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Abstract 
 

The paper analyzes thin-film technologies for advanced CSC and UCS. It is shown that the amount of accumulated energy is determined 

by the work of moving the charges in a given direction. This dependence determines the energy intensity of the CSC and UCS shows that 

the process of accumulation of electric energy in them is the same, and is determined mainly by polarization effects in the system. Because 

the mechanism of accumulation of electric energy in the CSC and UCS from a physical point of view is the same, there is a possibility to 

combine design solutions and to create a unified electrode material for a CSC and UCS in thin-film technology. In this case, it is possible 

to increase the specific energy capacity of the energy storage device while increasing its specific power in a single design solution. The 

traditional design of CSC and electrolytic UCS focused on the formation of electrode materials for thick-film technology. From this point 

of view, thin-film technologies, which have been actively developed recently, are promising. The prospect of developing thin-film tech-

nologies is associated with the use of nanomaterials and nanostructures, which can form more energy-intensive materials and significantly 

change the processes of converting the energy of the double electric layer and chemical interaction into electrical energy. The task of the 

article is to study thin-film technologies theoretically and experimentally in order to determine their development prospects for high-energy 

current sources, determine the ranges of their use and the possibility of industrial implementation. However, recently there has been a 

tendency to reduce the dynamics of growth in energy intensity of CSC generated by this technology. 
 
Keywords: Thin Film Technology; Chemical Power Source; Ultra-High-Volume Capacitor Structures; Electric Energy Accumulators; Energy Consump-
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1. Introduction 

In the work, the analysis of thin-film technologies for perspective 

CSC and UCS is carried out. It is shown that the value of the accu-

mulated energy is determined by the work of moving the charges in 

a given direction and is expressed by the formula: W=PE, where W 

the work, P – the dipole moment, E – the electric field. This de-

pendence determines the energy intensity of the UCS and CSC, 

shows that the process of electric energy accumulation in them is 

the same, and is determined mainly by polarization effects in the 

system. Due to the fact that the mechanism of electric energy accu-

mulation in the UCS and CSC from a physical point of view is the 

same, there is a possibility to combine design solutions and to create 

a unified electrode material for UCS and CSC on thin-film technol-

ogy. In this case, it is possible to increase the specific energy capac-

ity of the energy storage device while increasing its specific power 

in a single design solution. Therefore, the development of advanced 

design of UCS and SCS should go in the following directions: 

The unified nanostructured electrode material development for 

USC and CSC; 

The nanostructured active mass development for CSC, ceramics 

and polymer and ceramic materials with dielectric permeability  

 

ε > 106 ÷ 108 And  Ubr > 0,01 ÷ 0,1
МV

m
 ; 

The development of new electrolytes, providing high  S  in DEL. 

Current trends in the development of the global renewable energy 

market, electronics and instrument making medicine and a number 

of other areas of science and technology indicate a steady increase 

in the share of autonomous power sources. The relevant problem of 

autonomous power supply of high-current consumers has not been 

completely solved. The creation of such devices and industrial tech-

nologies and their production will allow obtaining breakthrough re-

sults in such areas as electric transport, power recovery systems, 

generators based on renewable energy sources, uninterruptible 

power supplies, etc. 

Today the best examples of battery – a secondary chemical sources 

of current (CSC), which provide the energy consumption of about 

250 (W∙h)/kg and the intensive research on creation in the next 5 

years energy storage with energy up to 450 - 500 (W∙h)/kg, and in 

the distant prospect, and to theory-based limit 1000 – 1200 

(W∙h)/kg is carried out. The energy consumption of ultra-high-vol-

ume capacitor structures (UCS) 10-20 (W∙h)/kg, the intensive re-

search to achieve specific energy intensity 20-40 (W∙h)/kg, and for 

hybrid UCS 220-250(W∙h)/kg is carried out. 

