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The ultimate physical limit approach is applied to the case of electrode nanostructures of double electric
layer (DEL) supercapacitors (SCs) on the basis of advanced superionic conductors (AdSIC) required for the
development of many high-tech directions. New nanoionic fundamentals (notion, criteria and estimations) are
introduced and the ways for the creation of advanced carbon-based nanostructures suited for different types of

SCs are proposed.
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1. Introduction

For ranking a high-tech object to a class "advanced
...", both the object and scope of its potential applica-
tion should be defined in terms of relevant characteristics.
A measure for qualifying high-tech object as "advanced"
one is determined by the distance from the "upper phys-
ical limit" to the "already attained" value of a charac-
teristic. True "advanced nanostructures" should have
direct relation to some would-be advanced devices [1],
which in turn can be related to a promising science di-
rection or technology, say the molecular [2] or carbon na-
noelectronics [3]. The problem [4] of integrated-on-chip
high-capacity capacitors becomes aggravated in deep-
sub-voltage nanoelectronics [5]. Similar problem [6] ex-
ists in the area of portable electronics based on surface
mount devices. Nanoionic devices [5, 7], e.g. supercapac-
itors (SCs), are necessary to the development of nanoelec-
tronics, self-powered nanosystems [8], etc. In this work
the ultimate physical limit approach is applied to double
electric layer (DEL) SCs. The work gives an affirmative
answer on the question: “Is there a reserve for significant
rise of key characteristics of carbon based SCs [9]7”

2. Voltage of electrochemical decomposition of
capacitive heterojunctions

The surface charge density Jdg on atomi-
cally smooth plane electrodes is limited by
domax ~ 1.5 X 10~* C/cm? which corresponds to
a unipolar ion charge on crystallographic densely
packed planes with small indices. The breakdown field
Finax = 0Q max/€0 = 1.7x 10° V ecm ™! in a plane capacitor
has the energy pp = (e0kF2,,)/2 ~ 128 kJ/cm? (dielec-
tric susceptibility k = 1, g = 8.85x 10712 F/m) which is
significantly larger than the standard enthalpy of chemi-
cal compound formation (e.g. AHnaci = 411 kJ/mol).
It yields [5]
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kF < 5Qmax/50; (1)
that shows the incompatibility of high field
strength (F) [10] with "colossal" [11] k. The rela-

tion (1) applied to a DEL with the thickness (Ipgr,) and
effective susceptibility % yields:

(Fmax!pEL)(€0k/IDEL) < 6Q max- (2)
For ionic liquid/electronic conductor (EC) heterojunc-
tions with the concentrations [12] of mobile charges of
an order of 1022 cm™3, Ipgr, is about 0.3-0.4 nm.

A new class of "advanced superionic conductors" (Ad-
SICs) was marked out among solid ionic conductors [1, 5].
The crystalline structure of AdSICs is close to optimal
one for fast ion transport (FIT). It determines a record-
high level of ionic conductivity: o; ~ 0.3 Q 'em™!,
and the activation energy of ion movement () is about
4kpT (300 K) =~ 0.1 eV. The a-RbAgyIs is a member of
silver (copper) ion conductors of this new class [13, 14].
In AdSICs the concentration of mobile ions in the states
of transition from one minimum of the potential relief
(vacant crystallographic position) to another minimum
is nys ~ Njexp(—n/kpT), where N; ~ 10*2 cm~3 is the
total concentration of mobile ions. The relation (2) can
be applied to AdSIC/EC heterojunctions [11]. Whereas
the eok/IpgL is the density of surface capacitance (0¢),
then the Fi.xIpgr product can be defined as a new no-
tion — the voltage of electrochemical decomposition of
the AdSIC/EC heterojunction (Vye.). Thus,

Vdec5C < JQ max» (3)
where 60 max ~ 1.5 x 107 C/cm? = 150 VuF/cm?. If
a high value of d¢ is attained, say 6c > 150 uF/cm?,
Vgee will be small, =~ 0.1 V, i.e. lower than the volt-
age of electrochemical decomposition of the bulk AdSICs
(=~ 0.5 V for ionic conductors on the basis of Ag-, Cu-
halides). For structure-disordered AdSIC/EC without
FIT (¢ > 150 pF/cm?, n ~ 0.5 eV) Vqec is about the
voltage of decomposition of the AdSIC bulk . If the volt-
age on the structure-ordered heterojunction (with FIT)
exceeds Ve, the degradation of atomic structure on the
heterojunction and the decrease of §¢ should take place.

