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17TH INTERNATIONAL MEETING “FUNDAMENTAL AND APPLIED 
PROBLEMS OF SOLID STATE IONICS”

The  17th International Meeting “Fundamental 
and Applied Problems of Solid State Ionics”, hereinafter 
referred to as FPSSI‑2024, was held from 16 to 23 June, 
2024 in Chernogolovka (Moscow region, Russia).

The  FPSSI‑2024 meeting was dedicated 
to the memory of Professor Evgeny Alexandrovich 
Ukshe and that year marked the 30th anniversary since 
the beginning of the event. E. A. Ukshe was the initiator 
of the organization of a series of regional seminars 
“Solid State Ionics” in the 1980s, which is currently 
continuing in the format of international conferences. 
The meeting brings together scientists in the fields 
of electrochemistry, crystal chemistry, physics and solid 
state chemistry and promotes the expansion of scientific 
research and contacts in many related fields, including 
in the field of applied electrochemistry.

The work of the FPSSI‑2024 meeting was organized 
in four scientific areas:

Section 1. Ion conductors: synthesis, structure, 
properties and transport mechanisms;

Section 2. Electrode processes and electrocatalysis 
at phase boundaries;

Section 3. Experimental and theoretical methods 
for studying processes in solid-state ion and mixed 
conductors;

Section 4. Practical use of solid-state electrochemical 
devices: fuel cells, batteries, supercapacitors, sensors, 
electrochemical energy storage, etc.

More than 150 researchers, university teachers, 
undergraduates and  postgraduates, engineers, 
technologists, representatives of industry and business 
took part in the work of the FPSSI‑2024 meeting, 
including seven foreign participants from five 
countries. The  meeting was held in  face-to-face 
and virtual formats. About 110 people participated 
in the conference in person. 84 reports were heard, 
including 28 invited papers (three from foreign 
participants) and 56 oral presentations.

The 6th School for Young Scientists “Hydrogen 
and Electrochemical Power Engineering” was held as 
part of the FPSSI‑2024 meeting. Six lectures were given 
by leading scientists and practitioners. Round tables were 
organized such as “Green energy, renewable energy, 
storage” in  Chernogolovka with the  participation 
of representatives of the Ministry of Industry and Trade 
of Russia, industry and business, and an offsite meeting 
of the international round table “Hydrogen Transport” 

in  Moscow, organized by the  Ministry of  Energy 
of the Russian Federation, the Department of Transport 
of  Moscow, the  Department of  Industrial Policy 
of the Eurasian Economic Commission (moderator: 
General Director of the AFK Sistema Hydrogen Energy 
Center Yu. A. Dobrovolsky).

The  participants of  FPSSI-2024 represented 
scientific and  educational organizations from 21 
cities of Russia such as Apatity, Voronezh, Gatchina, 
Dubna, Yekaterinburg, Kazan, Kirov, Krasnodar, 
Makhachkala, Moscow, Novosibirsk, Novocherkassk, 
Rostov-on-Don, Samara, St. Petersburg, Sterlitamak, 
Syktyvkar, Tomsk, Ufa, Chelyabinsk, Chernogolovka.

The  international status of  FPSSI‑2024 was 
confirmed by the work of the international organizing 
committee, research materials presented at the meeting, 
prepared by foreign scientists and teams or in cooperation 
with Russian scientists from ten countries: Belarus, 
Germany, Israel, Kazakhstan, China, Russia, Slovenia, 
the USA, France, South Africa.

The materials of the reports presented at the meeting 
were published in the form of a collection of extended 
abstracts in the RSCI https://www.elibrary.ru/item.
asp?id=69208560.

During the work of FPSSI‑2024, a competition 
of  works by young scientists (oral and  poster 
presentations) was held. Ten reports were selected by 
an authoritative commission to participate in the final 
session. According to  the  results of  the  session, 
K. O. Paperzh (Southern Federal University, Rostov-
on-Don) took the  first place, G. S. Degtyarenko 
(Lomonosov Moscow State University, Moscow, 
FRC of Problems of Chemical Physics and Medical 
Chemistry of  the  Russian Academy of  Sciences, 
Chernogolovka) took the second place, and A. A. 
Koshkina took the third place (Institute of Solid State 
Chemistry, Ural Branch of  the  Russian Academy 
of Sciences, Yekaterinburg). A special prize was awarded 
to S. V. Pavlov (Joint Institute for High Temperatures 
of  the  Russian Academy of  Sciences, Moscow). 
The prizes are provided by the AFK Sistema Hydrogen 
Energy Center, Moscow and the SmartStat company, 
Chernogolovka.

Based on  the  materials of  the  reports, 
the participants of the FPSSI‑2024 meeting prepared 
12 articles for the special issue of the Russian Journal 
of Electrochemistry.
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Abstract. This review examines the literature, mainly of recent years, on the current topic of using graphenes 
in supercapacitors. The influence of the porous structure, doping and irradiation of graphenes is considered. 
Methods for producing graphenes, composites of graphenes with metal oxides, sulfides and selenides, with 
metal particles, with electron-conducting polymers, with MXenes, as well as quantum dots are considered. 
Electrochemical characteristics are given for the types of graphene considered.
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LIST OF ABBREVIATIONS
AC – activated carbon
RGO – reduced graphene oxide
EDL – electrical double layer
SWCN – single-walled carbon nanotubes
PVA – polyvinyl alcohol
TEM – transmission electron microscopy
CNT – carbon nanotubes
SSA – specific surface area
CVA – cyclic voltammetry
EIS – electrochemical impedance spectroscopy
AC – activated carbon
CNT – carbon nanotubes

1	Based on  the  materials of  the  report at  the  17th International 
Meeting “Fundamental and  applied problems of  solid state 
ionics”, Chernogolovka, June 16–23, 2024.

EDX – energy dispersive X-ray spectroscopy
EIS – electrochemical impedance spectroscopy
FESEM – Field emission scanning electron 

microscopy
FTIR – Raman infrared spectroscopy with Fourier 

transform
GCD – galvanostatic cycling
GO – graphene oxide
GQD – Graphene quantum dots
HRTEM – High-resolution transmission electron 

microscopy
PANi – polyaniline
PL – photoluminescence
PP – polyporphine
PPy – polypyrrole
PT – polythiophene
rGO – reduced graphene oxide
SEM – scanning electron microscopy
TEM – transmission electron microscopy
Uv-vis – ultraviolet visible spectroscopy
WSC – Wire supercapacitor
XRD – X-ray diffraction

INTRODUCTION
Recently, graphenes and  their derivatives 

have been used as promising electrode materials 
for  electrochemical supercapacitors [1, 2, 3–44]. 
Graphenes were discovered only about 15 years ago, 
for which their creators received the Nobel Prize, 
and almost immediately the remarkable properties 
of  graphenes were discovered, which open up 
wide possibilities for  their use in  various sectors 
of the national economy, including chemical current 
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sources and  electrochemical capacitors. A  single 
layer of graphene sheet provides a specific external 
surface of  up to  2,675 m2/g available for  liquid 
electrolyte, compared with an external specific 
surface of approximately 1,300 m2/g for an individual 
single-walled carbon nanotube (SWNT). Graphene 
layers form plates of several single graphene layers, as 
a result of which the surface available for the electrolyte 
decreases. However, encouraging results have recently 
been obtained for ECSCs with graphene electrodes 
which often have the  pseudo-capacity of  Faraday 
redox reactions in addition to the capacity of the double 
electric layer (EDL).

Reduced graphene oxide (RGO) is usually obtained 
using a  modified Hammers method. According 
to this technique, the initial graphite powder is added 
to a mixture of concentrated sulfuric acid and nitric 
acid during stirring and cooling, and after a while, 
three times the amount of potassium permanganate 
relative to graphite is added to  the  same mixture. 
Then a  solution of  hydrogen peroxide is  added 
to it and after an hour it is diluted with three times 
the amount of distilled water. After settling for several 
hours, the  upper transparent layer is  decanted. 
The  suspended sediment is  filtered, washed with 
distilled water and  dried at  room temperature 
to a constant weight. As a  result, a dry powdered 
graphite oxide is obtained, which is reduced by rapid 
heating to  a  temperature of  1000  °C. At  the  time 
of reduction, the material is stratified with a multiple 
increase in its volume (exfoliation). The final product 
is a powder of thin monolayers containing from 1 to 10 
graphene monolayers in plates, which have a size range 
from 1 to 10 microns in the lateral direction. These 
monolayers, in turn, are grouped into agglomerates, 
between which pores with a  wide (4–5 orders 
of magnitude) range of sizes are formed: micropores, 
mesopores, and macropores [8, 19–44].

It should be noted that the review analyzes many 
recent publications, from 2019 to  2024. In  recent 
years, a number of reviews on the use of graphenes 
in supercapacitors have been published, for example 
[20, 21, 43]. However, they lacked the  following 
important sections, which are systematically considered 
in this review: the effect of doping and irradiation, 
the effect of porous structure, quantum dots, graphene 
composites with metal oxides, with electron-conducting 
polymers, with MXenes.

An important place in  the  review is  occupied 
by materials consisting of  graphene composites 
with electron-conducting polymers (polyaniline, 
polypyrrole), with metal oxides and with MXenes. 
Supercapacitors with these materials have high 
electrochemical characteristics.

1. GRAPHENES AND THEIR COMBINATIONS 
WITH OTHER CARBON MATERIALS

Graphene electrodes are  characterized by high 
reversibility of charge-discharge processes. This is clearly 
seen from Fig. 1, which shows the dependences of specific 
capacitance on specific current and on the number 
of galvanostatic charge/discharge cycles for two different 
electrodes with a specific surface area (SSA) of 450 
and 520 m2g‑1, made on the basis of RGO, which was 
applied to nickel felt. Electrochemical measurements 
were carried out at 30 wt.% KOH [45]. As you can 
see, when the specific current is changed by an order 
of  magnitude, the  capacity has hardly changed. 
It is also seen that for 500 cycles, the capacity remained 
practically constant.

In [18], it was found that graphene oxide has proton 
conductivity, and in [19], a supercapacitor consisting 
of a graphene oxide separator and two electrodes based 
on reduced graphene oxide was manufactured on this 
basis.

In  [46], graphenes were obtained by three 
different methods and were investigated as electrode 
materials in  electrochemical supercapacitors. 
The samples obtained by exfoliation of graphite oxide 
and nanodiamond transformation have a high specific 
capacity in H2SO4, the value reaches 117 F/g. When 
using an ionic liquid, the operating voltage was increased 
to 3.5 V (instead of 1 V in  the case of an aqueous 
H2SO4 solution), the  specific capacity and  energy 
density are  75 F/g and  31.9 Wh/kg, respectively. 
The performance characteristics of graphenes, which 
are directly related to the number of layers and the size 
of the SSA, are superior to single-wall and multi-wall 
carbon nanotubes (CNTs).

Recently, many articles have been published 
on the use of graphenes in ECSCs. The study [47] 
is a summary of the latest developments in the use 
of graphene as a supercapacitor electrode in the form 
of  foam (3D), thin layers (2D), nanofibers (1D) 
and  nanodots (0D). This article provides a  brief 
look at the discovery and advancement of graphene, 
followed by a study of the theoretical and experimental 
approaches used to produce top-quality graphene. 
In addition, the article focuses on the manufacture 
of  electrodes while maintaining their basic 
characteristics. Their special effectiveness as an anode 
in supercapacitors is emphasized. The article concludes 
by identifying the  main problems encountered 
and potential prospects.

Graphenic acid (GA) is a conductive graphene 
derivative dispersed in water that can be produced 
on a large scale from fluorographene. The paper [48] 
describes a study of synthesis with high reproducibility 
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for the manufacture of GA. Charge/discharge cycling 
was performed. GA was tested in a two-electrode cell 
with a sulfuric acid electrolyte. The speed stability test 
showed that GA could be repeatedly cycled at a current 
density in  the range from 1 to 20 A/g without loss 
of capacity. The cyclic stability experiment showed that 
even after 60,000 cycles, the material retained 95.3% 
of its specific capacity at a high current density of 3 A/g.

In [49], the concept of bipolar electrochemistry 
is used to develop a single-stage and controlled process 
for  simultaneous exfoliation of  a  graphite source 
and for deposition of graphene oxide and reduced 
graphene oxide layers on  conductive substrates. 
Electrochemical analysis performed on symmetrical 
cells showed a specific capacitance of 1.932 mF/cm2 
for high-quality reduced graphene oxide deposited 
on  the  negative electrode and  0.404 mF/cm2 
for graphene oxide deposited on the positive electrode 
at a scanning rate of 2 mV/s. The devices have also 
shown high stability to periodic and repetitive DC 
charge/discharge cycles, which is suitable for energy 
storage in supercapacitors. In the frequency domain, 
frequencies of 1820 and 1157 Hz were obtained with 
an impedance phase angle of –45° for devices based 
on  positive and  negative electrodes, respectively, 
which is a promising characteristic for AC filtration 
applications.

Recently, the  rapid development of  graphene-
based supercapacitors has led to the need for devices 
with a certain adaptability, which will be a fundamental 
advantage in innovative electronic devices. Various 
materials are tested to ensure the appropriate properties. 
Graphene, which has unique properties such as 
high density and high conductivity, is considered as 

a potential candidate for use as a building material 
for  superconductors. In  [50], various aspects 
of graphene-based superconductors, their types, metal/
nonmetal/polymer doping, as well as oxides and reduced 
oxides of superconductors incorporated into graphene 
were studied. To summarize, the processes followed 
by the researchers were compared to find out which 
of them is the most appropriate way to obtain the best 
electrochemical characteristics.

In [51], it was found that a supercapacitor with 
graphene-based electrodes has a specific energy density 
of 85.6 Wh/kg at room temperature and 136 Wh/kg 
at 80 °C at 1 A/g. These energy densities are comparable 
to  those of  a  nickel-metal hydride battery, but 
the  supercapacitor can be charged or discharged 
in seconds or minutes. The key to success was the ability 
to take full advantage of the high density of single-
layer graphene by preparing curved graphene sheets, 
which makes it possible to form mesopores accessible 
and wetted with environmentally friendly ionic liquids 
capable of operating at a voltage of >4 V.

1.1. The effect of porous structure
The  characteristics of  the  porous structure 

significantly affect the electrochemical characteristics 
of  graphene electrodes and  corresponding 
supercapacitors. The  characteristics of  the  porous 
structure include the  specific surface area (SSA), 
the  volume ratio of  micro (hierarchical type 
of porous nano) pores, mesopores and macropores, 
the  total porosity and  structures of  the electrodes. 
The hierarchical type of porous structure means that 
the smallest particles stick together into agglomerates, 
which, in turn, agglomerate into larger agglomerates, etc.
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30 wt.% KOH on the number of galvanostatic charge/discharge cycles (b) at a specific current of 0.1 A/g for two RGO-based 
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It was established in [52] that zinc chloride is an ideal 
pore forming agent, and in combination with capillary 
drying can set the specific surface area of graphene 
from 370 to more than 1000 m2/g. With a good balance 
of porosity and density, a granular graphene electrode 
with a thickness of up to 400 microns provides a capacity 
of 150 F/cm3 in an ion-liquid electrolyte corresponding 
to a volumetric energy density of ~65 Wh/l. This study 
presents the principle of designing electrode materials 
for next-generation energy storage devices.

Graphene-based supercapacitors are attracting more 
and more attention due to the possible high SSA, high 
electron mobility and many other excellent properties 
of  graphene. Nevertheless, in  some experiments, 
contemporary graphene electrodes are  considered 
in [53] in order to solve the problems of combining 
graphene with other types (for example, with EPP, metal 
oxides, atomic clusters, nanostructured electrodes, etc. 
to overcome obstacles such as small surface area, low 
electrical conductivity, and low capacitance, which 
significantly limits their electrochemical characteristics 
for  supercapacitors. This review discusses various 
principles of hybridization (conductor hybridization), 
and recommendations on hybridization approaches 
to address these issues. It provides high values of SSA 
to 960, 1330, and 1530 m2/g and very high values 
of specific capacity of 530, 780, and 990 F/g.

Fiber supercapacitors (FSC) can be used to power 
flexible devices such as wearable electronics and smart 
textiles. [54] describes highly porous activated graphene 
(AG), which is embedded in graphene fibers to improve 
the  electrochemical characteristics of  FSC based 
on the capacitance of a double electric layer (EDL). Wet 
spinning of AG in a mixture with graphene oxide (GO) 
and subsequent chemical reduction of GO to reduced 
graphene oxide (rGO) make it possible to produce 
continuous and conductive graphene fibers. AG powders 
with a very high concentration significantly improve 
the electrochemical characteristics of FSC. In particular, 
an rGO/AG fiber with an 80/20 rGO/AG mass ratio 
reaches a specific surface capacity of 145.1 mF/cm2 
at a current density of 0.8 mA/cm2 with a PVA/LiCl 
gel electrolyte. This corresponds to a surface energy 
and power density of 5.04 µWh/cm2 and 0.50 mW/cm2 
for FSC, respectively. In addition, flexible FSCs using 
rGO/AG fibers demonstrate high cycling capacity with 
91.5% capacity retention after 10,000 cycles. This work 
shows significant potential in the production of AG-
based fibers for the development of highly efficient 
flexible FSCs.

In  [55–57], it  was described how the  abundant 
bio-waste is  efficiently converted into porous 
graphene sheets at  a  low temperature of 900  °C by 
using potassium hydroxide (KOH) as an activation 

agent to create porosity, as well as a catalyst to induce 
graphitization using a  simple synthetic approach. 
The  resulting carbon material has good textural 
properties, such as high SSA (2,308 m2/g), large pore 
volume (1.3 cm/g), graphene sheet morphology with 
an interlayer d-distance of 0.345 nm and highly ordered 
sp-carbon, which is  confirmed by detailed textural 
analysis. Due to its numerous synergistic properties, 
the material was tested as an effective electrode material 
for use in supercapacitors and provided a high specific 
capacity of 240 F/g at 1 A/g. In addition, the assembled 
symmetrical supercapacitor demonstrated fast rate 
capability to retain 87% of capacity at high current 
(50 A/g), exceptional cyclic stability (93% capacity 
retention after 25,000 cycles) and a high energy density 
of 21.37 Wh/kg at a high power density of 13,420 W/ kg.