The traditional design of the CSC and electrolytic UCS is focused 

on the formation of electrode materials on thick-film technology, 

when the chemically active substance for the CSC and superporous 

material for UCS are applied in a thick layer (30-60 mkm) on alu-

minum or copper foil in the form of paste. This is quite cheap and 
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productive technology is used widely for industrial purposes. How-

ever, recently there has been a downward trend in the growth of the 

energy intensity dynamics of the CSC, created by this technology 

[1-3]. Therefore, the urgent task is to find and develop new technol-

ogies that will provide the necessary dynamics of energy intensity 

growth of CSC and UCS. From this point of view, thin-film tech-

nologies, which have been actively developed recently, become 

promising [4-6]. The prospect of developing thin-film technologies 

is associated with the use of nanomaterials and nanostructures, 

which can form more energy-intensive materials and change signif-

icantly the processes of converting the energy of the double electric 

layer (DEL) and chemical interaction into electrical energy. How-

ever, the prospects for the development of thin-film technologies 

are considered for low-energy CSC, which are used for smart cards, 

chips with built-in power supplies for portable devices of various 

applications, medical implants, etc. [4-5]  

The task of the article is to study theoretically and experimentally 

thin-film technologies in order to determine their prospects devel-

opment for high-energy current sources, determine the ranges of 

their use and the possibility of industrial implementation. 

2. Theoretical study of thin-film technology of 

formation of electrode materials for CSC 

and electrolytic UCS 

In accordance with the generalized equation of the first and second 

laws of thermodynamics of energy, supply and drainage in the sys-

tem can be carried out only in two ways. It is possible to supply and 

take away energy in the form of heat or in the form of work. Math-

ematically, this statement is written as follows [7-9]: 

 

E = T ∙ S ∑ Ai
n
i=0                                                                      (1) 

 

where E – energy supplied to the system, T – temperature of the 

system, S – entropy of the system, -Ai – work produced by the sys-

tem (when energy is taken away) or +Ai, when energy is supplied 

to the system. 

For real irreversible processes work that can be supplied to the sys-

tem or extracted from the system is written as a multiplication of 

two quantities – extensive (X) and intensive (Y): 

 

Ai = Х ∙ У                                                                                      (2) 

 

In this case, equation (1) should be written in the following form: 

 

dE = d(T ∙ S) + d(P ∙ V) + (δ ∙ F) + d(φ ∙ q) + d ∑(μi ni)        (3) 

 

Where T – temperature, P – pressure, δ – surface energy, φ – elec-

tric potential, µi  −chemical potential −
extensive parameters, S − entropy, V − volume, q −
charge, ni − the number of moles –  intensive parameters. 
If extensive parameters with decreasing structural elements to na-

noscale values start to depend on intensive ones, equation (3) can 

be written as [10]: 

 

dE = (
∂S

∂T
∙

dT

dr
∙

∂T

∂S
∙

dS

dr
)  

 

dE = (
∂S

∂T
∙

dT

dr
+

∂T

∂S
∙

dS

dr
) dr + (

∂P

∂V
∙

dV

dr
+

∂V

∂P
∙

dP

dr
) dr + ( 

∂δ

∂F
∙

dF

dr
+

∂F

∂δ
∙

dδ

dr
)dr + 

 

+ (
∂φ

∂q
∙

dq

dr
+

∂q

∂φ
∙

dφ

dr
) dr + ∑ (

∂μi

∂ni
∙

dni

dr
+

∂ni

∂μi
∙

dμi

dr
) drn

i=1               (4) 

 

In this case, the dependence of extensive and intensive parameters 

on the dimensional factor appears in full differential, which changes 

significantly the energy intensity of the system as a whole. 

Equation (4) leads to the conclusion that nanostructured systems are 

fundamentally different in energy intensity from monolithic mate-

rials, and numerous experiments confirm clearly this theoretical re-

sult. [11-12]  

The analysis (4) shows that as a result of Nano structuring, which 

is provided by thin-film technology, the energy storage mechanisms 

arise in the system not only due to chemical reactions, but also due 

to the formation of charges at the boundaries, as well as other pos-

sible types of work that can go into electrical work if there is an 

appropriate mechanism. As a rule, there are always more energy 

inhomogeneities at the boundaries of areas, which ensure the func-

tioning of such mechanisms. Therefore, nanostructuring of the ma-

terial (the formation of a huge number of boundaries of the areas) 

on the one hand creates a significantly greater energy reserve in 

comparison with monolithic materials, and on the other hand, al-

lows creating mechanisms that convert different types of energy 

into electrical. 