(260)
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3. Relation between k and n for ADSIC/EC
heterojunctions

For ionic crystals the k value is proportional to the shift
of ions inside potential wells under the action of an exter-
nal electric field of the unit value (1/v) [5, 11]. In linear
approximation, the recovery force acting on a mobile ion
in the minimum of the potential well is d¢/0r = —yr (v
is the "rigidity of a chemical bond", and r is the shift of
ion). The potential ¢ is proportional to the depth of the
potential relief (n) which is about 0.1 €V in the bulk of
AdSICs. New key nanoionic relation can be introduced:

6 o k o 1/, (4)
where 7 depends on the heterojunction atomic structure,
and d¢ is also proportional to the concentration of dipoles

(naip) induced at heterojunction. The relations (3) and
(4) give

Vdec < 6Q max/(SC X n/ndip7 (5)
where 0g max ~ 150 VuF /cm?. The maximum hopping
frequency of mobile ions between the minima of the po-
tential relief (without considering the thermo-field effect)
is given by

Vmax = Vo exp(—n/ksT). (6)
The frequency of jump attempts (1) is ~ 10'2 Hz and
kT =~ 0.026 eV (300 K). The value vpay defines the up-
per limit of heterojunction operation frequency fiax via
the logarithm:

n=kgT(lnvy — Invmax), (7)
7 is about 0.36-0.3 €V for fiax & Vmax ~ 106 =107 Hz.

4. Interface design methods

The structure-disordered AdSIC/EC heterojunctions
provide ¢~ 10? pF/cm? only at low operation fre-
quencies (f ~ 1072 + 103 Hz) [15] though the jump fre-
quencies of mobile ions in the crystal relief of AdSICs
are ~ 1019 Hz (300 K). It is the result of the FIT viola-
tion in the DEL at AdSIC/EC. The chemical composition
and atomic structure of interface should be regarded as
the additional "fields" determining the effective k& and
ion-transport characteristics of functional heterostruc-
tures. Interface engineering methods and control of self-
organization effects in the AdSIC-nanosystems [1, 5, 16]
are a basis for the creation of SCs with high energy-
power characteristics. The consideration (3)—(8) does
not mean that advanced devices with operation frequen-
cies fmax ~ 108 +10° Hz (1 is about 0.24-0.18 V) will
be out of practice due to small Vgee. If the ngi, will
be reduced below ~ 10 ¢cm~2, the AdSIC/ECs with
n < 0.2 eV and d¢ ~ 100 puF /em? may have V. close to
the voltage of electrochemical decomposition of the Ad-
SIC bulk (= 0.5 V). A great challenge is the development
of interface design methods [17] for the creation of nano-
sized AdSIC with n = kgT (300 K) [5]. The nanostruc-
tures with record high ion-transport characteristics may
be used in the future semiconductor-nanoionic deep-sub-
voltage nanoelectronics and related technologies [5] and

will be suited for the realization of the "nano-morphic
cell" concept [18], i.e. for the creation of nano- and mi-
crosystems integrated on an atomic level.