Obtaining a carbon electrode with high gravimetric 
and volumetric capacity under heavy loads is crucial 
for supercapacitors. At the same time, defective graphene 
nanospheres (GNS) meet the above requirements well 
[56–62]. The morphology and structure of the GNS 
are controlled by the microwave heating time and the iron 
content. A typical GNS with an SSA of 2,794 m2/g, 
a pore volume of 1.48 cm3/g and a packing density 
of 0.74 g/ cm3 sets high gravimetric and volumetric 
capacities of 529 F/g and 392 F/cm3 at 1 A/g with 
a retention of 62.5% of the capacity at 100 A/g in a three-
electrode system of 6 mol/l KOH. In a two-electrode 
system, the GNS has an energy density of 18.6 Wh/ kg 
(13.8 Wh/l) with a high specific power of 504 W/kg.

Redox covalent organic frameworks (COFs) 
represent a new class of energy storage materials due 
to their significant number of active sites, well-defined 
channels, and high surface area. However, their low 
electrical conductivity and  low electrochemical 
accessibility to active centers seriously limit their practical 
application. The article [57] describes the manufacture 
of  an electrode based on  anthraquinone COFs/
composite aerogel and graphene (DAAQ-COFs/GA)  
by electrostatic self-assembly between negatively 
charged graphene oxide (GO) nanolayers and modified 
positively charged DAAQ-COFs nanoflowers. Due 
to its hierarchical porous structure and fast reactions 
of  redox centers, the electrode has a high specific 
capacity of 378 F/g at 1 A/g and fast kinetics with 
a capacitive contribution of about 93.4% at 3 mV/s. 
In addition, the DAAQ-COFs /GA electrode, which 
does not contain a binder, and  the pure graphene 
aerogel (GA) electrode were assembled into an 
asymmetric supercapacitor (ASC) with an energy 
density of  up to  30.5 Wh/kg at  a  specific power 
of 700 W/kg. This work demonstrates the great potential 
for  the  development of  high-performance energy 
storage devices based on COF.
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[58] presents a  simple method for  obtaining 
graphene with a  hierarchical porous structure by 
activating graphene oxide (GO) using a  two-stage 
thermal annealing process. First, GO was processed 
at 600 °C by rapid thermal annealing in air, followed 
by thermal annealing in N2. The prepared graphene 
powder contained a large number of slit nanopores 
with a high SSA of 653.2 m2/g and a microporous 
surface area of  367.2 m2/g. The  porous structure 
could be easily adjusted by controlling the  degree 
of oxidation of GO and the second annealing process. 
When graphene powder was used as a supercapacitor 
electrode, a specific capacity of 372.1 F/g was achieved 
at 0.5 A/g in electrolyte 1 M H2SO4. The performance 
of the supercapacitor was very stable, demonstrating 
a 103.8% retention of specific capacity after 10,000 
cycles at  10 A/g. The  effect of  a  porous structure 
on  the  performance of  a  supercapacitor has been 
systematically studied by varying the ratios between 
micro-, meso-, and macropores.

Activated reduced graphene oxide (a-rGO) 
is a material with a rigid 3D porous structure, high 
SSA, and  a  hierarchical type of  porous structure. 
Using varying activation parameters and post-synthesis 
machining, in [59] two sets of materials with a wide 
range of SSA values of about 1000–3000 m2/g were 
obtained, as well as significant differences in pore size 
distribution and surface oxygen content. The efficiency 
of activated graphene as an electrode in a supercapacitor 
with a KOH electrolyte correlated with the structural 
parameters of  the  materials and  water absorption 
properties. It was found that a-rGO is a hydrophobic 
material, as evidenced by the  negligible value 
of  the BET concentration in H2O, determined by 
analyzing the  isotherms of  water vapor sorption. 
However, the total pore volume determined by water 
vapor sorption and liquid water sorption practically 
did not differ from the volume obtained by analyzing 
nitrogen sorption isotherms. The  best gravimetric 
and volumetric capacities in KOH electrolyte were 
not achieved for samples with the highest BET SSA 
(N2) value for materials with 80–90% of  the  total 
pore volume in micropores and an increased BET 
SSA (H2O). A  comparison of  the  characteristics 
of electrodes made using rGO and a-rGO shows that 
a more hydrophilic surface is  favorable for charge 
storage in supercapacitors with KOH electrolyte.

Fig. 2 shows the  integral and differential curves 
of the pore size (width) distribution. As we can see, 
the differential curve has two obvious maxima and one 
weakly pronounced maximum. The SSA according 
to BET is equal to a very large value of 3,030 m2/g.

In  [60], it  is  reported about the  development 
of  a  seamless mesoporous carbon sheet consisting 

of continuous graphene walls, which exhibits unusually 
high stability under high stress conditions. This 
material has a high SSA of 1,500 m2/g and contains 
very few carbon edges (only 4% of the amount present 
in conventional activated carbons), and it can be used 
to assemble symmetrical supercapacitors with high 
stability for the electrolyte 1 MEt3MeNBF4/propylene 
carbonate. Operating at a high voltage of 4.4 V leads 
to a 2.7‑fold increase in energy density compared 
to using conventional activated carbon.

The  production of  black liquor, lignin, carbon 
nanolayers, and  multilayer graphene obtained by 
catalytic nickel graphitization was carried out in order 
to obtain electrode materials for supercapacitors (Ni@
WE) in an environmentally friendly manner [61]. NaCO 
activation, nickel doping, and catalytic graphitization 
were performed synchronously; at  the  same time, 
the natural hierarchical porous structure of the wood 
was partially preserved. Cyclic voltammetry (CV), 
galvanostatic charge-discharge spectroscopy 
and electrochemical impedance spectroscopy (EIS) 
Ni@WE confirmed that the sample sintered at 1000 °C 
has a specific capacitance of 163.7 F/g at a scanning 
frequency of 0.2 V/s. In addition, a higher energy density 
of 26.2 Wh/kg with a power density of 124.6 W/kg was 
obtained in the ECSC, and 89.37% of the capacity 
remains even after 2000 cycles.

Electrochemical properties and  characteristics 
of  high-density energy storage of  a  solid-state 
supercapacitor based on  graphene nanolayers 
are described in [3]. The graphene electrode is made in an 
electrolyte containing 1‑butyl‑3‑methylimidazolium 
tetrafluoroborate (BMIMBF4) (ionic liquid) LiClO4. 
The doping additive was enclosed in a polymer matrix 
in the form of a gel. The mesoporous graphene electrode 
was formed by dispersion in amorphous polyvinylidene 
fluoride, resulting in graphene with a minimum number 
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of  layers (<5 layers). Using the abundance of  ions 
in  an ion-liquid gel electrolyte and  their efficient 
access to graphene layers through mesopores, a high 
specific capacity of 214 F/g was obtained based on cyclic 
voltammetry data. Impedance studies show low charge 
transfer resistance and Warburg impedance, which 
indicates a high diffusion capacity for ion transport. 
The charge-discharge data show that the graphene 
supercapacitor, due to the presence of a wide (~ 2 V)  
potential window in  the  ion-liquid electrolyte gel, 
significantly increased the energy density to 33.3 Wh/kg  
at a power density of 3 kW/kg with a high ~ 3 A/g  
discharge current density. It  is  reported about 
the integration of graphene supercapacitors with solar 
cells and the storage of electricity generated by light.

Three-dimensional (3D) porous graphene 
with planar nanopores and  a  hierarchical porous 
structure attracted great interest in [48] due to its use 
in supercapacitors because of its high SSA, very high 
conductivity, and unique porous structure. Combining 
the advantages of both porous materials and graphene, 
3D porous graphene is considered as the embodiment 
of the idea to create a hierarchical hybrid with complex 
electrochemical characteristics in  order to  obtain 
high specific energy. In this review, the achievements 
of  recent years in  the  field of  manufacturing 3D 
porous graphene-based structures with micro-, 
meso- and macropores were summarized, as well as 
the relationship between structure and electrochemical 
properties was investigated, and  their application 
in supercapacitors was discussed. Fig. 3 shows a SEM 
image of 3D graphene with macropores formed by 
removing the Na2CO3 pore forming agent.

In [48], porous particles with a hierarchical porous 
structure of activated carbon coated with graphene were 
obtained by spray drying of an aqueous suspension 
of  GO/maltodextrin followed by carbonation 
and activation. The manufactured core-shell particles 
had a high specific surface area (up to 2,457 m2/g) 
and showed very high specific capacity (up to 405 F/g 
at 0.2 A/g, 299 F/g at 1 A/g and 199 F/g at 50 A/g) 
along with excellent cycling stability, high energy density 
and high power density in KOH electrolyte. In addition, 
the spontaneous formation of the core-shell structure 
during spray drying was confirmed by calculations 
using the DFT method with XPS chemical analysis 
and the TEM method. This designed and controlled 
spray drying strategy can be implemented to develop 
new core-shell composite materials for  potential 
applications in energy storage, catalysis, and adsorption.

Fig. 4 shows the  differential pore size (width) 
distribution curves for  various materials with 
a hierarchical porous structure described in [48].

1.2. The effects of doping and radiation
One of  the  effective ways to  increase 

the  electrochemical characteristics of  graphenes 
is to dope them with various chemicals. According 
to  [50], nitrogen-doped graphene is  produced by 
the microwave method with EDA (ethylenediamine) 
as a nitrogen source. The experimental results show 
that nitrogen atoms from grafted EDA molecules 
on the graphene surface are effectively doped into 
graphene lattices. The NGS sample (nitrogen-doped 
graphene nanosheets) demonstrates high specific 
capacities of 197 and 151 F/g at current densities 
of 0.5 and 5 A/g in an aqueous solution of 6.0 mol 
KOH, respectively. In addition, the supercapacitor 
demonstrates a high ability to operate at high currents: 
saving 77 and 70% at current densities of 5 and 40 A/g, 
respectively. In addition, this results in a capacity 
reduction below 2% after 5,000 charge and discharge 
cycles, which indicates long-term electrochemical 
stability.

In [51], N-doped graphenes based on graphene 
oxide and 3,3’,4,4’-tetraaminodiphenylox (TADPO) 
were obtained using a  single-stage hydrothermal 
method. The data obtained indicate that benzimidazole 
rings were formed during the reaction, and the nitrogen 
content by weight in the resulting material ranged from 
12.3 to 14.7%, depending on the initial concentration 
of TADPO. Due to the redox activity of benzimidazole 
rings, the  new N-doped graphene materials 
demonstrated a  high specific capacity, reaching 
340 F/g at 0.1 A/g, which was significantly higher than 
that of a sample of reduced graphene oxide obtained 
under similar conditions without the use of TADPO 

1 µm

Fig. 3. SEM image of 3D graphene with macropores 
formed by removing the Na2CO3 pore forming agent [48].
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(169 F/g at 0.1 A/g). The resulting supercapacitor also 
demonstrated good cyclic stability after 5,000 cycles.

In [52], the two-stage sol-gel method was used 
to  obtain graphene samples doped with nitrogen 
with a  large surface area, differing in  the  values 
of the SSA and nitrogen content. In some electrolytes, 
the specific surface area and porosity had a higher 
effect on the capacitance characteristics of graphene 
than the nitrogen content. All samples had higher 
capacitance characteristics than graphene oxide 
and  a  sample without nitrogen, but with a  higher 
acidic electrolyte content than an alkaline one, which 
gives a volumetric specific capacity of ~118 F/cm3 with 
Coulomb efficiency >99% and capacity retention >80% 
after 10,000 consecutive cycles. Based on the weight 
of the active material, the maximum gravimetric energy 
density reached 39 Wh/kg in an acidic electrolyte 
at 0.1 A/g, which is almost 2.6 times higher than that 
of graphene oxide without nitrogen used in this study.

In [63], single-chamber instantaneous Joule heating 
was developed for  the  synthesis of  nitrogen-doped 
graphene, which does not use solvents and catalysts, 
and graphene flash-doped with nitrogen (FNG) was 
obtained. Precursors of amorphous carbon black and urea 
rapidly transform into high-quality graphene in less than 
1 s under the action of a short electrical pulse with a bright 
flash of blackbody radiation. The finished FNG product 
is characterized by high graphitization and hierarchical 
porous structure. It  provides a  high surface area-
normalized capacity of 152.8 µF/ cm2 at 1 A/g, a high 
speed of  charging and  discharging processes with 
a high capacity retention of 86.1% even at a very high 
current of 128 A/g, and a relaxation time of 30.2 ms. 
In addition, the assembled symmetrical quasi-solid state 
supercapacitor has a high energy density of 16.9 Wh/ kg 
and a maximum specific power of 16.0 kW/ kg, as well 
as great cyclic stability (91.2% of the initial capacity 
is retained after 10,000 cycles). These high characteristics 
show that FNG is a promising candidate for the use 
of high-performance supercapacitors.

3D sponge graphene doped with nitrogen (NG) was 
economically prepared in [53] using a new one-step 
method from polyethylene terephthalate (PET) waste 
mixed with urea at various temperatures. The effect 
of temperature and the amount of urea on the formation 
of NG has been investigated. Measurements using 
cyclic voltammetry and impedance spectroscopy have 
shown that nitrogen fixation, which affects the structure 
and morphology of the prepared materials, improves 
charge propagation and ion diffusion. The obtained 
materials demonstrate high characteristics 
of supercapacitor electrodes with a specific capacity 
of up to 405 F/g at 1 A/g. For an optimal sample, high 
values of energy density of 68.1 Wh/kg and specific 

power of 558.5 W/kg in 6 M KOH were recorded. 
The NG samples showed high cyclic stability with 87.7% 
capacity retention after 5,000 cycles at 4 A/g. Thus, 
the prepared NG is considered a promising, cheap 
material used in energy storage systems, and the method 
used is a cost-effective and environmentally friendly 
method of mass production of NG, and also opens 
up waste recycling opportunities for  a  wide range 
of applications. Fig. 5 shows the CVA curves, which 
show that they have a shape close to rectangular, which 
corresponds to the charge of the EDL. At low currents, 
the influence of Faraday reactions is also visible, which 
is expressed in the characteristic deviation of the shape 
of these curves from the rectangular one.

[64] describes a  highly oriented graphene film 
electrode (NGF), efficiently doped with nitrogen, 
including its design. NGF has a  unique structure 
that provides high packing density (up to 1.64  g/ cm3) 
and efficient ion transport at the same time. Symmetrical 
NGF-based supercapacitors (NGF-SC) showed 
a specific capacity of 370 F/cm3 or 226 F/g with a weight 
of 11.2 mg/cm2 in an aqueous electrolyte. In this case, 
capacity retention was 90.1% after 100,000 cycles. In an 
ionic liquid, NGF-SC showed a high capacity of 352 
F/cm3 or 215 F/g at 11.2 mg/cm2 and with a potential 
window of 0–3.5 V, providing an ultra-high energy 
density of 138 Wh/l. With a 3H design and high mass 
load, the energy density of the entire NGF-SC ECSC 
reaches 65 Wh/L, which is much higher than that 
of commercial supercapacitors. Notably, this NGF-SC 
has demonstrated a long service life of up to 50,000 
cycles with 84.8% retention, which is a record.

Porous graphene fibers doped with nitrogen 
and sulfur (NS-GFs) were synthesized by hydrothermal 
self-assembly followed by thermal annealing, 
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demonstrating high capacitance characteristics 
of 401 F/cm3 at 400 mA/cm3 due to the synergistic 
effect of  double doping by heteroatoms [65]. 
The  manufactured symmetrical fully solid-state 
supercapacitor with polyvinyl alcohol/H2SO4 gel 
electrolyte and graphene oxide had a high capacity 
of 221 F/cm3 and a high energy density of 7.7 MWh/ cm3 
at 80 mA/cm3. Interestingly, the conversion of solar-
thermal energy from 0.1 wt.% graphene oxide extends 
the operating temperature range of the supercapacitor 
to  0  °C. In  addition, the  effect of  photocatalysis 
of  heteroatoms with double doping increases 
the capacity of NS-GFs. At an ambient temperature 
of 0 °C, the capacity increases to 182 F/cm3 under solar 
radiation due to the excellent absorption of sunlight 
and the efficient conversion of solar-thermal energy by 
graphene oxide, preventing the freezing of the aqueous 
electrolyte.

[20] presents a porous carbon/graphene composite 
(PCG) obtained from pollen doped with nitrogen 
and sulfur with an interconnected “sphere in a layer” 
structure, in  which carbon microspheres with 
a hierarchical structure can serve as “porous pads” 
preventing agglomeration of graphene nanolayers. 
Optimized PCG composite, manufactured with 
0.5 wt.% graphene oxide (PCG‑0/5), demonstrated 
high specific capacity (420 F/g at  1 A/g), speed 
characteristics (280 F/g at 20 A/g) and excellent cyclic 
stability with 94% capacity retention after 10,000 cycles. 
The symmetrical ECSC provides a high energy density 
of 31.3 Wh/kg in a neutral environment.

In  [66], supercapacitor characteristics with 
phosphorus-doped graphene electrodes were 
studied, which were synthesized in one stage using 
Yucel’s method. The  formation of graphene layers 
in the mesopore structure was observed by scanning 
electron microscopy. X-ray photoelectron spectroscopy 

has been used to  identify ordinary phosphorus 
and phosphorus included in  the  functional groups 
-[(–P O)] and -(PO) formed on  the  inner surface 
of the electrode. Cyclic voltammetry and electrochemical 
impedance spectroscopy were used for electrochemical 
characterization of  the  electrodes. Cyclic charge-
discharge tests were also performed for 1000 cycles 
to  determine the  cyclic stability of  the  electrode 
materials. As the number of cycles in the electrode 
synthesis process increased, the number of different 
molecular functional groups on the surface increased. 
The largest capacity is 301.3 mF/cm2 at a current density 
of 10 mA/ cm2 in a sulfuric acid solution.