In the work [13] it is shown that thermodynamic and electrostatic 

account of polarization interactions of particles in system leads to 

the same result – chemical potential of a molecule surrounded by 

the neighbors creating some effective field E is equal to work of 

polarization of the considered molecule. Thus, the universal nature 

of electrochemical reactions that convert chemical energy into elec-

trical energy is based on polarization effects. 

In this case, the chemical potential of the molecule (up to additive 

constant KT, independent of the electric field intensity) can be rep-

resented as: 

 

μ = −PE = Ai                                                                              (5) 

 

Where P – dipole moment, E – electric field strength, Ai – electric 

field work. 

Formula (5) as a result of simple transformations can be written in 

the form: 

 

δAi = −edφ                                                                                 (6) 

 

In this case, Gibbs potential in isobaric and isothermal conditions 

can be recorded as [13]: 

 

dGPV = ∑ Nidμi = ∑ Niedφ = ∑ NiEdpi                                   (7) 

 

Each of the expressions (7) is a multiplication of an intensive quan-

tity on extensive one. As extensive quqantity is the density of mol-

ecules )(N i  and as intensive one – the chemical potential, elec-

tric work free (edφ) or related charges (pdE). 

Taking into account the electrocapillary phenomena that occur in 

the formation of the surface of the section of two adjacent phases, 

Gibbs potential is recorded as follows:  

 

dGS = δdF + Edp                                                                       (8) 

 

Where E – electric field strength, P – dipole moment,   – surface 

tension, F – surface area. 

Using Maxwell’s transformation and Poisson’s equation for equa-

tion (8), we obtain the fundamental equation of electrocapillarity 

[13-16]: 

 
∂δ

∂x
= −ρfree + ρbound = −q                                                        (9) 

 

Where ρfree и ρbound– surface density of free and bound charges , 


– potential leap at the boundary of the areas. 

Under free charge all electric charges are understood, which under 

the influence of the electric field can be moved to macroscopic dis-

tances. Equation (9) is called the first Lippman equation. Charges 

that are part of molecules, dipoles, etc. are called bound. 

At the point of electrocapillary maximum 

 

δfree + δbound                                                                            (10) 
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This makes it possible to quantify the chemical potential of the area 

in contact with the metal [13], [16]. Formula (9) is obtained strictly 

thermodynamically and contains no assumptions or model repre-

sentations. The first part is a full charge of the surface layer, located 

in the averaged electrostatic field E. The left side of equation (9) 

shows that the stable state of the boundary is achieved by compen-

sating the forces of electrostatic and non-electrostatic origin. No re-

strictions were applied at the derivation of equation (9). So it is true 

in the description of any phase boundaries, which arise when CSC 

and UCS working. Equation (10) makes it possible to quantify the 

chemical potential of the active area in contact with the metal [13-

16]. Due to the fact that the chemical potential 


 is equal to PE, 

the multiplication of the dipole moment on the effective field: 

 

μ = −PE                                                                                     (11) 

 

Equation (11) leads to the conclusion that the chemical potential of 

a molecule surrounded by its neighbors, creating some effective 

field E, is equal to the polarization of the molecule. 

 

An = pE = μ                                                                              (12) 

 

Where An –the polarization work of a molecule. 

Differential of equation (13) can be written as 

 

dAn = pdE + Edp = dμ                                                            (13) 

 

According to the equation of the first and second laws of thermo-

dynamics can be written as 
7

 

 

dG(dT=0,dp=0) = ∑ Nidμi                                                           (14) 

 

Correlation 

 

dG = ∑▒〖N_i dμ_i = N_i ed∆φ〗                                              (15) 

 

Is widely used in the theory of galvanic elements that convert, first 

of all, the energy of a chemical reaction into electrical energy [13-

16]. 

In the integral form this equation can be written as follows  

 

∆Gchem.r.
° = ∑ ∆Gfcon

° − Gfout
° = ∑ Niμcon

° − ∑ Niμout
° = zε    (16) 

 

Where z = ∑ Nie – the electricity amount (charge) passed through 

the external circuit of the galvanic element. This charge as follows 

from equation (16) is proportional to the amount of the substance 

reacted in the element,  

EMF = ∑ ∆φi – it is the electromotive force (EMF) of the element 

equal to the sum of leaps of potentials ∑ ∆φiՓ. In this case, the 

EMF of the element in the first approximation can be estimated as  

 

EMF =
∆Gchem.r.