5. Large current on the non-Faraday imperfect
AdSIC/EC heterojunctions

The primary characteristic for power capability of SCs
is the dependence of pg versus ¢;. Unfortunately, ex-
perimental data on the d;-behavior of SCs are scant-
ily presented in the literature. The calculation of §;
(the internal surface of electrode ~ 10 m?/g) [19] gives
low values of §; (107° = 10~7 A /cm?) for carbon-based
electrodes of DEL-SCs. These values are significantly
lower than the desired "possible" non-faradaic §;. Even
for Faraday reactions M™ + e < M (300 K) in lig-
uid electrolyte/M-metal electrode systems, the exchange-
current densities [20] may be higher than §;. For Ad-
SIC/EC the ultimate limit of §; can be estimated as fol-
lows. If d¢ is about of 107* C/cm? and recharge time is
in the range 1078 +107% s (300 K), then maximum of §;
may be estimated as 10* + 10° A/cm?. However, for the
carbon-AdSIC composite electrodes at 460 K [19], 07 is
~ 10" times smaller.

In previous sections the nonlinear processes caused by
the influence of external forces (the source of voltage
or the generator of current) are not considered. Quasi-
equilibrium regime of the SC-operation corresponds to
the model, where the rate of the generation of mobile
ions is rather large and the relaxation time (7,.) is rather
small in any spatial area of AdSIC/EC, so the kinetic
restrictions are absent. In the regime of weak external
forces the rate of generation of mobile ions is rather large
and the deviation from heat equilibrium arises due to the
spectrum of the relaxation times 7,.. It leads to the linear
models of system behavior, in which the parameters of
processes are independent on time (¢) and external forces.
A linear model can be described by the equivalent circuit
with a set of RC-chains. The capacitor C' corresponds
to the spatial area, where the rate of generation of mo-
bile ions is great enough, and the resistor R fits the area,
where ion transport is defined by diffusion.

“Slow diffusion processes” on AdSIC/EC [15, 21] as-
sociated with the diffusion of non-basic charge carriers
(defects of crystalline structure) were studied in detail
by means of impedance spectroscopy (10~* + 10° Hz).
However, the works of this direction did not lead to
the formulation of the following conceptual tasks: (i) a
study of causes of FIT suppression, (ii) an identification
of the boundary types of non-Faraday heterojunctions
with FIT, (iii) a search for the methods of creation of
AdSIC/EC with FIT. These tasks were first formulated
in [22, 23], where the idea of the structurally-ordered (co-
herent) non-Faraday AdSIC/EC heterojunctions (with
FIT) was introduced. The criterion of the non-Faraday
AdSIC/EC perfect heterojunctions is d¢ ~ 100 uF/cm?
(300 K), fmax ~ 10° Hz.