A  simple approach to  obtaining phosphate-
functionalized carbon composites based on graphene 
is presented in [67]. Homogeneous deposition of a thin 
layer of phenolic resin onto the surface of graphene oxide 
(GO) layers was achieved using orthophosphoric acid as 
a polymerization catalyst and functionalization agent. 
As a result of subsequent pyrolysis of the composite, 
homogeneous lamellar microstructured porous carbon-
graphene composites were obtained, combining 
accelerated molecular diffusion and accelerated electron 
transfer. To determine the effect of GO and porosity 
on the operation of the supercapacitor, a graphene-
free sample and a KOH-activated composite using 
aqueous and organic electrolytes were also obtained 
and  tested. It  was found that the  presence of  GO 
and KOH activation leads to an increase in specific 
surface area in combination with progressive pore 
expansion. As a result, the KOH-activated composite 
reached specific capacities of 211 and 105 F/g when 
using 1 M H2SO4 and 1.5 M Et4NBF4 electrolytes, 
respectively. It has also been found that phosphorous 
functionalization of the electrodes makes it possible 
to achieve an operating voltage of 1.3 V in an aqueous 
electrolyte, which leads to  a  significant increase 
in the energy density of the cell. Finally, both non-
activated and activated graphene-based composites 
provide very good conservation of capacitance, energy 
density and power, as well as cycling stability.

[68] describes the use of graphene aerogels doped 
with boron (B-GA), which were produced by a simple 
hydrothermal method. These B-GA are characterized 
by high SSA and  high mesoporosity. B-GA 
supercapacitors have a high specific capacity of 308.3 F/g 
at 1 A/g. Moreover, B-GA provides high stability 
during cycling, namely 92% of  capacity retention 
after 5000 cycles at 1 A/g, which is higher than that 
of undoped graphene aerogels (86%). The performance 
improvement is due to a combination of a mesoporous 
structure, high SSA, and  an abundance of  B-GA 
defects. This study demonstrates the  significant 
potential of B-GA electrodes for high-performance 
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supercapacitors. Fig. 6 shows a schematic representation 
of the molecular structure of graphene aerogel doped 
with boron (B-GA).

In [69], boron-doped diamond (BG/BDD) was 
synthesized by chemical deposition from the  gas 
phase using electron filaments (EA-HFCVD). Boron 
atoms efficiently dope graphene and  diamond, 
and boron graphene (BG) sheets are grown vertically 
on boron diamond (BDD). The boron content in BG 
affects the characteristics of the BG/BDD electrode, 
and  the  electrode has a  high specific capacity. 
The  electrochemical behavior of  the  BG/BDD 
electrode was analyzed at both positive and negative 
potential windows in three-electrode electrochemical 
cells using saturated aqueous NaCl as an electrolyte. 
A  symmetrical supercapacitor (SSC) was then 
manufactured to evaluate the practical application 
of  the  BG/BDD electrode. The  BG/BDD-based 
device operates at a high voltage of 3.2 V. The SSC 
provides a high energy density of 79.5 Wh/kg with 
a specific power of 221 W/kg and a high specific power 
of 18.1 kW/kg with an energy density of 30.7 Wh/kg. 
It also retains 99.6% of its specific capacity in the range 
of 0–2.5 V. Therefore, this ECSC has a significant 
advantage in stability at high operating voltages.

Thus, it has been shown that supercapacitors using 
boron doping of graphenes have high electrochemical 
characteristics.

In  the  study [70], a  one-step method was 
implemented for manufacturing various electrodes 
from graphene oxide doped with S, N, and  Cl 
heteroatoms as electrode materials for high-capacity 
supercapacitors. X-ray photoelectron spectroscopy 
has revealed the  formation of  -ClO2, -ClO3, -SOx 
(x:2, 3) and -NO2 groups in graphene oxide-based 
electrodes. The detailed mechanisms of  formation 
of  these groups are  investigated. Graphene oxide 
electrodes doped with sulfur, nitrogen, and chlorine 
were used as electrode materials for supercapacitors. 
The capacitances of graphene oxide electrodes doped 
with -S, -N, and -Cl were determined to be 206.4, 
533.2, and 1098 mF/cm2, respectively, at a current 
density of 10 mA/cm2.

In [71], the stability and electrochemical properties 
of graphene doped with B, N, P, and S atoms were 
investigated. The B, N, P, and S atoms bind strongly 
to  graphene, and  all the  studied systems exhibit 
metallic behavior. While graphene with large SSA 
can increase the capacity of EDL, its low quantum 
capacity limits its use in  supercapacitors. This 
is a direct result of the limited density of states near 
the Dirac point in the original graphene. It has been 
established that the  doping of  N and  S with one 
vacancy has a relatively stable structure and a high 

quantum capacity. It is assumed that such electrodes 
can be used as ideal electrodes for  symmetrical 
supercapacitors. The advantages of  some codoped 
graphene systems have been demonstrated by 
calculating the  quantum capacity. It  was found 
that graphene doped with N/S and N/P with one 
vacancy is suitable for asymmetric supercapacitors. 
The  increased quantum capacity contributes 
to the formation of localized states near the Dirac point 
and/or shifts in the Fermi level due to the introduction 
of  a  doping and  vacant complex. Fig. 7 shows 
a Ragone diagram for symmetrical BG/BDD-based  
ECSCs and other graphene-based ECSCs studied. As 
we can see, high characteristics were obtained in [71].

1.3. Methods for obtaining reduced graphene oxide
Obtaining high-quality graphene-like structures 

and materials in an environmentally friendly way is still 
difficult to achieve. Recent studies have shown that laser 
irradiation of the corresponding precursors represents 
great potential and versatility for the realization of high-
quality graphene-like materials at  low cost. [72] 
presents a detailed study of the laser transformation 
of homogenized dried Corinthian raisins (Vitisvinifera L., 
var. Apyrena) into graphene-like material. This is a one-
step process, as the conversion of raw materials from 
biomass takes place in the environment. Diffraction, 
Raman scattering, and  electron microscopy have 
shown that the structure of the laser-irradiated product 
differs significantly from that of  graphite carbon. 
XPS analysis shows a very high C/O ratio of 19 after 
decomposition of the crude biomass. The combination 
of the turbostratic structure and the almost complete 
removal of oxygen forms leads to an ultra-low resistance, 
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Fig. 6. Schematic representation of the molecular structure 
of graphene aerogel doped with boron (B-GA) [68].
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which confirms the successful modification of the raw 
material to a graphene-like structure with a high degree 
of sp hybridization. An additional advantage of this 
approach is that this process can induce both the growth 
of graphene-like structures on the  irradiated target 
and produce high-quality graphene-like powders. The 
latter were used to prepare electrodes for symmetrical 
supercapacitors, which demonstrate higher performance 
compared to graphene-based supercapacitors prepared 
by other laser methods.

[73] reports on  the  simultaneous exfoliation 
and reduction of graphene oxide (GO) and graphene 
nanolayers (GNPs) by rapid microwave irradiation 
in order to overcome the obstacles associated with 
low electrical conductivity and  a  tendency to  re-
aggregation, as well as realize their full potential as 
materials for supercapacitor electrodes. Morphological 
studies revealed the porous structure of microwave 
graphene oxide (MW-GO) and microwave graphene 
nanolayers (MW-GNPs), which showed the exfoliation 
of graphene-based materials. The supercapacitor was 
manufactured using a  mixture of  MW-GO, MW-
GNP and polypyrrole and showed a specific capacity 
of 137.2  F/g during cycling, stability of 89.8% after 
1000  charge/discharge cycles.

In  [74], graphene was obtained by irradiating 
graphite oxide dissolved in an aqueous electrolyte with 
an excimer laser at various laser energies and irradiation 
times. The morphology and structure of laser-reduced 
graphene were characterized using scanning electron 
microscopy, small-angle X-ray diffraction (XRD), 
and X-ray photoelectron spectroscopy. The results 
of  X-ray diffraction confirm that deoxygenation 
of graphite oxide layers occurred almost completely 
for all laser irradiation conditions used. Graphene 
obtained by this method is a chaotically aggregated, 

crumpled, disordered and fine sheet-like solid material. 
Graphene recovered by a laser was used as the electrode 
active material for supercapacitors, and its specific 
capacity was evaluated in a two-electrode cell with an 
aqueous solution of 0.5 M Na2SO4 or in 1 M electrolyte 
based on  tetraethylammonium tetrafluoroborate 
acetonitrile. It has been established that the specific 
capacity of graphene produced using a laser depends 
on the energy and time of laser irradiation. The highest 
specific capacitance was determined to be 141 F/g 
at 1.04 A/g and 84 F/g at 1.46 A/g in aqueous electrolytes 
and electrolytes with ACN (acetonitrile), respectively. 
Comparing the  characteristics of  graphene-based 
supercapacitors is difficult due to the variety of methods 
for obtaining materials.

Graphenes obtained by several methods 
are compared in [75]. These include anodic and cathodic 
electrochemically expanded graphene, liquid-phase 
expanded graphene, graphene oxide, reduced graphene 
oxide, and  graphene nanoribbons. The  reduced 
graphene oxide showed the highest capacity of about 
154 F/g in 6 M KOH at 0.5 A/g, which was explained 
by the  influence of  functional oxygen-containing 
groups providing additional pseudo-capacity. 
However, the storage capacity was poor due to low 
conductivity. In comparison, anodic electrochemically 
expanded graphene showed a capacity of about 44 F/g 
and demonstrated excellent capacity retention due 
to  its higher conductivity. These results highlight 
the importance of matching the graphene production 
method to a specific application. For example, graphene 
oxide and anodic electrochemically expanded graphene 
are best suited for high-energy and high-power ECSC 
applications, respectively.

Graphene synthesis often involves the use of toxic 
chemicals that threaten the  environment. Due 
to the recent shift due to the recent shift in focus to 
to the synthesis of nanomaterials from agricultural 
waste due to their easy accessibility, cost-effectiveness, 
and, most importantly, environmental friendliness, 
[76] presented for the first time a new and “green” 
synthesis of  multilayer graphene layers using 
pomegranate peel as a precursor at a low temperature 
of 80 °C. Surface morphology and microstructural 
properties were determined using transmission 
electron microscopy (TEM), energy dispersive 
X-ray spectroscopy (EDX), X-ray diffraction 
(XRD), Fourier Transform Infrared spectroscopy 
(FTIR), UV-visible spectroscopy (UV-Vis),  
and electrical properties were determined by Hall effect 
measurements. The supercapacitor was also investigated 
using cyclic voltammetry (CV), galvanostatic charge-
discharge cycling (GCD) and  electrochemical 
impedance spectroscopy (EIS). The  resulting 
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supercapacitor provided a capacity of 3.39 mF/cm2 
at a current density of 15.6 µA/cm2, which makes such 
graphene a good material for electrochemical storage 
devices.

In  [77], a  simple and  economical method 
of manufacturing water-soluble graphene layers using 
coal is reported. The synthesized carbon graphene 
(CDG) layers were characterized by X–ray diffraction 
(XRD), high-resolution transmission electron 
microscopy (HRTEM), field emission scanning electron 
microscopy (FESEM), Raman infrared (FTIR) with 
Fourier transform (FTIR), ultraviolet visible (UV-vis)  
spectroscopy, and  photoluminescence (PL). 
The presence of marginal oxygen functions in CDG 
sheets leads to the induction of fluorescent properties. 
To determine the electrochemical properties of CDG, 
measurements of cyclic voltammetry (CV), charge-
discharge, and electrochemical impedance spectroscopy 
(EIS) in various electrolytes were performed. The value 
of the CDG specific capacitance in 1 M Na2SO4 turned 
out to be 277 F/g at a  scan rate of 5 mV/s. CDGs 
demonstrate stability over long cycles, i. e. the value 
of the specific capacitance remains at ~91% after 2000 
cycles at a current density of 10 mA/g.

Given the non-biodegradable nature of plastic, 
its recycling is  crucial to  ensure effective waste 
management and resource conservation. [78] reports 
on a low-cost and environmentally friendly method 
of recycling plastic waste to produce a large number 
of  graphene nanolayers (GN) using a  two-stage 
pyrolysis process. To analyze the usefulness of GNs 
synthesized by this method, their capacitive behavior 
with various current sinks was studied, such as copper 
tape (CuT), indium tin oxide (ITO) glass, graphite sheet 
(GS) and aluminum sheet (AlS) in PVA (polyvinyl 
alcohol)-H3PO4 in  a  gel electrolyte. The  results 
obtained confirm that the  AlS current collector 
provided the highest specific capacity of 38.78 F/g. 
Thus, the present study shows a cost-effective option 
for achieving a closed-loop economy by recycling 
plastic waste using energy storage systems.

[79] reports on  processing plastic waste into 
graphene nanolayers (GN) and  their subsequent 
use in  dye-sensitized solar cells (DSSC) 
and supercapacitors. Bentonite nanoclay was used as 
an agent for the decomposition of plastic waste using 
two-stage pyrolysis methods at 450 and 945 °C in an 
inert N2 atmosphere to produce GN. The presence 
of GN with a small number of layers was confirmed 
by Raman spectroscopy, XRD and  HRTEM. 
In addition, IR Fourier and EDX analyses were also 
performed to identify and quantify functional groups 
in GN. The use of GN as the material of the active 
layer of the supercapacitor electrodes provided a high 

specific capacity of 398 F/g at a sweep rate of 0.005 V/s. 
The  supercapacitor also showed significant energy 
and power densities of 38 Wh/kg and 1009.74 W/kg, 
respectively. Thus, this method has shown the benefits 
of recycling plastic waste to preserve the environment 
and high electrochemical characteristics.

Many types of agricultural waste can be considered 
as an abundant and inexpensive carbon source for large-
scale production of graphene-type materials. It was 
shown in  [80] that widely available coconut waste 
can be efficiently converted to  reduced graphene 
oxide by a simple catalytic process using ferrocene as 
an efficient and inexpensive catalyst. The structure 
and morphology of the manufactured materials were 
characterized by XRD, SEM, and TEM methods. 
The results obtained confirmed the formation of high-
quality reduced graphene oxide. It was found that this 
material showed high ECSC performance and excellent 
cyclic stability. Thus, reduced graphene oxide, obtained 
in a simple, environmentally friendly way from this 
type of agricultural waste, may be a good candidate 
for the role of supercapacitor electrodes.

Wood, as a  type of  biomass materials, has 
potential application value in many aspects. In [81], 
a composite material made of carbonized graphene 
oxide@PVA (CWCC-rGO@PVA) with a high specific 
capacity, high flexibility, deformability, and the ability 
to generate electricity from the environment using 
carbonized wood cell chamber (CWCC) as a base was 
designed and manufactured. GO, as an intermediate, 
binds to  CWCC in  the  form of  C–C bonds, 
and the resulting CWCC-rGO intermediate combines 
with PVA (polyvinyl alcohol) to form hydrogen bonds. 
The  resulting final hybrid is  CWCC-rGO@PVA 
demonstrates high electrochemical characteristics, 
including a high specific capacity of 288 F/g, a capacity 
retention of  91%, an energy density of  36 Wh/kg 
and a power density of 3600 W/kg.

In  [82], the  design and  assembly method 
of nanocellulose-graphene composite materials used 
for flexible supercapacitors are considered. Mechanical 
flexibility, specific capacity, electrochemical 
characteristics, cyclic stability, renewability 
and biodegradability are taken into account in order 
to evaluate the characteristics of composite materials 
and better evaluate the advantages of this material.

The  article [83] describes a  new technique 
for  producing high-density graphene flakes 
(HDGF) for  high-performance supercapacitors. 
HDGF are produced by crushing into small pieces 
of a thermally reduced graphene oxide film. The high 
packing density, as well as the rapid transfer of electrons 
and ions, were achieved simultaneously by disrupting 
the continuity of the graphene film while maintaining 
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its dense structure. The manufactured HDGF had 
a high gravimetric capacity (237 F/g) and a volumetric 
capacity of 261 F/cm3, as well as excellent cycle stability 
with 98% of the initial capacity after 10,000 cycles. 
In addition, a symmetrical supercapacitor using HDGF 
as electrode materials can obtain a volumetric capacity 
of up to 16 Wh/l with a power density of 88 W/l in an 
aqueous system. This strategy provides a new way 
to develop high-volume supercapacitors for energy 
storage in the future.

Miniaturization of  energy storage is  crucial 
for  the  development of  next-generation portable 
electronic devices. Microsupercapacitors (MSCs) 
have great potential to work as embedded micro-power 
sources and energy storage devices that complement 
batteries and  energy harvesting systems. Scalable 
production of materials for supercapacitors using cost-
effective and high-performance processing methods 
is crucial for the widespread use of MSCs. It was reported 
in [84] that wet-jet milling of graphite makes it possible 
to increase the production of graphene as a material 
for supercapacitors. The formulation of water-based/
alcohol-based graphene ink makes it possible to screen 
print flexible MSCs that do not contain metals. These 
MSCs have a surface capacity of up to 5,296 mF/ cm2  
for one electrode, which corresponds to a very high 
volumetric capacity of 1,961 F/cm3. Screen-printed 
MSCs can operate at a power density of more than 
20 MW/cm2. The  devices demonstrate excellent 
resistance to charge-discharge cycles (10,000 cycles), 
bending cycles (100 cycles with a bending radius of 1 cm) 
and folding (up to 180° angles).

Recently, printing technologies have become 
promising methods for manufacturing electrochemical 
energy storage devices (ECSD), while newly developed 
printers have significantly improved printed electrodes 
due to lower cost, easier preparation, higher productivity, 
and  improved electrochemical and  mechanical 
properties. In [85], an overview of printing technologies 
for the production of ECSD is presented and the main 
attention is paid to graphene-based materials. Inkjet, 
aerosol, screen, roll and 3D printing were considered, 
the latest literature was reviewed, illustrative examples 
of the technical application of printing technologies 
for energy storage and electrochemical characteristics 
were presented.