°

z
                                                                           (17) 

 

Equation (15) considers the situation when only the processes asso-

ciated with the movement of constant dipole moments occur in the 

system. This is explained by the fact that at room temperatures and 

voltages up to 10 volts, the contribution to the polarization from 

induced dipole moments is about 100 times less than from constant 

ones [17]. 

Therefore, in a complete differential at the boundaries of smooth 

surfaces, the value of EdP in equation (8) is usually neglected. 

However, at the nanostructured interface of media, where the elec-

tric field intensity can exceed 106 ÷ 107 V/sm.  [13], [16], the con-

tribution to the general polarization of induced dipole moments will 

be more significant. It should also be noted that the equations (16, 

17) allow concluding that thin-film structures have less thermal 

losses associated with the passage of current through the external 

circuit of the galvanic element due to the flow of unrelated charges 

due to the fact that the thickness of the chemically active layer is 

more than two orders of magnitude less. 

3. Systems without chemical reactions (ultra-

high volume capacitors electrolytic struc-

tures). 

The key parameter of systems that accumulate electric energy with-

out chemical reactions is the electric capacity. The value of the dif-

ferential capacity can be found using electrocapillary curves. [13-

16]  

 
d2δ

dφ2
=

dq

dφ
= Cd                                                                            (18) 

 

The expression (18) is called the second Lippman equation. 

Equation (18) can be represented as follows:  

 

dq = Cddφ                                                                                 (19) 

 

Integration of the equation (19) gives an integral capacity C. For a 

flat capacitor:  

 

C =
ε0εS

d
                                                                                      (20) 

 

Where  0 – dielectric constant,  – relative dielectric permeabil-

ity, S – the area of the capacitor plates, d – the distance between the 

plates [13-17]. The energy stored in the capacitor structure accord-

ing to the square dependence increases with increasing voltage in 

the capacitor:  

 

E =
CU2

2
                                                                                       (21) 

 

In the work [13], [16], [17] the influence of bound and free charges 

on the capacity of DEL was shown, which were called dipole and 

electronic components, respectively. The Lippmann equation can 

be converted to form:  

 
dφ

dρ
=

dφe

dρ
+

dφd

dρ
 или C−1 = Ce

−1 + Cd
−1                                     (22) 

 

Where 

Ce
−1– the electronic part of DEL capacity, 

Cd
−1 – dipole part of DEL capacity. 

In this case, the expression for the electronic part of the DEL ca-

pacity can be represented as: 

 

Ce =
dρ

d∆x
=

dpe
V

dz
∙

dz

d∆x
=

pe
V

pe
S ∙

εS

4π
                                                    (23) 

 

Where pe
V and pe

S respectively the bulk and the surface density of 

free charge, z – DEL thickness,   – the potential leap at the 

boundary, εS – DEL dielectric permeability. 

The equation (23) allows drawing a conclusion at once that it is 

necessary to use substances with high electrical conductivity as 

electrode material.  

The second term in equation (22) is written as follows:  

 
dρ

dφd
=

dρ

dρd
∙

dρd

dφd
= ε̅

dρd

dφ
= Cd                                                     (24) 

 

Where 
dρ

dρd
= ε̅ – const, i.e., it represents the effective dielectric 

permeability averaged over the whole dipole layer. 

The equation (24) leads to the conclusion that the DEL capacity in-

creases with the increase in the number of dipoles and dipole mo-

ment of DEL, which ensures the growth εs and the factor
dρd

dφ
. The 

equations (20) and (23) include one very important parameter that 
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determines the operating voltage of the CSC and a number of UCS, 

which is called the potential leap at the boundary (


). Phenom-

enological consideration of the electrostatics boundary [13,16,] al-

lowed obtaining an analytical expression to determine the leap of 

the potential: 

 

∆x =
W

e
−

KвT

e
ln

2πe2

(3π2)
1
3ε

∙ √
2πm

n2Kв
+ const                                    (25) 

 

Where W – the electron output work,  – DEL dielectric permea-

bility, m –electron mass. 

4. Consideration of results, conclusions and 

statement of the problem. 