Real non-Faraday AdSIC/EC interfaces have imperfect
crystalline structure with non lowest-energy and without
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FIT. Nonlinear behavior of such AdSIC/EC under the ac-
tion of large external forces is caused by the limited gen-
eration rate of basic charge carriers and by the existence
of relaxation processes. In this case there are required:
(1) the definition of the regime of the AdSIC/EC- opera-
tion, (ii) the physical quantities determining external in-
fluence, relaxation processes and SC-characteristics. The
Arrhenius type formula gives the evaluation of the relax-
ation time (7,):
1/7 x exp(—n/ksT). (8)
The universal method for the description of AdSIC/EC
in a wide range of external conditions does not exist. The
impedance method is limited by weak external forces
(linear current-voltage dependence). Nonlinear behav-
ior of AdSIC/EC was found [9]. In the regime of ex-
ternal strong influences high power density (pw) is pro-
vided by appropriate high §; on the electrodes. Imperfect
AdSIC/EC has a transient area, where “surface degra-
dation” [24] (“structure distortion” [25] of AdSIC (high
values of 7)) exists. Let us assume that thermo-field ef-
fect [26] and structural relaxation on the charged inter-
faces [27] are small, i.e. At < RC and V < n/e, where
V is the voltage on AdSIC/EC. Let z axis is directed
perpendicularly to AdSIC/EC interface. If x = 0 and
x > 0 correspond to EC at heteroboundary and ion con-
ductor, respectively, then with increasing  the functions
n(x) and 7,(z) decrease to the AASIC bulk values (= 0.1
eV and ~ 1071% 5). In quasi-equilibrium regime (gen-
erator of I) in every moment of the time ¢ the voltage
V at AdSIC/EC has minimal value (Viin). It corre-
sponds to the system energy minimum and the charge d¢
is accumulated in the layer x =~ 0, where low frequency
DEL-capacitance ¢ is maximum (¢ max = 0¢Q/Vimin)-
The increase of I (generator of I) creates the conditions,
when the rate of generation of basic charge carriers in the
x = 0 layer can be not sufficient for the given §;, then
non-equilibrium ¢ appears (§¢ = 9dg/0V). In AdSICs,
a near-electrode layer of 1 nm thick and of 1 cm? area
has the charge of mobile ions ~ 10~* C. The leaving
frequencies vpax of these ions from potential wells (6)
are ~ 10° Hz (300 K) for n ~ 0.2 eV. If EC provides
electro-neutrality, then all mobile ions can be removed
from the considered layer within ~ 1079 s at the mean
current density ~ 60 maxVmax , i-e. 97 ~ 105 A/cm?.
At n = 0.5 eV the value vpax is only ~ 4 kHz (300
K) that fits 67 ~ 107! A/cm?. As the function 1 (z)
decreases in the transition area, the layer x ~ z* pro-
viding the preset d; (determined by I-generator) exists
and the charge accumulates in the vicinity of x*. The in-
crease of effective length of charge separation from x ~ 0
(quasi-equilibrium regime) to x ~ x* (regime of strong
I) implies that the DEL-capacitance ¢ is the decreasing
function of d;. Above estimations give the §; overrated
values, since the majority of thermally excited ions re-
turn into initial potential wells. In addition, when d¢ max
is ~ 107 C/cm? the effects of structural relaxation in
charged interfaces [27] are possible. For more real esti-
mations the mean values of 6; ought to be ~ 102 times

decreased. Thus, for atomically smooth EC-electrodes
the quasi-equilibrium values of non-Faraday §; and max-
imum 0¢ at AASIC/EC are defined by:

o <~ 0.01(5@ maxVmax

= 0.010Q maxVo exp(—n/ksT). (9)

Inequalities (9) and 7 < At determine the quasi-
equilibrium regime, and reverse relation

01 2 0.010Q maxvo exp(—n/ksT) (10)
is the criterion of large values of §; and regime of external
strong influences.

ESR

5 MKe

Fig. 1. Time dependence (horizontal scale 5 us/div)
of voltages on experimental SC (2) and standard ca-
pacitor (1) at the recharging through ballast resistor
R, = 100 Q [11]. The capacitor 0.2 pF (vertical
scale 50 mV /div) connected in series with the resis-
tor r = 20 Q and experimental SC (the footprint area is
200 x 800 mm?) on silicon support in the temperature
range 27 °C (upper line 2)-86 °C (lower line 2). The volt-
age (3) from the external generator (vertical scale 500
mV /div) for the cases 1) and 2).

The charge-discharge oscillograms [11] qualitatively
confirming the correctness of the above estimations are
presented in Fig. 1 (experimental SC with AdSIC/EC,
d¢ > 100 pF /cm?, the spectrum of oscillograms 2). In
the temperature range 27 = 86 °C the value ¢ increases
but 7, and equivalent series resistance (ESR) decrease.
If the change of voltage AV at heterojunction is con-
siderably smaller than the external II-impulse of voltage
(applied to a cell through a large ballast resistor Rp),
then the regime of current generator take place. For the
dr-impulse satisfying to (10) and inequality At < 7, the
thermodynamics equilibrium is absent in near-electrode
layers with < x* but at > 2*, where the values of 7
are close to 0.2 eV, the processes are quasi-static. Thus,
the non-equilibrium distribution of the charge (potential)
appears in the boundary area with the structurally disor-
dered AdSIC with the n(z) coordinate dependence. The
excited systems lose part of energy in the non-equilibrium
processes [28], i.e. on condition that At > 7, the redistri-
bution of charge (0 = const) inside the z < z* layer re-
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duces V' and provides the growth of the DEL-capacitance
dc(t) = 0dg/OV (t) up to a quasi-static value. A mini-
mum é¢ is at ¢ — 0. The relaxation of V appears as
the decrease of slope in the V(t) spectrum oscillograms
2. When the values of d; are small and satisfy (9) the
relaxation is weakly visible (the lower line in the spec-
trum 2, 86°C). At small 7 (for instance, elevated T)
even the layers with large n(z = 0) provide the required
d7. Thus, in the regime of strong I the non-equilibrium
dc of AASIC/EC is the function of dy, n(z), T and t.