2. COMPOSITES WITH GRAPHENES

2.1. Composites with metal oxides
Graphene composites with transition metal oxides, 

as a rule, have high electrochemical characteristics 
due to both the effective characteristics of graphene 

and the pseudo-capacitance properties of transition 
metal oxides [41, 86–137]. Metal oxides are common 
materials for supercapacitor electrodes, demonstrating 
high energy and power density, as well as long service 
life. In composites, graphene and metal oxides have 
demonstrated a combination of high cyclic stability 
of  graphene and  high capacity of  metal oxides, 
which significantly improve the complex properties 
of nanocomposites. In [41], modern developments 
of  graphene composites with metal oxides (MGr) 
(and nitrogen doping) in the field of electrochemical 
capacitors are highlighted, taking into account their 
synergetic properties. It is shown that MGr composites, 
in comparison with individual materials, have achieved 
a significant increase in the speed, capacity and stability 
of  cycling. An overview of  the  characteristics, 
approaches to  the  preparation and  application 
of  graphene (Gr) is  presented. The  mechanism 
of implementation of various types of electrochemical 
capacitance is described in detail. Finally, the future 
prospects and problems of MGr composites for energy 
storage were discussed.

In the study [86], a metal current-removing film 
was deposited on  a  flexible substrate in  the  form 
of  a  microgrid by selective laser sintering of  silver 
nanoparticles. The specific capacity was 5.8 mF/cm2  
at 1.5 mA/cm2 with the electrolyte PVA-H3PO4. Then, 
electrodeposition of  manganese dioxide (MnO2) 
nanoparticles was carried out, which further increased 
the capacity to 49.1 mF/cm2 at 1 mA/cm2 in 0.5 M  
Na2SO4. As a result, the capacity reduction remained 
below 10% for 10,000 charge/discharge cycles.

In  [87], a  new approach was presented 
to  the  creation of  electrodes with a  hierarchical 
structure that allows supercapacitors to  maintain 
their capacity under mechanical deformation. 
The  electrodes are  manufactured first by growing 
vertical graphene nanolayers (VGN), and  then by 
depositing manganese dioxide (MnO2) on  plastic 
nickel wires. Two such electrodes are used to make 
a  symmetrical supercapacitor using a  solid-state 
electrolyte containing carboxymethylcellulose 
and  sodium sulfate. This supercapacitor achieves 
a high capacity of up to 56 mF/cm2, a high energy 
density of 7.7 MWh/cm2 and a high power density 
of 5 MWh/cm2. These exceptional properties are due 
to the synergy between the VGN and MnO2, where 
the highly porous VGNs fulfill the important function 
of a mechanically robust platform with a large surface 
area that allows the application of a pseudo-high-
capacity MnO2 material. Supercapacitors made from 
these electrodes can be shaped into different forms by 
bending and twisting with little loss of performance. 
The promising results presented in this study open up 
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a new path for manufacturing high-performance energy 
storage devices for wearable electronics and wireless 
communications.

In [88], electrodes were created from carbon fiber 
(CF) modified with vertically oriented graphenes 
(VG) and manganese dioxide (MnO2), as well as with 
nitrogen doping. The results show that the hybridization 
of  VG and  MnO2 creates a  significant synergistic 
effect, leading to an increase in the surface capacity 
of the electrode. This synergistic effect is explained by 
the double effect on VG increase in effective surface 
area and electrical conductivity, which provide a better 
distribution of MnO2, as well as a highly conductive 
network. A  supercapacitor based on  a  CF/VG/
MnO2 hybrid electrode and a polymer electrolyte has 
a specific capacity per surface area of 30.7 mF/cm2,  
an energy density of 12.2 MW/kg, and a power density 
of  2210.3 MW/kg. In  addition, the  mechanical 
characteristics demonstrate a tensile strength of 86 MPa  
and a bending strength of 32 MPa for this supercapacitor 
design.

Work [89] is devoted to the production of composite 
thin films of manganese dioxide (MnO2)/graphene 
oxide (GO) doped with silver (Ag) and  nitrogen. 
A  BET study showed that MnO2–Ag3/GO 
nanosheets have a specific surface area of 192 m2/g.  
A specially defined morphology in the form of a flower 
and  interconnected nanolayers of  MnO2–Ag3/
GO electrodes made it  possible to  achieve high 
electrochemical characteristics. The maximum specific 
capacity of 877 F/g at a scanning speed of 5 mV/s was 
obtained for  the  MnO2–Ag3/GO electrode tested 
in 1 M Na2SO4 with 94.57% capacity retention after 5000 
cycles. A flexible solid-state symmetrical supercapacitor 
based on MnO2Ag3/GO composite produced a specific 
energy of 57 Wh/kg with a specific power of 1.6 kW/kg  
and maintaining 94% capacity after 10,000 cycles.

In [39], CuMnO nanocrystals and a composite 
CuMnO/graphene quantum dot (GQD) 
(with phosphorus doping) were synthesized by 
the  hydrothermal method, and  they were used 
to  create a  new type of  supercapacitor. GQDs 
have been applied to increase the specific capacity 
and increase the efficiency of the supercapacitor. As 
you know, a quantum dot is a fragment of a conductor 
or semiconductor whose charge carriers are limited 
in space in all three dimensions. The size of a quantum 
dot is so small that the quantum effects are significant. 
Various methods were used to identify the synthesized 
nanocomposite and study its morphology, structure, 
and  surface area. Cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) 
were used to record and track the electrochemical 
behavior of the synthesized nanocomposite used as an 

electrode material. A study of changes in the capacitance 
of CuMnO/GQD and CuMnO2 electrodes during 
5,000 consecutive charge/discharge cycles showed 
that the  stability of  the  nanocomposite electrode 
is higher and its capacity after this number of cycles 
reaches 83.3%, while the capacity of the electrode made 
of CuMnO nanoparticles reaches 65.4% of the initial 
one. The  specific capacity of  the  CuMnO/GQD 
nanocomposite and CuMnO nanoparticles at a current 
density of 1 A/g was 520.2 and 381.5 C/g, respectively. 
The  maximum specific energy of  the  asymmetric 
supercapacitor SIMPO/GQD/AC, obtained with 
a specific power of 1108.1 W/kg, is equal to a large 
value of 47.9 Wh/kg. The capacity of the asymmetric 
supercapacitor decreased by only 13.3% after 5,000 
charge and discharge cycles, which is a very good 
service life compared to similar materials. All these 
results indicate that the CuMnO/GQD nanocomposite 
can be considered as a possible option for a high-speed 
and stable supercapacitor.

Miniature graphene-based supercapacitors obtained 
by laser conversion of suitable precursors have recently 
attracted attention for the production of small-sized 
energy storage devices. In [90], LightScribe technology 
was used to perform single-chamber synthesis of TiO 
nanoparticles embedded in  porous graphene-
based electrodes by converting precursor materials 
by absorbing infrared laser irradiation. Improved 
electrochemical characteristics of  supercapacitors 
have been achieved by combining Faraday reactions 
occurring with metal oxide nanoparticles with 
conventional EDL charging occurring in  porous 
graphene. Microsuperapacitors consisting of TiO-
graphene electrodes were tested using two hydrogel 
polymer electrolytes based on  polyvinyl alcohol/
HPO and  polyvinyl alcohol/HSO, respectively. 
In devices based on TiO-graphene, a specific capacity 
of  up to  9.9 mF/cm2 has been obtained, which 
corresponds to a volumetric capacity of 13 F/cm3 
and doubles the characteristics of graphene-based 
supercapacitors. The  microsupercapacitors have 
achieved specific surface energy and specific surface 
power of 0.22 and 39 µW/cm2, as well as a cycle capacity 
of more than 3,000 cycles. These high results suggest 
that laser-produced TiO graphene nanostructures 
are excellent candidates for microsupercondensors 
for environmentally friendly, large-scale, and low-cost 
applications. Fig. 8 shows a change in capacitance over 
3,000 charge-discharge cycles at a current of 5 mA/cm2 
for microsupercondensors developed in [90].

[91] demonstrates a simple method for obtaining 
a functionalized spongy graphene nanocomposite/
titanium dioxide (FG-HTiO2) hydrogenated 
from nanotubes, doped with boron (in  the  form 
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of interconnected, porous 3‑dimensional (3D) network 
layers. This 3D network structure provides better contact 
at the electrode/electrolyte interface and accelerates 
the kinetics of charge transfer. The manufactured FG-TiO2  
composite was characterized by X-ray diffraction 
(XRD), IR Fourier, scanning electron microscopy 
(FESEM), Raman spectroscopy, thermogravimetric 
analysis (TGA), absorption spectroscopy, 
and  transmission electron microscopy (TEM). 
The synthesized materials were evaluated in relation 
to  their use in 0.5 MH2SO4 supercapacitors using 
cyclic voltammetry (CV) at various potential scanning 
speeds and  galvanostatic charge/discharge tests 
at various current densities. The FG-HTiO2 electrodes 
showed a  maximum specific capacity of  401 F/g  
at  1 mV/s. The  energy density was 78.66  Wh/kg 
at a power density of 466.9 W/kg at 0.8 A/g.

[92] describes a simple and binder-free technique 
for obtaining layered double hydroxides of β-Ni(OH)2/
Nickel-cobalt (β-Ni(OH)2/NiCo) in combination with 
graphene modified with fluorine (FG) as a supercapacitor 
electrode. Electrodes (β-Ni(OH)2/NiCo) were  
obtained by the hydrothermal method by synchronous 
electrochemical stratification of graphite into fluor-
modified graphene and  the  use of  a  composite  
(β-Ni(OH)2/NiCo). This hybrid structure 
(β-Ni(OH)2/ NiCo) of  modified graphene as 
a  supercapacitor electrode demonstrates high 
conductivity, rapid ion diffusion, and high mechanical 
strength. As a  result, the  β-Ni(OH)2/NiCo@FG 
electrode has a  very high capacity (3996 mF/cm2 
at 1 mA/cm2), high speed capability and extended service 
life. β-Ni(OH)2/NiCo in combination with undoped 
electrochemically stratified graphene demonstrates 
significantly improved cyclic stability (79% capacity 
retention after 1000 cycles at a current of 5 mA/cm2), 
surpassing that of β-Ni(OH). Thus, this technique has 
great potential to improve the performance of electrodes.

[93] reports on  the  simple synthesis of  porous 
graphene-NiO (PGNO) nanocomposites using a unique 
system of mixed solvents using a solvothermal approach. 
Microscopic characterization of porous graphene (PG) 

shows the presence of pores in graphene sheets; NiO 
(NO) shows a scaly structure, and the PGNO composite 
shows the fixation of NO nanocapsules on PG sheets. 
A series of electrode materials were obtained by varying 
the percentage of PG (and the materials were designated 
as 5–30 PGNO, respectively). An electrochemical study 
showed a high capacitance value of 511 F/g at a scan rate 
of 5 mV/s for a 10 PGNO composite in the 3‑electrode 
method and 80% retention of the initial capacitance 
after 10,000 cycles at  a  current density of  8 A/g. 
The manufactured symmetrical hybrid supercapacitor 
using PGNO electrodes also showed a good capacity 
value of  86.0 F/g at  a  sweep speed of  5 mV/s. 
The manufactured device retained 84% of the initial 
capacity at the end of 10,000 cycles at a current density 
of 8 A/g, demonstrating good electrochemical stability 
and high-speed ability of the material. The percentage 
contribution of the EDL capacity and pseudo-capacity 
to the total specific capacity of the PGNO supercapacitor 
was also estimated.

Graphene oxide (GO) nanosheets, as well 
as two-dimensional Ni(OH)2 with very good 
uniformity were obtained by the Hammers method 
and  the  hydrothermal method, respectively [94]. 
Ni(OH)2 nanosheets treated with cationic surfactants 
and graphene oxide with negative charges were mixed 
with each other by electrostatic self-assembly. After 
annealing, hybrid two-dimensional nanosheets 
of reduced graphene oxide NiO-(NiO-rGO) were 
obtained. Due to the synergistic effects, the NiO-rGO  
electrode has optimized electrochemical 
characteristics, unlike pure NiO or rGO. The results 
show that NiO nanosheets are uniformly dispersed 
on  the  surface of  rGO nanosheets, and  a  hybrid 
electrode with NiO-rGO nanosheets can provide a high 
capacity of 343 C/g (at 1 A/g). In addition, electrodes 
consisting of  NiO-rGO nanosheets were used 
to assemble a symmetrical supercapacitor. The energy 
density of the manufactured supercapacitor device can 
reach 5.4 Wh/kg at a power density of 0.43 kW/kg when 
operating in the voltage range 0–1.4 V. In addition, 
the symmetrical supercapacitor also demonstrates 
excellent capacity retention at 90% after 10,000 cycles 
(10 A/g).

In [95, 96], composite structures made of nickel-
cobaltite/graphene (NiCo O/GQD) were studied, 
which exhibit increased electrical conductivity 
and  function as electrode materials with a  higher 
energy density compared to  GQD (graphene 
quantum dots) and  NiCoO. The  electrochemical 
characteristics of  the  NiCoO/GQD composite 
were obtained by galvanostatic charge-discharge 
method for  three-electrode systems with 0.1 M 
potassium hydroxide electrolyte. It was found that 
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the observed specific capacitance for the composite 
is  a  large value of  481.4 F/g at  0.35 A/g. This 
is higher than that of graphene quantum dots (GQD) 
(45.6 F/g) and is associated with increased electrical 
conductivity and  diffusion of  ions, which move 
faster between the  electrodes and  the  electrolyte. 
These results demonstrate the unique characteristics 
of the manufactured composites as promising electrode 
materials for use in supercapacitors.

The W18O49 nanocomposite with reduced graphene 
oxide (rGO) from nanowires (NW) is  considered 
in [97] as a new active material for supercapacitor 
electrodes. It  demonstrates high specific capacity 
and excellent speed characteristics in AlCl3 aqueous 
electrolyte. Electrochemical studies show that 
the presence of rGO accelerates the diffusion of Al3+ 
ions in  the  nanocomposite, thereby providing 
more ions for  the  intercalation pseudo-capacity. 
The  manufactured asymmetric supercapacitor 
W18O49NWs-rGO//rGO demonstrates a high specific 
capacity of 365.5 F/g at 1 A/g and excellent cyclic 
stability while maintaining 96.7% capacity at 12,000 
cycles. It is important to note that it provides a high 
energy density of 28.5 Wh/kg at a power density 
of 751 Wh/kg, which is the highest energy density 
value for  all known devices based on  the  W18O49 
supercapacitor.

In [98], multilayer graphene films uniformly coated 
with a thin layer of V2O5 (graphene/V2O5 composite) 
were obtained by combining laser reduction and low-
temperature atomic layer deposition. To test the effect 
of crystallinity on the electrochemical characteristics 
of the graphene/V2O5 composite, high-temperature 
annealing was first performed, followed by a detailed 
comparative study of the amorphous and crystalline 
coating of  the  composite. It  has been shown that 
graphene coated with amorphous V2O5 can provide 
higher performance of a supercapacitor electrode (i. e., 
specific capacity, energy density, and cyclic stability) 
than its crystalline counterpart.

In [30], vanadium pentoxide (V2O5) was grown 
on  graphene using the  microwave method, which 
is simple, fast, energy-saving, and efficient. Thanks 
to this method of microwave synthesis, homogeneous 
V2O5 nanoparticles with a size of about 20 nm are evenly 
distributed over graphene. The resulting V2O5/graphene 
composite was used in symmetrical supercapacitors, 
showing specific capacitance of 673.2 and 474.6 F/g 
at 1 and 10 A/g, respectively, and retention of 96.8% 
capacity after 10,000 cycles at  1 A/g. In  addition, 
supercapacitors have demonstrated high energy 
and  power density characteristics (46.8  Wh/kg 
at 499.4 W/kg and 32.9 Wh/kg at 4746.0 W/kg), 
which outperform many similar devices.

Metal oxide nanoparticle (MONP)-graphene 
composites are highly valuable candidates as electrode 
materials for electrochemical supercapacitors (ECCS). 
In  [99], the  development of  a  universal approach 
to the manufacture of ECSC electrodes by impregnating 
MONP (M = Ti, Ni, Sn) synthesized by laser ablation 
in  liquid on  laser-induced graphene (LIG) was 
described. A typical SnO2/LIG microsupercapacitor 
(MSC) provides a specific capacity of 18.58 mF/cm2 
at a scanning speed of 10 mV/s, which is 5.2 times 
higher than that of an unmodified LIG. In addition, 
the microsupercapacitor (MSC) demonstrates long-
term cyclic stability (retains 82.15% of specific capacity 
after 5,000 cycles) and good mechanical flexibility 
(specific capacity decreases by 5% at a bending angle 
of 150°). MONP and LIG are manufactured using 
the  same laser processing system, without the use 
of chemical ligands or reducing agents in the synthesis 
process, which is a cost-effective and environmentally 
friendly method. This simple and  straightforward 
method provides a highly efficient solution for large-
scale MSCs manufacturing.

In [100], nanocomposites of reduced graphene 
oxide/lanthanum oxide were obtained. The reduced 
graphene oxide with a  large specific surface area 
was successfully doped with lanthanum oxide. 
The  reduced graphene oxide/lanthanum oxide 
composites were manufactured as an electrode material 
for a supercapacitor, which demonstrated a significant 
specific capacity of 156.25 F/g at a current density 
of 0.1 A/g and high cycling stability. The material 
retains 78% of  its original charge-discharge 
efficiency after 500 cycles. The high electrochemical 
characteristics of  the  composite material may be 
associated with the deposition of lanthanum oxide 
nanoparticles on the surface of the reduced graphene 
oxide, which increase the effective conductive area 
of the reduced graphene oxide and the contact area 
between the  electrolyte and  graphene. Graphene 
and lanthanum oxide composites can significantly 
improve the stability and electrical characteristics 
of  supercapacitors and  have great potential 
for chemical sensors, microelectronics, energy storage 
and conversion.