1) As a result of the analysis of accumulation mechanisms of 

electric energy in CSC and UCS it is shown that in both cases 

process of accumulation of electric energy is connected with 

change of energy of free and connected charges. The amount 

of accumulated energy is determined by the work of moving 

the charges in a given direction and is expressed by the for-

mula: W=PE, where W – work, P – dipole moment, E – elec-

tric field. This dependence determines the energy capacity of 

CSC and UCS. The analysis showed that the process of ac-

cumulation of electric energy in CSC and UCS is the same 

and is determined mainly by polarization effects in the sys-

tem. 

2) From the equation [25], it follows that the surface potential 

leap, which determines the operating voltage of the CSC and 

electrolytic UCS (ignitors) with an accuracy of a constant is 

determined by the electron output work to the environment. 

This formula, obtained on the basis of quantum-mechanical 

representations, is consistent with thermodynamic ap-

proaches to the definition of 


 [13-16,]. The energy ca-

pacity of the CSC and electrolytic UCS is determined by two 

main parameters. Discharge current, which is determined by 

polarization processes and operating voltage, which depends 

on the properties of the DEL.  

3) According to equation (4), in order to increase the energy ca-

pacity of the CSC, the chemically active substance must be 

nanostructured in order to increase the number of dipole mo-

ments and their magnitude, and electrode materials must en-

sure the stable preservation of the original nanostructure dur-

ing operation. One of the options for solving the problem is 

the use of a high-porous matrix in the creation of electrode 

materials. In this case, thin-film technology enables the crea-

tion of hybrid UCS, which integrates the properties of the 

CSC and UCS. Recently this approach is actively developed 

and shows good performance in terms of energy capacity (en-

ergy consumption 220-250-watt hour/kg).  

4) The energy capacity of the CSC is determined by two main 

parameters (the electric capacity of the capacitor structure 

(C) and operating voltage of the capacitor U). The energy 

capacity of CSC (Ai) is determined by the formulaAi =
CU2

2
. 

The electric capacity (C) in CSC is determined by the prop-

erties of the double electric layer (DEL), which occurs at the 

boundary between the electrode material and the electrolyte 

for electrolytic CSC. Almost all the properties of DEL is de-

termined mainly by three parameters: free electrons density
)(

e , which is determined by the properties of the elec-

trode material, dielectric permeability ( S ) in DEL, de-

scribing the properties of the electrolyte and electrode mate-

rials, and the work of the output (W В ), characterizing the 

interaction of both environments. Two of these parameters 


e  and W В  can be measured experimentally and the third 

parameter  S - is free [13-16]. Therefore, implementing a 

dielectric layer into the electrode material design can in-

crease significantly the operating voltage, creating high-

voltage CSC. The main characteristic of ceramics is the die-

lectric permeability ε, the value of which in nanostructured 

materials reaches108, and in monolithic materials at the 

level of 104 [18,19]. . The value of dielectric permeability 

increases due to the increase in the number of dipole mo-

ments and their magnitude. 

5) The operating voltage of the ceramic layer is determined by 

the value of the breakdown voltage, which increases with a 

decrease in the non-connected charges in ceramics [17]. 

Therefore, there is no direct relationship between the break-

down voltage Un and ε[17]. Electroporcelainε = 5 −

8Ubr30 − 32
МV

m
. Ultra porcelain ε = 8 − 8,8Ubr30 −

36
МV

m
 . Active ceramics Barium Titan ate ε~104 , 

Ubr~0,8
МV

m
[20]. 

6) Because the mechanism of electric energy accumulation in 

the CSC and UCS from a physical point of view is the same, 

there is a possibility to combine design solutions and to cre-

ate a unified electrode material for CSC and UCS on thin-

film technology. In this case, it is possible to increase the 

specific energy capacity of the energy storage device while 

increasing its specific power in a single design solution. 

7) Therefore, the development of advanced design of CSC and 

SUCS should go in the following directions:  

The development of unified nanostructured electrode material for 

CSC and UCS; 

The development of nanostructured active mass for CSC;  

The development of ceramics and polymer-ceramic materials with 

dielectric permeability  

 

ε > 106 ÷ 108и Ubr > 0,01 ÷ 0,1
МV

m
 ; 

 

The development of new electrolytes, providing high S , in 

DEL high one-way conductivity; 

The creation of a new generation of separators with barrier layers 

that reduce leakage currents. 
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