6. Magnitude of p. x p,, as indicator of
technology level

Both pg and p¢ are figures of merit of SC performance.
If the thickness of 3D porous electrode of SC increases, pg
and p¢ also increase (SCs with large capacitance per-area
of footprint) [29], but py simultaneously decreases [30].
The relation pg X pw = const take place for the given
technology. So, it may be used for a qualitative eval-
uation of technology level of SCs. The developments
(2008-2010) [31-33] show pg x pw ~ 109 J?/s kg? for
the liquid electrolyte/nanostructured carbon electrodes.
If pg is about 102 kJ /cm3 at dgmas &~ 1.5x 1074 C/cm?,
then (pg)max per unit mass is <~ 107 J /kg (for inorganic
materials with the density 5 x 1073 kg/cm?®). The up-
per limit of py is defined by the ratio of (pg)max to the
discharge time (7). For SCs the discharge time of short
circuit (74.) is

Tse ~ RC = (0¢l) /0y, (11)
where R is the internal resistance of SC, C is the ca-
pacitance, o; is the ionic conductivity and [ is the inter-
electrode distance. The minimum ! can be estimated by
5 X Ipgr, ~ 2 nm for the structures integrated on atomic
level, and o; is about 0.3 2 *em ™! (300 K). The 7. time
is ~ 10719 s for ¢ about 100 pF/cm?. The maximum
of output power on an external resistor is attained at
the total load about 4R (7 = 47s.). Then the ultimate
limits for pg X pw and fpax X 6c are much less than
~10%* J2 /s kg? and ~ 10'? Hz uF /cm?, respectively.

7. Quantum capacitance of advanced carbon
electrode nanostructures

The capacitance in the range 135-205 F/g was re-
ported for aqueous electrolyte/graphene-like electrode
systems [31-33]. The values of d¢c calculated per unit
area of internal surface of electrode materials are about
20 pF/cm? (internal surface ~ 700 m?/g) [31, 33]
and 65 pF/cm? (~ 320 m?/g) [32]. For the Ad-
SIC/nanoporous carbon systems [34], it yields é¢ =
15uF /em? (=~ 660 m?/g). The explanation of discrep-
ancy (15 uF/cm? vs. 65 puF/cm?) due to "the high ac-
cessibility by electrolyte ions" [32] should be rejected be-
cause the optimization of pore diameter distribution ver-
sus ion sizes gives ¢ < 20 uF/cm? [35]. The influence of
quantum capacitance (d,¢) on the results of measuring
d¢ is usually not considered for SCs with carbon elec-
trodes [36]. Recently, the “puzzling aspects of the inter-
facial capacitance” of carbon electrodes were attributed

to the existence of d4c [37], which may be the dominant
source of capacitance (in series with DEL-capacitance).
It is valid for low-dimensional carbon, where the den-
sity of electronic states (DOS) at the Fermi level is small
(0gc x DOS). The penetration of electric field into a
conductor and lifting of the Fermi level (at the adding of
a charge to the electrode) takes place in case of small §4¢
(for graphene on the SiOq substrate d,c n'/2, n is the
value DOS) [37]. For n about 9 x 10'? cm™2 § ¢ is 7-
10 uF/em?. A bilayer graphene is a gapless semiconduc-
tor, in which the electrical field generates a bandgap [38].
An increase of d,¢ with rising n was established [39].