In  [101], a  hybrid type of  energy storage 
device is presented, consisting of electrodes based 
on a composite of graphene and zinc oxide plates. 
This composite exhibits both the electrochemical 
characteristics of a supercapacitor with a high power 
density and a battery with a sufficiently high energy 
density compared to  each individual material. 
The improved characteristics of the hybrid correlated 
with the  structure of  the  electrodes. To  improve 
the electrochemical characteristics of supercapacitors, 
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it  is necessary to have a well-defined mass, shape 
and surface area of the electrode materials. In this 
work, the  original design of  the  mounting device 
was presented, which makes it possible to accurately 
determine all the critical parameters of the electrode 
materials: specific mass and  surface area. With 
the initial installation, a supercapacitor device was 
created that could also act as a battery due to its high 
energy density values, which is why it was named 
superbat. In this work, 3D graphene foam was used as 
the first electrode due to its large surface, while ZnO 
nanocrystals were used for the second electrode due 
to their defective structure. A high specific capacitance 
value of 448 F/g was obtained, which was associated 
not only with the quality of synthesis, but also with 

the  choice of  electrode and  electrolyte materials. 
Moreover, each component used in  the  design 
of the hybrid supercapacitor also played a key role 
in  achieving a  high capacity value. The  results 
demonstrated the  high performance and  stability 
of the device.

In [102], Ni3Si2/NiOOH composites/graphene 
nanostructures were synthesized by chemical 
deposition from the  gas phase at  low pressure. 
In  a  carbon-rich atmosphere, high-energy atoms 
bombarded the surface of Ni and Si and reduced free 
energy during thermodynamic equilibrium of Ni-Si 
solids, significantly catalyzing the growth of Ni-Si 
nanocrystals. Electrochemical measurements have 
shown that these nanostructures have an ultrahigh 

(a) (b)

(c) (d)

Fig. 9. TEM images of Ni3Si2/NiOOH/graphene nanostructures obtained in [102].
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specific capacity of  1193.28 F/g at 1 A/g. When 
integrated into a solid-state supercapacitor, it provides 
a high energy density of up to 25.9 Wh/kg at a power 
density of 750 W/kg, which can be attributed separately 
to the Ni3Si2/graphene skeleton, which provides high 
power, as well as to NiOOH in an alkaline solution. 
Fig. 9 shows TEM images of Ni3Si2/NiOOH/graphene 
nanostructures obtained in [102].

In [113], positive electrodes without a binder were 
produced by electrochemical deposition, in  which 
nanorods (CuONRs) grown directly on copper foam 
(CF) are decorated with bimetallic cobalt-zinc-sulfide 
(Co-Zn-S NAs) nanomatrices. The manufactured Co-
Zn-S@CuO-CF composites have a very high specific 
capacity of 317.03 mAh/g at 1.76 A/g, as well as very 
good cyclic stability (retention of 113% after 4,500 
cycles). The  negative electrodes were additionally 
manufactured by direct deposition of  iron sulfide 
(Fe-S NSs) nanosheets graphene oxide (GO), showing 
a remarkable specific capacity of 543.9 F/g at 0.79 A/g. 
Having the  advantages of  obtaining high values 
of specific energy and specific power (25.71 Wh/kg  
and  8.73 kW/kg) along with acceptable stability, 
the manufactured asymmetric supercapacitor is very 
promising.

[104] describes the  manufacture of  flexible 
microsupercondensators (MSCs) based on  hybrid 
materials from single-walled carbon nanotubes 
(SWCNs) with laser-induced graphene fibers 
(LIGF) decorated with manganese dioxide (MnO2) 
nanoparticles. SWCNs are  applied to  the  surface 
of LIGF and the space between them, which can bind 
LIGF to form more conductive pathways and provide 
more active areas for the growth of MnO2 nanoparticles. 
Due to  the  synergistic effect between the  LIGF 
conductive network of  single-walled nanocarbon 
nanoparticles and  MnO2 nanoparticles with high 
theoretical capacity, the  obtained flexible MSCs 
based on LIGF-C4/MnO2 hybrid electrodes provide 
a high capacity of 156.94 mF/cm2, which is about 8 
times higher than that of MSCs based on LIGF-MnO2 
(20 mF/cm2). In  addition, LIGF-C4/MnO2 also 
exhibit significant specific energy of 21.8 MWh/cm2,  
long-term cycling stability, significant modular 
integration, and very high mechanical flexibility (with 
90.5% capacity retention after 1,200 bending cycles). 
Thus, the design of hybrid electrode materials proposed 
in  this paper provides a  simple and novel method 
for the development of flexible energy storage devices 
with high performance characteristics, which opens up 
great prospects for use in wearable electronics. Thus, 
it has been shown that supercapacitors using graphene 
composites with metal oxides have high electrochemical 
characteristics.

2.2. Composites with metal sulfides and selenides
Other types of graphene composites that have been 

intensively developed recently are  composites with 
transition metal sulfides and selenides. In [105–135], 
a system of co-dissolution in a deep eutectic solvent 
(DES) was developed by mixing water and acetonitrile 
with a typical DES electrolyte consisting of acetamide 
and lithium perchlorate. The addition of co-solvents 
not only solves the problems of high viscosity and low 
conductivity of DES, but also creates some unique 
properties. For example, the presence of water improves 
the  fire-retardant properties of  DES electrolyte. 
In contrast, the addition of acetonitrile further improves 
ionic conductivity without compromising the wide 
window of electrochemical stability (ESW). The effect 
of the amount of co-solvent in DES and the optimal 
molar ratio between the co-solvents was investigated. 
When the molar ratio of acetonitrile to water is 4.4:1, 
hybrid DES exhibits the  best physical properties, 
including a  wide ESW potential window (2.55 V), 
high conductivity (15.6 mS/cm) and  low viscosity 
(5.82 MPa s). In addition, a series of spectroscopic 
measurements were performed to  understand 
the interaction between the electrolyte components. 
On the other hand, the use of a hydrogel consisting 
of MoS2 and reduced graphene oxide (rGO) as electrode 
materials for supercapacitors has been demonstrated. 
This hydrogel inherited the porous structure of the rGO 
hydrogel and the high conductivity of MoS2. Finally, 
high-voltage symmetrical supercapacitors were 
manufactured using hybrid DES and  hydrogel as 
the electrolyte and electrode, respectively. The optimized 
supercapacitor operates at a wide operating voltage 
range of 2.3 V and reaches a maximum energy density 
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of 31.2 Wh/kg at a power density of 1164 W/kg. 
In addition, this ECSC has demonstrated the retention 
of 91% capacity after 20,000 cycles.

A  composite of  polypyrrole (PPy) on  reduced 
graphene (rGO) with vertically oriented MoS2 sulfide 
was produced in [106] using a single-stage hydrothermal 
method (MP-rGO). Ultrathin MoS2 nanosheets mixed 
with PPy lamellae are well coated with rGO, forming 
a triple nanostructure. PPy lamellae are formed on rGO 
using MoS2 nanosheets as a result of the redox reaction 
between ammonium tetrathiomolybdate and pyrrole. 
The conductivity of MoS2 was effectively increased by 
using PPy and rGO, and MoS2/PPy (MP) nanohybride 
gives MoS2 low crystallinity, and PPy amorphousness. 
The MP-rGO electrode has a high specific capacity 
of 1942 F/g (215.8 mAh/g) at a current density of 1 A/g 
and  satisfactory cycling stability. An asymmetric  
MP-rGO/AC supercapacitor was assembled, which 

has a high energy density of 39.1 Wh/kg with a specific 
power of 0.70 kW/kg, which confirms its potential 
use in energy storage. Fig. 10 shows the dependences 
of  the  specific capacitance on  the  specific current 
for the samples developed in [106].

Cobalt pentlandite (CoS) has lately become 
a  promising electrode material for  energy storage 
devices. A hybrid of CoS and graphene was synthesized 
by the hydrothermal method [107]. Small-sized CoS 
flakes are thinly deposited on the surface of the graphene 
sheet, and an interconnected CoS/graphene structure 
is obtained. The results of electrochemical tests showed 
that the  CoS/graphene electrode provides a  high 
charging capacity of 540 C/g for 1 minute and retains 
74.5% of  the  capacity for  14 seconds. The  hybrid 
supercapacitor assembly with an electrode including 
CoS provides a  high energy density of  37  Wh/kg 
at a power density of 170 W/kg, and 15.3 Wh/kg can be 
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maintained even at a high power density of 12  kW/ kg. 
The  very high electrochemical characteristics 
should be explained by the  large number of active 
centers, improved charge transfer characteristics, 
and the maximum capacitive contribution of the CoS/
graphene electrode.

Nickel selenide and  its nanocomposites (nickel 
graphene selenide; NiSe/G, graphene doped with 
nitrogen and boron, designated as NiSe/NG and NiSe/
BG, respectively) were obtained using the hydrothermal 
method, and  these materials were used for  energy 
storage [108]. These materials were examined using 
various analytical and morphological methods such as 
X-ray diffractometry and FESEM analysis. Further, 
the prepared materials were examined by electrochemical 
methods such as voltammetry and  a  controlled 
potentiostatic test to  calculate the  capacitance, 
energy and  power density of  the  manufactured 
electrode. The electrochemical behavior of graphene 
nanocomposites of  nickel selenide was studied 
in  KOH electrolyte. It  was found that NiSe/NG  
showed a specific capacity of 99.03 F/g at a power density 
of 0.55 W/kg. The results proved that graphene doping 
has a synergistic effect.

In  [109], a  lightweight template method was 
developed for  producing porous hollow copper-
cobalt selenide microspheres wrapped in conductive 
networks of reduced graphene oxide (rGO-CCSe). 
The synthesized electrode is able to provide significant 
capacity retention at 91.5% after 6,000 charge cycles 
due to a well-thought-out structural design and the use 
of advantages of bimetallic synergy at the atomic level, 
with a very high specific capacity of 724 C/g at 2 A/g. 
In addition, an asymmetric cell was manufactured 
using an rGO-CCSe hollow microspherical electrode 
to achieve very high energy densities (57.8 Wh/kg). 
Graphene conductive carrier together with CCSe 
cubes of battery type create a synergistic effect, which 
explains such high electrochemical characteristics 
(Fig. 11a). Fig. 11b shows that pseudo-capacity makes 
a significant contribution to the capacity of rGO-CCSe  
and CCSe. Fig. 11c shows that there is a slight decrease 
in  capacitance during cycling of  the  rGO-CCSe 
electrode for 6000 cycles [109].

[110] reports on the production of NiSe2 nanoparticles 
by nitrogen doping of reduced graphene oxide (N-rGO/
NiSe2) using a simple two-stage method that includes 
hydrothermal production of  Ni(OH)2 precursor 
and  then solvothermal synthesis of N-rGO/NiSe2  
composites with different N-rGO content. The newly 
prepared N-rGO/NiSe2 composites have been 
characterized by X-ray diffraction, Raman spectroscopy, 
high-resolution X-ray photoelectron spectroscopy, 
autoemission scanning electron microscopy, 

transmission electron microscopy, energy dispersive 
X-ray spectroscopy, and BET. The results show that 
N-rGO acts as a protector of NiSe2 nanoparticles, 
preventing their aggregation, which leads to an increase 
in the specific surface area and electrical conductivity 
of  the  material. The  optimized N-rGO/ NiSe2 
composite can provide a very high specific capacitance 
of 2451.4 F/g at a current density of 1 A/g (Fig. 12). 
Using activated carbon (AC) as the negative electrode 
and  an optimized N-rGO/NiSe2 composite as 
the positive electrode, an asymmetric supercapacitor 
was created. It operated stably in a potential window 
of 0–1.6 V and provided a high maximum energy 
density of 40.5 Wh/kg at a power density of 841.5 W/kg.  
In  addition, the  asymmetric N-rGO/NiSe2//AC 
supercapacitor demonstrated good cyclic stability 
(Fig. 12).

Thus, it  has been shown that supercapacitors 
using graphene-selenide composites have high 
electrochemical characteristics.

2.3. Composites with metal particles
High efficiency in supercapacitors was demonstrated 

by electrodes based on composites doped with metal 
particles. In  [122], in  order to  increase the  stored 
energy, defective graphene was doped with Ni 
nanoparticles. During the  first charge cycle in  an 
aqueous electrolyte (3.5 M KOH), it was found that 
Ni attached to  graphene is  easily converted into 
Ni(OH) at the nanoscale. Such a reversible Faraday 
mechanism led to an increase in the specific capacitance 
of the electrodes by an order of magnitude, reaching 
a very high value of 1900 F/g at 2 mV/s in 3.5 M KOH. 
An asymmetric supercapacitor was manufactured by 
coupling a negative electrode made of pure graphene 
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with a positive graphene electrode decorated with 
nickel. Such a supercapacitor was successfully cycled 
in the voltage range 0–1.5 V, reaching a maximum 
specific energy of 37 Wh/kg and a maximum specific 
power of 5 kW/kg. The supercapacitor has shown good 
reversibility and conservation of 72% of specific energy 
over 10,000 cycles.

In  [123], an electrode was made by producing 
paper with silver-modified fibers and graphene oxide-
modified (GO) fibers, followed by GO reduction. 
Ag- and GO-modified fibers were obtained by in situ 
growing Ag nanoparticles and self-assembling GO 
sheets on cellulose fibers, respectively. The Ag-modified 
fibers act as a flexible current receiver with numerous 
three-dimensional interconnected electron transport 
pathways, allowing the recovered GO-modified fibers 
to  be used as electrode materials to  achieve high 
conductivity and high performance. Simple drying 
can reduce the weight of the supercapacitor by 40% 
to facilitate transportation and storage, and capacity 
efficiency can be restored by wetting if necessary.

In [124], an efficient textile-based electrode was 
successfully obtained by introducing silver nanoparticles 
(AgNPs) onto the surface of cotton fabric (CF) with 
reduced graphene oxide (rGO). The CF electrode 
with Ag/rGO coating showed a high specific capacity 
of  426±10 F/g in  0.5M NaOH. Symmetrical 
supercapacitor cells based on  the  Ag/rGO/CF 
composite had a very long service life (126% retention 
of the initial specific capacity after 1000 charge-discharge 
cycles) and  good speed characteristics. The  rGO 
coating layer gives the electrode excellent electrical 
conductivity, high power consumption and high DES 
capacity. At the same time, the chemical coating with 
silver improves the capacitive properties by increasing 
conductivity and induces pseudo-capacitance effects. 
Thus, the favorable synergistic effects of rGO, AgNPs, 
and the 3D hierarchical CF structure lead to high 
electrochemical performance. A fully solid-state flexible 
symmetrical supercapacitor was assembled using this 
composite fabric. It demonstrated high electrochemical 
stability under mechanical bending (89% of the initial 
capacity is  retained after 1000 bending cycles) 
and provided a high energy density of up to 34.6 Wh/kg  
(at a power density of 125 W/kg).

3. COMPOSITES WITH CONDUCTIVE 
POLYMERS (CPS)

One of  the  achievements of  electrochemistry 
in the last 25–30 years has been the development 
of the (CPs). The electronic conductivity of the (CPs) 
is  displayed in  the  process of  its doping with 
counterions due to  the  formation of  delocalized 

π-electrons or holes and  their transfer under 
the influence of an electric field through a system 
of  polyconjugated double bonds, which any CP 
possesses. CP includes: polyacetylene (PAc), 
polyaniline (PANi), poly- (p-phenylene) (PPh), 
polythiophene (PT), polypyrrole (PPy), polyporphine 
(PP) and  their derivatives. Since quasi-reversible 
electrochemical charge-discharge processes can 
occur in many electronic devices, they are widely used 
in ECSC [125–150]. CP adds a pseudo-high Faraday 
capacitance to the total capacity of the composites.

The growing development of flexible and wearable 
supercapacitors has stimulated the  smart 
electronics industry. Conductive polymer hydrogels 
are  considered the  most promising and  viable 
sources for manufacturing flexible supercapacitors, 
as well as for powering flexible miniature electronic 
devices. As reported in  [127], conductive polymer 
hydrogels can be synthesized using numerous physical 
and chemical bonding methods. Conductive polymer 
hydrogels as electrodes have a combination of high 
electrical conductivity, outstanding electrochemical 
characteristics, and unique three-dimensional porous 
morphology with swelling characteristics, ideal 
electrolyte interaction, environmental friendliness, 
strength, and mechanical flexibility. These features 
make them ideal options for flexible supercapacitors. 
Conductive polymers such as polypyrrole, polyaniline, 
and poly (3,4‑ethylenedioxythiophene): polystyrene 
sulfate (PEDOT: PSS) are  effective electrode 
materials for supercapacitors with the aforementioned 
important properties. These conductive polymers 
in a composite hybrid with graphene hydrogel are used 
as electrode materials in highly efficient and stable 
flexible supercapacitors. Subsequently, these highly 
efficient flexible supercapacitors will contribute 
to the development of wearable electronics, as well as 
environmentally friendly transportation.

Conductive polymers (CPs) have the  potential 
to  become next-generation ECSC electrodes due 
to their low cost, easy synthesis methods, and high 
pseudo-capacity. Graphene/CP-based composites 
demonstrate sufficiently high electrochemical 
characteristics when used as electrode materials 
for ECSC. Synthesis methods and electrochemical 
characteristics of graphene/CP composites for ECSC 
are  summarized in  [128]. In  addition, a  method 
for  synthesizing electrode materials to  improve 
electrochemical characteristics is discussed.

