of pores on the performance of electrode materials of supercapacitors can be
roughly categorized into two groups of factors. First, the presence of pores allows
increasing significantly the specific surface area of the material, thus increasing the
area of interface available for charge storage. The narrower pores with higher
branching factors have lower inner volume, resulting in higher density of electrode
material and, correspondingly, higher volume specific capacitance Cy. This group of
effects is referred to as p-factors. The second group of effects, referred to as A-factors,
is related to the dependence of 4, i.e., penetration depth of potential modulation to the
pore, on the potential modulation frequency f. The value of 1 is shorter for narrower
pores (16); thus p- and A-factors are most often counter-active.

The modeling of the interfacial impedance of porous electrodes shows that the
pseudocapacitive behavior (i.e., the values of C; and Cy being independent on the
potential modulation rate f) is confined to lower frequencies f due to A-factors,
comparing to flat interface. In particular, for thick deposits of mesoporous carbon, a
decrease in interfacial capacitance with increase in f can be expected even for rela-
tively fast interfacial charge transfer rate i ~ 0.01 mA.cm 2.

In general, one may conclude that in the case of flat electrodes of materials with
sufficiently high ionic conductivity (s; >0.001 Ohm™".cm™?), the pseudocapacitive
behavior of electrode materials can be observed even for moderate interfacial charge
rates (i9>10"* mA.cm2). However, the materials with high SSA and developed
porous structure are commonly employed in supercapacitors, which imposes stronger
limitations on the rate of interfacial charge transfer. Thus, the demonstration of the
pseudocapacitive behavior of a material with flat geometry of the interface is not
sufficient to suggest its application in supercapacitors. The pseudocapacitive behavior
has to be experimentally demonstrated and/or numerically simulated for the given
material with porous structure.
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