Further optimization of porosity in the nanostruc-
tured carbon will not allow one to increase pc signifi-
cantly above 200 F/g (specific surface area of graphene
is ~ 2600 m?/g). The dopants [37] and the extended de-
fects (“self-doping”) [40] can increase the values n, elec-
tronic conductivity (o.), and J,¢ in the carbon materi-
als. The nanotube fibers with o, about 50 Q! cm™!
was attained [41]. This is 10 times higher than o, of
graphene-like materials [31, 32] but much lower than
oo (= 10° Q7 tem™1) of the 20-nm copper wires. As the
o of metallic carbon nanotubes (~ 5 x 10° Q~lcm™!)
exceeds 0. of copper nanowires, there is a reserve for
decreasing of the equivalent series resistor (ESR) with
increasing o, in carbon electrode materials.

The bottom limit of the single wall carbon nanotube
(SWCNT) resistance in low voltage bias regime is de-
fined [42] by

Rswent = 1/4(h/e?)(L/X + 1), (12)
where h = 6.6 x 1073* J s is the Planck’s constant,
e = 1.6 x 107!° C is the charge of an electron, L is the
SWCNT length, A is the temperature dependent mean
free path length of electrons (for the metallic SWCNTs
it is about 1 pm at 300 K). The factor 1/4 in (12)
appears due to spin and sublattice degeneracy of elec-
trons. So, the minimum fundamental resistance h/4e? ~
6.5 k€ is defined only by two electron-transparent con-
tacts at A > L.

The quantum capacitance per unit length of SWCNT
(Cy) with spin and sublattice degeneracy of elec-
trons is [43]

C, = 4(2¢*/hvp), (13)
where C, is about 4 x 1076 F/um at the Fermi ve-
locity vr ~ 8 x 10° m/s, and factor 4 appears due to
spin and sublattice degeneracy of electrons. Recalcula-
tion of C;, (4 x 1071¢ F/um) per unit area of freestand-
ing SWCNT with the smallest diameter dyi, ~ 0.4 nm
(L = X\ ~ 1 pm) yields 6,c < 30 uF/cm?. Advanced
carbon electrode nanostructures should have

dqc = Nog, (14)
where d¢ is the DEL-capacitance and N is in the range
of 3-5 due tod,c in series with dc.

The important question is: whether there is an op-
portunity for significant increase of pc in ion conduc-
tor/carbon nanostructures. As the total number of quan-
tum conduction channels in parallel (N,.) increases lin-
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early with the cross-section area of a conductor [44], then
C, o< Ny under some assumptions [45], C; o d? for high
aspect ratio conductors (d is the characteristic diametri-
cal size) and d,4¢ for cylinder-like nano-conductors is
dgc X d. (15)
So, unique possibility for significant increase of d4¢ in car-
bon electrodes is the application of nanostructures with
extended dimensionality, e.g. bundles of metallic SWC-
NTs instead of 1D nanowires. There is an optimal d for
ranking carbon nanostructures of SCs with high p¢o to a
class "advanced", that is defined by (14), (15) and, si-
multaneously, by preservation of high internal surface of
electrode (that provides the minimization of d).

Further minimization of [pgy, is impossible because the
ionic screening length for interfaces with the limit high
concentration of charge carriers (&~ 10?2 ¢cm™3) is only
0.3-0.4 nm. According (4), the d¢ can be increased by
using AdSIC/EC with low potential barriers for mobile
ions (large effective k of DEL). The capacity-frequency
and energy-power properties of perfect AASIC/EC de-
pend on the atomic structure of interface. The applica-
tion of interface design methods to the capacitive het-
erojunctions should take into account such factors as the
large interfacial d¢ attained by selection of commensu-
rate structures [1, 16] of AdSIC/carbon and the choice of
electrode porosity for the optimization of volume utiliza-
tion. To obtain high d,c with simultaneous preservation
of high internal surface of electrode, it is necessary to
use bundles of SWCNTSs, uniform metal-covered carbon
nanotubes (high DOS at the Fermi level, high conduc-
tivity [46]) or graphene sheets with dopants, extended
defects [40], and metallic decoration. The prospects of
graphene-based materials with high J4c did not men-
tioned in the prognostic work [47] but relevant area is
in a rapid progress (the major chip-makers are active in
the research [3], other members of the grapheme-family
have just been discovered [48, 49]) and so carbon-based
nanostructures with high d,c may be soon synthesized.