In  [129], a  durable, highly efficient graphene 
electrode modified with polyaniline was successfully 
used to  assemble the  supercapacitor. Graphene 
is covalently bonded to doped polyaniline (SPANi) 
and  is  therefore used in  supercapacitors. Layered 
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graphene modified with 4‑aminobenzoic acid (ABF-G) 
was first attached to aniline functional groups. Aniline, 
the monomer of o-aminobenzenesulfonic acid, and an 
oxidizer were then added to the aqueous dispersion 
of ABF-G to achieve polymerization on the surface 
of ABF-G. This covalently bonded thin-film electrode 
material ABF-G (SPANi-ABF-G), modified by 
SPANi, was then used to manufacture supercapacitors. 
The supercapacitor with the proposed SPANi-ABF-G 
electrodes has a high specific capacity of 642.6 F/g 
at a current density of 1 A/g. After testing for a service 
life of 5,000 cycles, this supercapacitor demonstrated 
the retention of charging and discharging capacity 
of 100% and 98.13% at current densities of 1 and 2 A/g, 
respectively. These capacity retention rates are higher 
than those of supercapacitors with conductive polymer 
electrodes. The results obtained prove that electrode 
materials prepared using covalently bonded graphene 
and PANi can significantly improve the performance 
of supercapacitors.

In  [130], a graphene-based film (CNT@PANi/
rGO/TA) was made from biomass using electroactive 
tannin (TA), which serves as an adhesive bonding 
carbon nanotubes to  a  composite (CNT@PANi) 
and for bonding with reduced graphene oxide (rGO). 
Thanks to  the  thin PANi layer on  CNT@PANi, 
the  nanowires intercalate into the  intermediate 
layers of  rGO, thereby binding the  nanolayers 
and forming a well-defined porous multilayer structure. 
The resulting CNT@PANi/rGO/TA film has high 
mechanical strength (174.6 MPa) and impact strength 
(9.17 MJ m3). Meanwhile, the fully solid-state flexible 
supercapacitor assembly with CNT@PANi/rGO/TA 
demonstrates a high capacity of 548.6 F/cm3 and a very 
high performance of 70.5% from 1 to 50 A/g. Even 
at –40 °C, the specific capacity of the supercapacitor 
is  up to  454.9 F cm‑3, i. e. approximately 83% 
of the capacity produced at room temperature.

The  review article [131] presents the  latest 
achievements in the field of synthesis, fabrication, 
and  characterization of  PANi@r-GO hybrid 
nanocomposites for  supercapacitors. Market data 
for such ECSCs is also presented.

For  the  development of  highly eff icient 
supercapacitors in [132], the initial PANi and PANi 
nanocomposites with highly conductive two-
dimensional graphene were successfully produced 
by chemical method. The electrochemical properties 
of ready-made solid-state supercapacitors, established 
for initial polyaniline composites (PANi/PVA/PANi) 
and nanocomposites based on polyaniline/graphene 
(PANi-graphene/PVA/PANi-graphene), were studied 
using CVA, galvanostatics, and  electrochemical 
impedance spectroscopy. The electrochemical device 

based on PANi electrodes has a capacity of ~160F/g 
while retaining ~64% of the capacity. This capacity 
of polyaniline electrodes was significantly increased 
to ~1,412 F/g with ~89% of the capacity remaining 
after 10,000 charge-discharge cycles, at  a  content 
of 8 wt.% of graphene nanolayers in PANi electrodes. 
A supercapacitor based on a polyaniline nanocomposite 
with a content of 8 wt.% graphene also had very high 
values of energy density (~1382 Wh/kg) and power 
(~49786 W/kg).

Nanocomposites of  graphene materials 
and conductive polymers have been widely studied 
as promising materials for supercapacitor electrodes. 
In [133], the heterostructure of the graphene/PANi 
composite, consisting of a monolayer of graphene 
and polyaniline, and its electrochemical operation 
in a supercapacitor were investigated. The synthesis 
is  based on  the  functionalization of  graphene 
by phenylene sulfone groups and  the  oxidative 
polymerization of aniline by ammonium persulfate 
under reaction conditions that do not produce 
bulk polyaniline. Scanning electron microscopy, 
atomic force microscopy, and Raman spectroscopy 
have shown the  selective formation of polyaniline 
on graphene. In situ Raman spectroscopy and cyclic 
voltammetry (both in  a  microdroplet setup) 
confirmed the  reversibility of  polyaniline redox 
transitions and electrochemical doping of graphene. 
After an increase during the  initial 200 cycles due 
to  the  formation of  benzoquinone-hydroquinone 
defects in polyaniline, the specific surface capacity 
was maintained for 2400 cycles with a retention of ±1% 
at 21.2 µF cm‑2; this is an order of magnitude higher 
than the capacity of the original graphene.

[134] demonstrates a simple synthetic method 
for covalent grafting of aniline tetramer (TANI), 
the main building block of PANi, to 3D graphene 
networks with perfluorophenylazide to  create 
a  hybrid electrode material for  supercapacitors 
with an ultra-long service life. The design, which 
replaces long-chain PANi with short-chain TANI 
and introduces covalent bonds between TANI and 3D 
graphene, significantly increases the cyclic charge-
discharge stability of PANi-based supercapacitors. 
The electrode material, as well as the symmetrical 
fully solid-state supercapacitors manufactured, 
demonstrate an unusually long service life (retaining 
a capacity of >85% after 30,000 charge-discharge 
cycles). The capacity can be further increased by 
rapid and reversible redox reactions on the electrode 
surface using a redox electrolyte while maintaining 
excellent cycle stability (retaining 82% capacity after 
100,000 cycles for a symmetrical fully solid-state 
device). Despite the fact that conductive polymers 
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are known to be limited by their low cyclic stability, 
this work offers an effective strategy to achieve an 
extended service life of supercapacitors.

The  paper [135] presents the  production 
of hydrophilic graphene oxide nanolayers by liquid-
shear peeling. Graphene oxide nanolayers were 
used to  synthesize three-dimensional graphene/
polyaniline composites, which were used directly as 
supercapacitor electrodes. Composites have better 
electrochemical properties (gravimetric capacity 
483 F/g at 1 A g) compared to materials made from 
a mixture of graphene, graphene oxide and polyaniline 
as precursors. In addition, a symmetrical supercapacitor 
made of composites demonstrated a high energy density 
of 17.9 Wh/kg at a power density of 500 W/kg.

In  [9], during polymerization to  obtain PANi, 
the  time of  electrochemical polymerization was 
controlled, which led to the formation of graphene-
coated paper (PANi-Graphene). The newly prepared 
electrode showed a high surface capacity of 176 mF/cm2  
in a three-electrode cell at a current density of 0.2 mA/cm2,  
which is  about 10 times higher than that of  pure 
graphene paper due to  the  pseudo-capacitance 
behavior of PANi. More importantly, a fully solid-
state symmetrical capacitor assembled with two PANi-
Graphene electrodes with a polymer electrolyte had 
a surface capacity of 123 mF/cm2, which corresponds 
to  a  surface energy density of  17.1 MWh/cm2  
and  a  surface power density of  0.25 MW/cm2. 
The symmetrical capacitor retained 74.8% of its capacity 
after 500 bending tests from 0 to 120°, indicating good 
flexibility and mechanical stability.

In  [136], the  synthesis of  stable, conductive, 
and highly active polythiophene enriched in graphene 
nanoplatelets (GNPL) by chemical polymerization 

in situ was investigated. X-ray diffraction studies have 
confirmed the formation of finished nanomaterials. 
Morphological studies have shown that polythiophene 
is  successfully fixed on  the  surface of  GNPL 
during polymerization. Elemental mapping has 
shown the presence of carbon, oxygen, and sulfur 
in the GNPLs/PTh electrode. Cyclic voltammetry 
(CV) measurements have shown that the GNPLs/PTh  
electrode has a maximum specific capacity of 960.71 F/g 
at a scanning speed of 10 mV/s. The gravimetric capacity 
of  the  manufactured electrodes reached 673  F/g  
at a current density of 0.25 A/g, which corresponds to an 
energy density of 2.25 Wh/kg. A cyclic stability study 
has shown that a GNPLs/PTh-based supercapacitor 
can retain 84.9% of  its initial capacity after 1,500 
consecutive CV cycles, indicating excellent cyclic 
stability of the material.

In  the  study [137], composite f i lms 
of  reduced graphene oxide (rGO) and poly 
(3,4‑ethylenedioxythiophene) polystyrene sulfate 
(PEDOT: PSS) were prepared by solvent evaporation 
using PEDOT: PSS as a binder for fixing oriented 
graphene in  order to  ensure its good conductivity 
and strong π-π-packing interactions with graphene 
layers. Analyses using scanning electron microscopy 
(SEM), nitrogen adsorption-desorption, and small-
angle X-ray scattering showed that graphene layers 
were well aligned when a magnetic field was applied, 
although they were randomly oriented without 
a magnetic field. As a capacitor electrode material, 
the composite oriented RGO and (PEDOT: PSS) 
demonstrated a specific capacitance of 169/g while 
maintaining about 70% of the capacitance at a current 
density of 50 A/g, and its CV curves retain a rectangular 
shape at a voltage scanning rate of 2 V/s.
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Fig. 13. Three-dimensional demonstration of cyclic stability of a three-electrode supercapacitor system based on (a) PPy, (b) 
G-Ni–W [138].
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In  [138], a  highly active 2D nanostructure 
consisting of  reinforced conductive polypyrrole 
(PPy) with decorated rGO and  a  hybrid complex 
of Ni/W metal oxides (PPy-G-Ni-W) was developed 
for use in supercapacitors. The hybrid 2D platform 
showed remarkable specific capacitance of  597 
and 557 F/g when measuring CV and galvanostatic 
analysis, respectively, using a three-electrode system. 
The developed supercapacitor has demonstrated very 
high stability, retaining 98.2% of its overall performance 
after 5,000 charge-discharge cycles. Similarly, studies 
in  a  two-electrode electrochemical cell consisting 
of  PPy-G-Ni-W//PPy-G-Ni-W showed specific 
capacitances of 361 and 342 F/g at a scanning speed 
and current density of 2 mV/s and 0.5 A/g using CV 
and galvanostatic methods, respectively. At the same 
time, a high energy density of 14.4 Wh/kg was obtained 
with a power density of 275 W/kg. More importantly, 
the device retained 96.4% of its total specific capacity 
after 5,000 charge-discharge cycles (Fig. 13), which 
highlights the high capacity, mobility, and superstability 
of the developed ECSC in relation to real-world energy 
applications.

4. COMPOSITES WITH MXENES
MXenes are a class of two-dimensional inorganic 

compounds that consist of  atomically thin layers 
of carbides, nitrides, or carbonitrides of  transition 
metals. MXenes have various hydrophilic surface 
groups. MXenes was first reported in 2012, and their 
research is  undergoing exponential growth. Since 
2020, the number of patents on MXenes has exceeded 
the number of journal articles on MXenes, indicating 
that they are  potentially commercially successful 
materials. In recent years, MXenes have been used 
in supercapacitors [5, 139–146].

The great popularity of portable smart electronics 
has intensively stimulated the development of energy 
storage devices and other advanced products such as 
displays and touchpads. Interactive devices such as 
smartphones, tablets, and other touchscreen devices 
require mechanically strong transparent conductive 
electrodes (TCE). The development of a transparent 
supercapacitor as a power source is essential for next-
generation transparent electronics. Recently, graphene 
and  MXene, two representatives of  a  large two-
dimensional family, have shown excellent electronic 
conductivity and  attracted a  lot of  attention from 
researchers in the field of energy storage. It is important 
to note that high-performance TCEs are necessary 
conditions for creating transparent supercapacitors. 
The reviews [139, 140] provide a comprehensive analysis 
of  flexible TCEs based on  graphene and  MXene, 

covering detailed methods for manufacturing thin 
films, estimates, performance limitations, as well as 
approaches to overcome these limitations. Special 
attention is paid to the fundamental aspects of TCE, 
such as percolation and conduction.

The new 2D Ti3C2TxMXene material (Tx – surface 
functional groups) is  widely studied in  the  field 
of  supercapacitors. However, the  electrochemical 
characteristics of  supercapacitors are  reduced due 
to  the presence of Ti3C2Tx. However, the Ti3C2Tx 
flexible composite/composite membrane/graphene 
synthesized in  [140] effectively eliminates this 
disadvantage. In  contrast to  the  use of  traditional 
reduced graphene oxide, the  structural integrity 
and  large flakes of  graphene were synthesized 
in this work using anhydrous ferric chloride FeCl3. 
The assembled symmetrical supercapacitor without 
binder showed a high energy density of 13.1 Wh/kg 
with a specific power of 75 W/kg. The article presents 
new perspectives on the analysis of the mechanism 
of inhibition of MXene self-storage.

Despite the fact that large capacities have been 
obtained using MXene electrodes in supercapacitors, 
the  relatively high resistance limits the  scope 
of application of these materials. [141] reports on an 
innovative simple method for manufacturing MXene 
wrapped in graphene in combination with plasma 
exfoliation. This method includes two key aspects: 
1) incorporation of graphene oxide (GO) into MXene 
and 2) plasma exfoliation of GO-modified MXene. 
The resulting materials, referred to as MXene@rGO, 
have a layered structure with reduced graphene oxide 
on the surface of MXene. Fully solid-state flexible 
supercapacitors were manufactured from MXene@
rGO materials. Compared to conventional MXenes, 
MXene@rGO supercapacitors have shown twice 
the  specific capacity, as well as excellent cycling 
and mechanical stability.

In  [142], an ultrahigh-capacity supercapacitor 
was manufactured using nanolayer MXene as an 
active electrode material, and nickel foil was used as 
a current collector. High-quality titanium for Ti3C2Tx, 
obtained from the filler fluid, significantly increases 
the  specific capacity in  the  etching and  washing 
processes. As another technique, graphene grown by 
chemical deposition from the gas phase was applied 
to the surface of nickel foil. Graphene grown directly 
on nickel foil is used as a current collector, forming 
the Ti3C2Tx/graphene/Ni electrode structure. It has 
been found that the  capacity of  graphene-based 
supercapacitors is more than 1/5 times higher than 
the capacity without graphene. A high specific capacity 
of ~542 F/g is achieved at a scanning speed of 5 mV/s. 
In addition, the graphene-based supercapacitor exhibits 
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a quasi-rectangular shape on cyclic voltammetric curves 
and symmetrical behavior on galvanostatic charge/
discharge curves. Cyclic stability of up to 5000 cycles 
is confirmed by maintaining high capacity at a high 
scanning speed of 1000 mV/s.

It follows from the well-known formula for energy 
density [2] that expanding the  voltage window 
and  increasing the  capacitance are  effective ways 
to  increase the  energy density of  supercapacitors. 
However, aqueous electrolyte-based devices usually 
have a  voltage window of  less than 1.2 V, taking 
into account water electrolysis, and  chemically 
converted graphene provides mediocre capacity. 
According to  [143], multielectron redox, 
structurally stable π-frameworks of  indanthrone 
(IDT:(6,15‑dihydrodinaphtho[2,3‑a;2’,3’-h]
phenazine‑5,9,14,18‑tetraone) were effectively bound 
to reduced graphene oxide (rGO) to form the IDT@rGO  
molecular heterojunction. Such electrodes, which do 
not contain conductive agents and binders, provided 
a maximum capacity of up to 345 F/g in the potential 
range from –0.2 to 1.0 V. The Ti3C2Tx MXene film 
partner electrode, operating in the negative potential 
range from –0.1 to  –0.6 V, provided a  capacity 
of up to 769 F/g. Thanks to the realized potentials 
of the IDT@rGO heterojunction positive electrode 
Ti3C2Tx MXene and the negative electrode polyvinyl 
alcohol/H2SO4, the flexible asymmetric supercapacitor 
based on hydrogel electrolyte provided an increased 
voltage window of 1.6 V and an impressive energy 
density of  17 Wh/kg with a  high specific power 
of 8 kW/ kg, as well as efficient high-speed capability 
and long service life (maintaining 90% capacity after 
10,000 cycles), as well as exceptional flexibility.

As demand for wearable electronic devices grows, 
so does interest in small, lightweight, and deformable 
energy storage devices. Among these devices, wire 
supercapacitors (WSC) are considered key components 
of wearable devices due to their geometric similarity 
to woven fiber. One of the potential methods for creating 
WSC devices is  the  layer-by-layer assembly (LbL) 
method, which is a bottom-up electrode manufacturing 
method. WSC stands for the conformal and adhesive 
coating of a functional material on a wire substrate, 
which is  difficult to  obtain using other processing 
methods such as vacuum filtration or spray coating. 
The LbL assembly technology allows for convenient 
and durable coatings that can be applied to various 
substrates and shapes, including wire. A study [144] 
reports on WSCs made using LbL assembly of alternating 
layers of positively charged reduced graphene oxide 
functionalized with poly(diallyldimethylammonium 
chloride) and  negatively charged Ti3C2Tx MXene 
nanolayers effectively deposited on activated carbon 

filaments. In this design, the added LbL film increases 
capacity, energy density, and power density by 240, 227, 
and 109%, respectively, compared to uncoated activated 
carbon yarn, providing high specific and volumetric 
capacity (237 F/g, 2193 F/cm3). In addition, the WSC 
has good mechanical stability, maintaining 90% of its 
original performance after 200 bending cycles. This 
study demonstrates that LbL coatings based on carbon 
filaments are  promising as energy storage devices 
for fiber electronics.

2D-MXene materials have attracted close attention 
in  the  field of  energy storage. However, MXenes 
usually undergo major re-engineering to  increase 
stability, which significantly hinders their continued 
commercial use. The article [145] demonstrates an 
effective and fast self-assembly method for obtaining 
a 3D porous MXene/graphene (PMG) composite 
resistant to oxidation to suppress oxidation and self-
assembly of MXene. The self-organizing 3D porous 
architecture can effectively prevent oxidation of MXene 
layers without visible changes in electrical conductivity 
in air at room temperature, ensuring high electrical 
conductivity and a large number of electrochemical 
active sites accessible to electrolyte ions. The PMG 
electrode has a  high specific capacity of  393 F/g 
at  10V/s, excellent performance and  outstanding 
cycling stability. In addition, the assembled asymmetric 
supercapacitor had a high energy density of 50.8 Wh/kg 
and remarkable cycle stability with a decrease in specific 
capacity of only 4.3% after 10,000 cycles. This work 
paves a new path for solving important issues with 
MXene in the future.