Advanced carbon nanostructures are considered [43—
45, 50] as a future of nanoelectronics beyond 22-nm tech-
nology node (2016). Micron-sized carbon-based inte-
grated on chip nanoionic SCs [1, 5] as well as the surface
mount high-capacity SCs [6, 51] for portable electron-
ics may be well compatible with future nanoelectronics
technologies. Nanoionic devices first proposed by IMT
RAS (“The results obtained show that it is possible to
form arrays of electrochemical devices with single ele-
ments ~ 10 nm in size in the films” [52] are now in the
scope of interest of ITRS [53]. Future deep-sub-voltage
nanoelectronics [11] will use nanoionic SCs [1] which are
in scope of Samsung’s interest [54] now.

8. Summary

For the revealing of new possibilities in the area of cre-
ation of advanced carbon-based supercapacitors (SCs),
the ultimate physical limit approach was applied to such
a set of characteristics as the surface densities of charge

(0g), current (dy), electrostatic (d¢) and quantum ca-
pacitance (04c), volume densities of energy (pg) and
power (pw), maximum operating frequency of capaci-
tive nanostructure (fmax) and voltage of electrochem-
ical decomposition (Vge.) of advanced superionic con-
ductor (AdSIC)/electronic conductor (EC) heterojunc-
tion, which were expressed through the crystal poten-
tial relief depth (n) for mobile ions at the AdSIC/EC
interface. In this work: (1) new notion, “the voltage
of electrochemical decomposition of the ionic conduc-
tor/EC heterojunction” (Vgec) was introduced, and the
ultimate limit criterion Vgecde < 150 VuF/ cm? was re-
vealed, (2) new nanoionic relation dc o 1/n for Ad-
SIC/EC was defined, (3) inevitability of using of inter-
face design methods and effects of self-organization for
the creation of advanced heterojunctions with the dou-
ble electric layer (DEL) capacitance 6c  ~ 100 pF /cm?
and fuax ~ 108 + 10° Hz was emphasized, (4) low
non-faradaic é; in DEL-SCs as compared with typical
exchange-current densities for M +e < M (300 K) Fara-
day reactions in liquid electrolyte/M-metal systems was
pointed out as a large reserve to increase of pg and py in
DEL-SCs. The criterion of transition into regime of ex-
ternal strong influences d; 2 0.016g maxo exp(—n/ksT’)
is introduced for AdSIC/EC. It has been shown that
a non-equilibrium DEL-capacitance d¢(t) of AASIC/EC
with the structurally-disordered interface depends on
the 07, n(z), temperature T, and time ¢, (5) criterion
~ 10° J?/s kg? < pp x pw = 10%* J?/s kg? suited
for ranking SCs to an advanced class was proposed,
(6) small values d,c (about 10-20 uF/cm?) in the pris-
tine graphene and 1D carbon nanomaterials were recog-
nized as the main obstacle for improving DEL-SCs and
the condition d,c ~ 53¢ was proposed as the criterion
for ranking carbon nanostructures to an advanced class,
(7) uniform metal-covered carbon nanotubes, bundles of
metal SWCNTs and graphene sheets with high concen-
trations of dopants and extended defects were proposed
for the creation of advanced carbon electrode nanostruc-
tures and SCs with §,c =~ 56c ~ 500 uF/cm? and
PE X PW Z 109 J2/S ng

The elaboration of criteria that would permit quali-
fying the nanostructures, materials and devices as the
"advanced" ones can speed up the technological progress
in the field of SCs and adjacent directions.
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