Two-dimensional (2D) materials are  expected 
to be among the most efficient compounds for use 
in  the energy industry. The ability to  store energy 
in two two-dimensional materials, reduced graphene 
oxide (rGO) and NbCMXene due to  the creation 
of  hetero-assembly, was first realized in  [146] by 
double doping with nitrogen on both lattices using 
the method of supercritical fluid treatment. As is well 
known, supercritical fluid synthesis of hetero-assembly 
based on 2D/2D MXene is unique and distinctive. 
The high charge storage capacity of N-(NbC/rGO) 
composites and the typical reaction kinetics contribute 
to very high electrochemical performance due to this 
unique synthetic technique. Thus, N-(NbC/rGO) 
exhibits exceptional electrochemical characteristics with 
a high specific capacity of 816 F/g at a current density 
of 1 A/g and a remarkable energy density of 29 Wh/kg  
in  an aqueous H2SO4 electrolyte and  33  Wh/kg 
in a non-aqueous TEABF4/acetonitrile electrolyte. 
In addition, after 100,000 cycles, 100% of the initial 
capacity is retained in a quasi-solid electrolyte based 
on PVA/ HSO4.
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5. QUANTUM DOTS
The  Nobel Prize in  Chemistry in  2023 was 

awarded to three scientists for one discovery. Moungi 
Bawendi, Louis Brus and  Alexey Ekimov were 
awarded the highest scientific award for the discovery 
and  synthesis of  quantum dots, semiconductor 
nanocrystals with unique optical and  electronic 
properties.

A quantum dot is a fragment of a conductor or 
semiconductor whose charge carriers are  limited 
in space in all three dimensions. The size of a quantum 
dot should be so small that the  quantum effects 
are significant.

The  inclusion of  new functional components 
in a three-dimensional graphene (3DG) framework 
improves the  performance of  3DG-based 
supercapacitors in electrodes by adapting the structure 
and properties of the framework. Recently, quantum 
dot materials have been used in supercapacitors [7, 
32, 94, 113, 147–150]. In [147] graphene quantum 
dots (GQD) were incorporated into 3DG by single-
stage hydrothermal treatment of GQD and graphene 
oxide (GO). By simply adjusting the  GQDs/GO 
ratio by weight, various GQD/3DG composites 
were formed. The maximum ratio was 80%, while 
composites obtained with a GQDs/GO ratio of 40% 
for electrodes showed a maximum specific capacity 
of  242 F/g for  supercapacitors, which means an 
increase of 22% compared to pure 3DG electrodes 
(198F/g). This improvement in  performance was 
mainly due to  the  higher electrical conductivity 
and larger surface area of GQD/3DG composites. 
The  manufactured GQD/3DG composites as 
electrodes for  supercapacitors have shown high 
electrochemical stability. Their capacity remained 93% 
of its original value after 10,000 charge-discharge cycles.

Despite the fact that activated carbons (AC) with 
a large surface area are widely used in supercapacitors, 
they usually have limited capacity and  speed 
characteristics, primarily due to their low conductivity 
and  slow electrochemical kinetics caused by their 
amorphous microporous structure. The  article 
[148] suggests a  simple strategy for  improving 
the electrochemical characteristics of AC by embedding 
highly crystallized graphene quantum dots. Due 
to the formation of common conductive networks, 
the  kinetics of  charge transfer and  ion migration 
in the battery is significantly improved, facilitating 
the  transportation and  storage of  electrolyte ions 
in deep and branched micropores. As a result, graphene 
quantum dots are embedded in activated carbon, which 
has a microporous structure with a specific surface 
area of 2829 m2/g. This results in a high double-layer 

capacity of 388 F/g at 1 A/g, as well as excellent speed 
characteristics while maintaining 60% of the capacity 
at 100 A/g in a two-electrode system. The capacitance 
and velocity characteristics are much higher than those 
of AC without graphene quantum dots, as well as most 
porous carbons reported in the literature. This strategy 
opens up new opportunities for  the  development 
of  advanced porous carbon materials for  high-
performance energy storage.

The  paper [149] reports on  mathematical 
modeling to study the contribution of quantum dots 
to the total differential capacitance of functionalized 
graphene as a material for electrodes of water-based 
supercapacitors. The effects of nitrogen and oxygen 
inclusion in the quantum and double-layer capacitance 
of graphene in four different models of supercapacitors 
with Li2SO4 and  LiTFSI aqueous electrolytes 
are considered. It was found that the total differential 
capacitance is limited by the double-layer capacitance. 
The best model of the electrode/electrolyte system was 
obtained for a symmetrical supercapacitor assembled 
from epoxy/hydroxyl-functionalized graphene 
electrodes impregnated with 1 M Li2SO4 aqueous 
electrolyte.

In  [150], a  simple hydrothermal method 
for the synthesis of CeO2/Ce2O3 quantum dots fixed 
on layers of reduced graphene oxide (rGO) of various 
weight fractions is reported for use as a supercapacitor 
electrode. Of all the tested samples, a sample containing 
7 wt.% rGO (CrGO3), measured by thermogravimetry, 
demonstrated the highest specific capacity of 1027 F/g 
at 1 A/g along with good cyclic stability. At a current 
density of 4 A/g, the CrGO3 sample showed charge 
retention of 79% after 5,000 cycles, whereas at 20 A/g 
it showed charge retention of 85% after 3,000 cycles. 
The values obtained for the CrGO3 electrode are higher 
than for all previous cerium and rGO-based electrodes, 
which suggests its potential use in supercapacitors. High-
resolution transmission electron microscopy (HRTEM) 
clearly revealed crystalline CeO2 nanoparticles (~5 nm) 
evenly distributed on the rGO layers, as well as several 
lattice planes indicating the presence of some amount 
of  Ce2O3 mixed with CeO2. X-ray photoelectron 
spectroscopy (XPS) revealed the presence of mixed 
oxides containing mainly CeO2 with some phase Ce2O3 
on the surface.

CONCLUSION
This review examines the literature, mainly for recent 

years, on the relevant subject of graphene applications 
in supercapacitors. The influence of the porous structure 
of  graphenes, the  effect of  doping and  irradiation 
of graphenes is considered. Methods for obtaining 
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graphenes, graphene composites with metal oxides, 
sulfides and selenides, composites with metal particles, 
with electron-conducting polymers, with MXenes, as 
well as quantum dots are considered. Electrochemical 
characteristics are given for various types of graphenes 
and their composites.

Particularly high electrochemical characteristics 
were obtained for  composites of  graphene with 
polyaniline, with metal oxides, with selenides, with 
MXenes and with doping of graphene with boron.

The following maximum values of specific energy 
were obtained: 40.5 Wh/kg (for NiSe2), 78.66 Wh/kg 
(for TiO2), 79.5 Wh/kg (for boron doping), 1382 Wh/ kg 
(polyaniline).
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INTRODUCTION
All-solid-state thin-film lithium-ion batteries 

[1] represent a  special, relatively small, but very 
important category of such devices. All-solid-state 
batteries have certain advantages over traditional 
batteries with liquid electrolytes. Firstly, the absence 
of organic solvents increases the safety of the battery 
by eliminating the risk of possible leakage of liquid 
and vapors and, consequently, reducing the risk of fire 
and explosion. Secondly, liquid electrolyte solvents 
are often involved in the degradation of lithium-ion 
batteries, so it is assumed that the service life of solid-
state batteries will be much longer. Thirdly, the use 
of liquid electrolyte leads to a number of limitations 
on the design and size of  the battery. (The typical 
thickness of conventional separators in lithium-ion 
batteries is about 20 µm, while the thickness of solid 
electrolytes is 1 µm). Thus, the concept of all-solid-
state devices opens the way to the creation of thin-film 
(including flexible and transparent) and microbatteries.

The  need for  all-solid-state thin-film lithium-
ion batteries arises due to  the  rapidly developing 
microelectronics, especially with the advent of battery-
powered smart cards, radio frequency identification 
(RFID) tags, smart watches, implantable medical 
devices, remote micro sensors and  transmitters, 
Internet of Things (IoT) systems and various other 
wireless devices, including intelligent building 
management and so on. Often, these batteries need 
to be placed on the same chip as the microelectronics 
device itself, creating a so-called embedded system. 
The manufacturing technology of solid-state thin-
1 Based on  the  materials of  the  report at  the  17th International 

Meeting “Fundamental and applied problems of solid state ion-
ics”, Chernogolovka, June 16–23, 2024.

film lithium-ion batteries must be compatible with 
the manufacturing technology of integrated circuits, 
microelectromechanical systems (MEMS devices), 
semiconductor sensors, etc., i. e., in general, it must be 
VLSI-compatible (VLSI: “very large scale integration”). 
Flexible and transparent devices are quite important 
types of thin-film batteries. It should be noted that 
significant progress in the field of solid-state lithium-
ion batteries has recently been achieved through 
the experimental development and optimization of solid 
electrolytes and functional electrode materials.

Interest in  all-solid-state lithium-ion batteries 
is  steadily increasing. The number of publications 
on  this topic in  2010 was about 500, and  in  2021 
it exceeded 2,500 [2]. Fairly detailed review papers can 
be mentioned [3–16].

GENERAL PROVISIONS
A schematic diagram of an all-solid-state thin-film 

lithium-ion battery is shown in Fig. 1.
The  negligible thickness of  a  thin-film battery 

forces it to be placed on a more or less large structural 
element (substrate), which may be part of a device 
powered by this battery. And this is perhaps the main 
difference between thin-film batteries and conventional 
commercial lithium-ion batteries. The  second 
fundamental difference is  the  possibility of  using 
lithium metal as a negative electrode in all-solid-state 
batteries. It is known that the main feature of lithium-
ion batteries is the use of intercalation electrodes instead 
of lithium metal.

The  structural base of  a  thin-film battery can 
in principle be made of any material, including metals, 
ceramics, glass, polymers, and  even paper. If this 
material is an electronic conductor, then the structural 
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base (substrate) can play the role of a current collector 
of  one electrode (usually lithium). In  any case, 
the substrate material must comply with the conditions 
of application and operation of the functional layers. 
The substrate material should not interact with other 
layers of the battery. The substrate material should 
also prevent lithium from diffusing from the battery. 
The battery, in fact, consists of two electrodes, between 
which there is  an electrolyte. The outside of each 
electrode is in contact with the corresponding current 
collector. The battery as a whole is enclosed in an 
appropriate housing. The housing is a very important 
structural element. It must protect the internal contents 
of the battery from external physical and chemical 
influences, in  particular, prevent the  interaction 
of  active battery materials with air and  moisture. 
Ideally, the battery and the electronic device powered 
by it should be functionally integrated with maximum 
efficiency and voltage control.

Although the first attempts to create fully solid-state 
thin‒film batteries were made back in the 1950s, real 
success was achieved only 40 years later and was due 
to the development of a successful solid electrolyte, 
LiPON – lithium phosphorus oxynitride [17–20] which 
is obtained by magnetron radiofrequency sputtering 
of a Li3PO4 target in a nitrogen medium. Its average 
composition can be expressed as Li3.3PO3.8N0.22 with 
some uncertainty of nitrogen content. It was assumed 
that the introduction of nitrogen into the glass structure 
would increase its chemical and  thermal stability. 
LiPON is stable in contact with lithium metal, has 
very low electronic conductivity and adequate ionic 
conductivity of about 2.3 µS/cm at room temperature, 
and most importantly, has a lithium transfer number 
equal to unity. The decomposition voltage of LiPON 
exceeds 5.5 V. Using this very electrolyte, thin-film 
batteries with various active materials of the positive 
electrode, including LixMn2O4, TiS2, LiCoO2 и V2O5, 
have been manufactured.

In  the  first decade of  the  21st century, several 
companies launched the production of all-solid-state 
thin-film batteries with capacities from 0.1 to 5 mAh. 
These batteries used negative electrodes made of both 
lithium and conventional intercalation materials (Sn, 
Si, Ge, and  C). Total thickness of  the  active part 
(current sinks, electrodes and electrolyte) ranged from 
20 to 50 µm. The first LiPON electrolyte batteries could 
withstand hundreds and even thousands of cycles with 
low degradation. Such excellent cyclicity was explained 
by a combination of several factors. Firstly, the high 
stability of LiPON, secondly, the ability of thin-film 
materials to withstand volumetric changes caused by 
lithiation and delithiation, and thirdly, the uniform 
distribution of current in the thin-film structure.

The diagram in Fig. 1 shows a “plate-like” (one-
dimensional) structure. Various 3D constructions 
are  more rational [4, 21–27]. 3D designs can 
significantly increase the specific energy of the battery, 
as the  total surface area of  the electrodes per unit 
area of  the substrate increases. In  fact, the energy 
needs of micro- and nanoelectromechanical systems, 
including implantable medical devices, drug delivery 
systems, microsensors, etc., have opened up a niche 
for 3D batteries with a characteristic size from 1 to 10 
mm3 and a capacity from 10 nW to 1 mW.

Various designs of  3D batteries with regular or 
chaotic geometry are described. It can be a periodic grid 
or an aperiodic ensemble of electrodes. For example, 
it can be an array of cylindrical (columnar) electrodes 
of  both signs grown on  substrates. Two arrays 
of different electrodes are inserted into each other. 
The space between the electrodes must be filled with 
electrolyte (Fig. 2). The main disadvantages of this 
design are a rather large volume of electrolyte, a large 
and variable interelectrode distance.

A more effective design is one consisting of an 
array of column electrodes of the same sign placed 
on a substrate and coated with a thin layer of electrolyte. 
In this case, the remaining space is filled with the active 
material of the counter-electrode.

An interesting 3D battery design is described in [21]. 
Here, a number of grooves are made in a massive silicon 
substrate by anisotropic etching. The substrate itself 
plays the role of a single current collector. The active 
electrode layers are  deposited inside this highly 
structured substrate, starting with an effective barrier 
layer, preferably TiN or TaN, to protect the substrate 
from lithium penetration, followed by a thin-film silicon 
negative electrode with a thickness of about 50 nm,  
a solid-state LiPON-like electrolyte and a thin-film 
material of  the positive electrode, in  this example 
LiCoO2 with a thickness of 1 µm. The second current 
collector is applied last.

Overlayer
Current collector

Cathode

Electrolyte

Anode

Current collector

Substrate�

Fig. 1. Diagram of an all-solid-state thin-film lithium-ion 
battery.



RUSSIAN JOURNAL OF ELECTROCHEMISTRY      Vol. 61      No. 1      2025

	 ALL SOLID STATE THIN-FILM LITHIUM-ION BATTERIES (REVIEW)	 39

The chaotic analogue of the regular structure shown 
in Fig. 2 is a kind of “sponge” design (Fig. 3). In this 
case, the  solid mesh of  the  sponge (“web”), which 
is the cathode, is covered with a very thin layer of solid 
electrolyte. The remaining voids are filled with anode 
material.

Probably the  most advanced technology 
for  the  production of  3D batteries is  3D printing 
(in  the  English-language literature, additive 
manufacturing (AM)) [28–30]. This technology makes 
it possible to produce objects with well-controlled 
and very complex geometries through layer-by-layer 
deposition directly on computerized equipment without 
using any templates. Recently, 3D printing of lithium-
ion batteries of various geometries has been developed 
in order to increase their specific energy, specific power 
and mechanical characteristics. In fact, 3D printing 
is not a single method, but a group of methods that 
includes: (i) material extrusion (for example, direct ink 
writing, DIW, and fused deposition modeling, FDM); 
(ii) inkjet processing of materials (for example, inkjet 
printing); (iii) binder jet cleaning; (iv) powder layer 
melting (e. g., selective laser sintering and selective 
laser melting); (v) directed energy release; (vi) 
photopolymerization (e. g., stereolithography (SLA)); 
(vii) sheet lamination. The most popular 3D printing 
method used in  the  manufacture of  lithium-ion 
batteries is direct ink writing. The DIW equipment 
is  not complicated (and  therefore inexpensive) 
and includes a simple desktop 3D printer, a heated 
table, a pneumatic dispenser, and a micronozzle.

A kind of 3D version of an all-solid-state lithium-
ion battery is a transparent (or translucent) flexible 
battery. The concept of  a  translucent battery with 
opaque active electrode materials was proposed 
in 2011 [31] and developed later [32]. The concept 
is based on the principle of electrodes with a mesh 
structure. A distinctive feature of this mesh design 
is the fact that the size of the electrodes is lower than 
the resolution of the human eye, and thus the entire 
battery appears transparent. [31] described a thin-film 
battery of  the LiMn2O4/Li4Ti5O12 electrochemical 
system with a gel polymer electrolyte, whereas [32] 
described a LiCoO2/Si battery with LiPON electrolyte. 
The transparency of both batteries is close to 60%.

FUNCTIONAL MATERIALS FOR SOLID-
STATE THIN-FILM LITHIUM–ION 

BATTERIES
Materials for electrolytes. The electrolytes of solid-

state thin-film batteries are fundamentally different 
from those of traditional lithium-ion batteries, and quite 
a lot of research has been devoted to the development 

and improvement of such electrolytes (see, for example, 
reviews [33–42]).

Electrolytes for  solid-state thin-film batteries 
must have high ionic and low electronic conductivity 
at  operating temperature (preferably room 
temperature), a wide electrochemical stability window, 
adaptability, and  compatibility with electrodes. 
The latter feature suggests that the electrolyte must 
be resistant to interaction with electrodes, especially 
with lithium and lithium alloy electrodes, and have 
the same coefficients of thermal expansion with both 
electrodes. Both crystalline and amorphous materials 
are used as solid electrolytes. A typical representative 
of an amorphous (glass-like) electrolyte for solid-state 
thin-film batteries is the already mentioned LiPON. 
Other examples of  amorphous solid electrolytes 
are oxide and sulfide glass. Crystalline solid electrolytes 
are represented by solid solutions with a perovskite 
structure, lithium-ion conductors such as NASICON, 
LISICON and thio-LISICON, as well as lithium-ion 
conductors of the garnet type.

An interesting example of a LiPON-like glassy 
electrolyte is  the  so-called LiSON with a  typical 
composition of  Li0,29S0,28O0,35N0,09 and  an ionic 
conductivity of about 2×10–5 S/cm [43]. This material 
was produced by RF magnetron sputtering using 
a Li2SO4 target in an atmosphere of pure nitrogen. 
Another similar glassy electrolyte, known as LiPOS 
(6LiI‑4Li3PO4–P2S5), has the same conductivity [44].

Sulfide glassy solid electrolytes, especially those 
with a high concentration of Li+ ions, have generally 
higher conductivity than LiPON-like electrolytes. In the  
Li2S–P2S5 system, when the  Li2S content is  more 
than 70 mol.%, the electrolytes have a conductivity 
of more than 10–4 S/cm, which is one and a half orders 
of magnitude higher than the conductivity of LiPON-like 
analogues. However, the synthesis of sulfide glass with 
a sufficiently high concentration of Li+ ions is difficult 
due to easy crystallization during cooling, so such glass 
is made by double-roll rapid quenching or mechanical 
milling. The addition of halides, borohydride, or lithium 

Fig. 2. 3D design with interdigital arrays of electrodes.
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orthophosphate increases the conductivity of the glass 
to 10–3 S/cm at room temperature. For example, an 
electrolyte of composition 95(80Li2S‑20P2S5) + 5LiI 
has a conductivity of 2.7 mS/cm [45], an electrolyte 
of  composition Li5.5PS4.5Cl1.5 with an argyrodite 
structure is  10.2 mS/cm [46], and  an electrolyte 
of composition Li5.4PS4.4Cl1.6 is 8.4 mS/cm [47].

Intermediate forms, the so-called glass-ceramic 
electrolytes, represent a  kind of  palliative. Their 
conductivity is  higher than that of  amorphous 
electrolytes, but lower than that of  crystalline 
electrolytes. Such glass-ceramic electrolytes can be 
obtained by crystallization of real glass electrolytes. 
The separation of thermodynamically stable crystalline 
phases from the  initial glass leads to  a  decrease 
in  intercrystalline resistance. For example, glass–
ceramic electrolytes obtained by heat treatment 
of  Li2O–Al2O3–TiO2–P2O5 glasses are  described 
in [48]. The maximum conductivity of 1.3 mS/cm was 
achieved in a system heat-treated at a temperature 
of 950 °C.

Glass ceramics of the compositions 70Li2S‒30P2S5 
[49], 80Li2S‑20P2S5 [50], Li3,25P0,95S4 [51] и Li7P3S11 
[51] have even higher conductivity. Glass ceramics 
70Li2S‑30P2S5 were synthesized by heat treatment 
of the corresponding glass at a temperature of about 
240  °C (slightly higher than the  crystallization 
temperature). This treatment resulted in an increase 
in conductivity at room temperature to 3.2 mS/cm. 
The conductivity of glass ceramics 80Li2S‑20P2S5 
is 0.74 ms/cm. Glass ceramics Li3.25P0.95S4 and Li7P3S11 
demonstrate conductivity at room temperature of 1.3 
and  17 mS/cm (!) The  glass-ceramic electrolyte 
Li7P3S11 (70Li2S‑30P2S5) is characterized not only 
by the highest conductivity, but also by the lowest 
activation energy of 17 kJ/mol at room temperature 

(and, consequently, the  weakest temperature 
dependence of conductivity).

The  most popular crystalline electrolytes 
of the (ABO3) type peroxite family with A = Li, La, 
and B = Ti are solid solutions with the general formula 
Li3xLa2/3‑x‑1/3–2xTiO3 (where the  square indicates 
the lattice vacancy) [52]. Usually 0.04<x<0.17, in this 
case the abbreviation LLTO is used. Such electrolytes 
have a conductivity at  room temperature of about 
1 mS/cm. Lithium-enriched oxyhalides with an anti-
perovskite structure have an even higher conductivity. 
For example, the compound Li3OCl0.5Br0.5 exhibits 
a  specific conductivity of about 2 mS/cm at  room 
temperature and about 5 mS/cm at 230 °C [53].

A  classic example of  an electrolyte with 
the  NASICON structure is  NaAIV

2(PO4)3, where 
AIV=Ge, Ti, and Zr. Such a structure can be represented 
as a  [A2P3O12]– framework consisting of  AO6 
octahedra and PO4 tetrahedra. The most popular Li+ 
conducting electrolyte with a NASICON-like structure 
is Li1.3Al0.3Ti1.7(PO4)3 (LATP), belonging to the family 
with the general formula Li1+xTi2‑xMx(PO4)3 (M=Al, 
Ga, B, Sc). Among Li+-conducting electrolytes with 
a  NASICON-like structure, Li1+xAlxGe2‑x(PO4)3 
(LAGP) has the highest conductivity at room temperature 
of 3 mS/cm3. Of particular interest is a silicon-substituted 
electrolyte in which part of the phosphorus is replaced 
by silicon Li1+x+yTi2‑xAlxSiy(PO4)3‑y.

The electrolyte analogue with the NASICON ‒ 
LISICON structure with the formula Li2+2xZn1‑xGeO4 
has too low conductivity and is of no practical interest. 
At the same time, thio-LISICON is very attractive [54]. 
The highest conductivity, 2.2 mS/cm, is shown by an 
electrolyte of the composition Li3.25Ge0.25P0.75S4 (which 
can be considered as Li4‑xGe1‑xPxS with x=0.75). 
At the same time, the Li2S–GeS2–P2S5 electrolytes 
proved to be incompatible with the graphite negative 
electrode. To solve this problem, the authors of [55] 
proposed a  battery design with a  two-layer solid 
electrolyte. The layer facing the negative (graphite) 
electrode is LiI–Li2S–P2S5 glass, and the layer facing 
the positive (LiCoO2) electrode is Li2S–GeS2–P2S5 
crystalline material. It is known that the first electrolyte 
is resistant to electrochemical reduction, and the second 
to oxidation.

An even higher conductivity, 12 ms/cm, is provided 
by a similar superionic conductor of the composition 
Li10GeP2S12 with a special crystal structure [56].

Special attention has recently been paid to solid 
electrolytes with structures similar to garnet. Ideal 
garnets can be represented by the general formula 
A3B2(XO4)3, where A = Ca, Mg, Y, La or rare earth 
elements; B = Al, Fe, Ga, Ge, Mn, Ni or V; X = Si, 
Ge or Al. The most important feature of the garnet 

1

2

3

Fig. 3. The “spongy” design of the 3D battery. 1 is the 
active material of the positive electrode, 2 is the electrolyte, 
3 is the active material of the negative electrode (from [24], 
open access).
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structure is  the  ability to  introduce Li+ ions into 
the structure. Garnets usually contain from five to seven 
Li atoms per formula unit. An increase in the number 
of  lithium atoms in  the  formula unit to  five, as, 
for example, in Li5La3B’2O12 (B’ = Bi, Sb, Na, Ta), 
leads to an increase in ionic conductivity by three orders 
of magnitude to 2×10–5 S/cm [57]. Partial replacement 
of Zr in lithium-enriched garnet Li7La3Zr2O12 with Nb 
makes it possible to obtain a material with lithium-ion 
conductivity up to 0.8 mS/cm [58]. Li7La3Zr2O12 doped 
with Ga has an ionic conductivity of 0.54 mS/cm [59]. 
For substituted garnet Li6.75La3Zr1.75Ta0.25O12, room 
temperature conductivity of 0.9 mS/cm was reported 
[60]. Doping of an electrolyte with a garnet structure 
by a bromide anion leads to a two-three‑fold increase 
in the conductivity of Li+ ions.

Fig. 4 summarizes the temperature dependence 
of the conductivity of various solid electrolytes. As a rule, 
these dependences are well described by the Arrhenius 
equation (unlike many liquid electrolytes). Fig. 4 
also clearly shows how the conductivity of the new 
electrolytes has increased compared to LiPON.

Materials for  negative electrodes. As already 
mentioned, a significant advantage of solid-state thin-
film batteries is the possibility of using lithium metal 
as a negative electrode. Lithium has the maximum 
theoretical specific capacity and the most negative 
equilibrium potential, therefore, the use of lithium 
metal, all other things being equal, provides the highest 
discharge voltage. However, the use of lithium metal as 
a rechargeable negative electrode in batteries with liquid 
aprotic electrolyte encounters well-known fundamental 
problems of dendrite formation and encapsulation. 
Both problems lead to a drastic reduction in service life.

When lithium metal comes into contact with a solid 
electrolyte, the problems of dendrite formation do 
not play such a decisive role as in the case of liquid 
electrolytes. This statement is clearly confirmed by 
the successful commercialization of fully solid-state 
batteries with a  lithium metal negative electrode, 
implemented at Oak Ridge National Laboratory (USA) 
at the beginning of the current millennium, as well as 
in companies such as STMicroelectronics, CymbetTM 
Corp., Front Edge Technology, Inc., Exxellatron, 
etc. For  example, STMicroelectronics claimed 
that its thin-film batteries last up to  4,000 cycles. 
To combat dendrite formation at the interface with 
solid electrolytes, the same techniques are used that 
have been developed in systems with liquid electrolyte, 
primarily the creation of a lithium-ion current-carrying 
substrate and the application of artificial SEI (solid 
electrolyte interface, passive film) [61].

As a  rule, lithium electrodes are  applied by 
thermal evaporation or magnetron sputtering directly 

onto a solid electrolyte [62]. The typical thickness 
of a lithium thin–film electrode is 2–5 µm, which 
corresponds to a capacity of 0.4–1.0 mAh/cm2.

A serious disadvantage of lithium metal negative 
electrode batteries is the limited operating temperature, 
determined by the melting point of lithium (180.54 °C). 
Since thin-film solid-state batteries are  designed 
primarily for microelectronic devices, these batteries 
are used in modern semiconductor technology, i. e. they 
should be suitable for soldering at higher temperatures. 
A rather ingenious option to solve this problem is the so-
called “lithium-free construction” [63]. Such a lithium-
free battery is assembled without lithium metal (and, 
therefore, can withstand high-temperature solder 
melting procedures), but with some excess of the active 
material of  the positive electrode. During the first 
charge, the required amount of lithium is deposited 
on the current collector. (In this respect, “lithium-
free” batteries are similar to the recently popular so-
called “anode-free” batteries.) For  a  lithium-free 
battery to function properly, it is very important that 
the negative electrode current collector material does not 
form intermetallic compounds with lithium. The most 
suitable material in this regard is copper, which is used as 
current receivers in conventional lithium-ion batteries, 
although some alternative materials such as Ti, Co 
and TiN are also being discussed.

Another approach to  increase the  operating 
temperature of  thin-film solid-state batteries 
is to replace pure lithium with a lithium alloy, such as 
an alloy with magnesium. The melting point of such 
an alloy, depending on the magnesium content, ranges 
from 200 °C with a magnesium content of 4 at.% up 
to 400 °C with a magnesium content of 40 at.%.

However, a  more fundamental solution 
to  the  problem is  to  replace the  lithium electrode 
with an electrode typical of lithium-ion batteries, that 
is, an electrode in which lithium ions are reversibly 
embedded in  a  matrix. Elements of  the  4th group 
of the Periodic Table (carbon, silicon, germanium, tin), 
oxides and some other compounds can be used as such 
matrices (as in traditional lithium-ion batteries).

Silicon is  known to  have a  record capacity 
for  the  reversible incorporation of  lithium. When 
lithium is introduced into silicon, intermetallic alloys 
are formed, and the most lithium-rich intermetallic 
compound is  Li4.4Si (Li22Si5), which corresponds 
to a specific capacity of 4200 mAh/g. Such an alloy 
is  formed only at  elevated temperatures. At  room 
temperature, the  most lithium-rich intermetallic 
compound is Li3.75Si (Li15Si4), which corresponds 
to a specific capacity of 3590 mAh/g. It  should be 
emphasized that these specific capacity values relate 
to  the process of  introducing lithium into silicon, 
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i. e. to the charge of the negative electrode. During 
discharge, i. e., when lithium is extracted from Li3.75Si 
intermetallide, the specific capacity is 1852 mAh/g 
(recall that the  specific capacity of  pure lithium 
is 3828 mAh/g). The introduction of lithium into silicon 
proceeds at potentials close to the potential of lithium, 
and  its anode extraction is  mainly in  the  range 
of 0.3‒0.5 V (Li+/Li).

The fundamental possibility of long-term operation 
of a silicon electrode in contact with a solid electrolyte 
(LiPON) was experimentally confirmed in [64]. In [65], 
a boron-doped LiPON electrolyte was used. In a later 
work [66], the compatibility of porous silicon with 
a glassy electrolyte of the composition 80Li2S·20P2S5 
was shown. In this work, for 100 cycles, the capacity 
of  the  silicon electrode was almost 3000 mAh/g. 
In  [67, 68], the  operability of  amorphous silicon 
electrodes in contact with a glass-ceramic electrolyte 
of the composition 70Li2S·30P2S5 was shown. [69] 
describes the characteristics of a monolithic silicon 
electrode with a thickness of 1 µm in contact with 
an electrolyte with a garnet structure (Li7La3Zr2O12 
doped with 3 wt.% Al2O3). A  specific capacity 
of 2685 mAh/g has been achieved here. An increase 
in the thickness of the electrode to 2 and 3 µm led to an 
expected decrease in capacity to 1700 and 830 mAh/g. 
Stable cycling of silicon electrodes with a columnar 
structure in contact with an argyrodite-like electrolyte 
of  the composition Li6PS5Cl was reported in [70]. 
Similar results for  electrodes made of  silicon 
microparticles are given in [71–73]. The latest work 
also showed that the introduction of a small amount 
of LiI into the sulfide electrolyte leads to an increase 
in the elasticity of the electrolyte and protects silicon 
particles from destruction during lithiation-delithiation.

Electrodes in the form of films from a silicon-FeS 
mixture with a  thickness of up to 1 µm in contact 
with the  aforementioned sulfide glass-ceramic 
electrolyte demonstrated specific capacitance of 3000 
and 2200 mAh/g when discharged in C/10 and 10 C 
modes [74].

It is known that when a sufficiently large amount 
of  lithium is  introduced into silicon, a  significant 
increase in the specific volume occurs, leading to internal 
stresses and destruction of the material. To prevent this 
destruction, nanomaterials based on silicon and its alloys 
are widely used in traditional lithium-ion batteries with 
liquid electrolyte. A variety of nanoforms (nanopowders, 
nanofibers, thin films, etc.) are generally used. Multilayer 
structures in which thin layers of silicon are interspersed 
with layers of other materials are of particular interest 
[75–81]. Si-O-Al layered structures, which have proven 
themselves well in  contact with the  LiPON solid 
electrolyte, are described in [82–87]. Among other 
silicon-based composite materials used as negative 
electrodes in contact with solid electrolytes, composites 
with carbon [88], tin [89], and even such exotic materials 
as LixTi4Ni4Si7 [90, 91] should be mentioned.

When using silicon in  the  form of  micro- 
and nanopowders, a solid electrolyte is introduced into 
the active mass of the electrode [92, 93]. Amorphous 
silicon films also show a good ability to cycle in contact 
with a solid electrolyte [94, 95].

If silicon has the  maximum specific capacity 
for the introduction of lithium, then lithium titanate 
Li4Ti5O12 has the best cyclability. A distinctive feature 
of this material is the practical constancy of its specific 
volume during full lithiation (and reverse delithiation) 
and, as a result, the absence of internal stresses during 
cycling of the electrodes [96]. The process of reversible 
lithiation/delithiation is described by the equation
	 Li4Ti5O12 + 3 е– + 3 Li+ ↔ Li7Ti5O12, 	 (1)
therefore, the  theoretical specific capacity of  this 
process is  175 mAh/g. Lithium titanate, as such 
and in the form of various doped derivatives, is widely 
used in liquid electrolyte batteries. Examples of its 
use in contact with solid electrolytes are quite rare. 
In [97, 98], the characteristics of a model battery with 
a negative electrode made of lithium-indium alloy 
and a positive electrode made of Li4Ti5O12 composite, 
a  glass-ceramic electrolyte (70Li2S·29P2S5·1P2S3) 
and an electrically conductive carbon fiber additive 
are given. The charging and discharging characteristics 
of such a model showed almost horizontal lines (which 
is typical for Li4Ti5O12). The models withstood 700 
cycles at  a  current density of  10 mA/cm2 without 
noticeable degradation. The  specific capacity 
of  Li4Ti5O12 in  this case was 140 mAh/g. Models 
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of batteries with sulfide electrolytes of the compositions 
Li9.54Si1.74P1.44S11.7Cl0.3 and Li9.6P3S12 are described 
in [99]. In these models, a mixture of LiCoO4 with 
an electrolyte and an electrically conductive additive 
(acetylene black) was used as the positive electrode, 
and a mixture of Li4Ti5O12 composite with graphite, 
an electrolyte and an electrically conductive additive 
was used as the negative electrodes. It  is  reported 
that phenomenal results have been achieved: stable 
cycling of up to 1000 cycles in modes up to 0.9 C 
at a temperature of –30 °C and in modes up to 150 C  
and  1500 C at  temperatures of  25 and  100  °C, 
respectively.

Materials for positive electrodes. The most popular 
active material for the positive electrodes of fully solid-
state lithium-ion batteries remains lithium cobalt oxide 
LiCoO2 (already mentioned in  the  references [20, 
32, 40, 56, 63, 79, 99]. Unfortunately, deep cycling 
(dividing at  potentials above 4.2 V, which means 
the extraction of approximately 50% or more of Li) 
leads to irreversible distortions of the LiCoO2 crystal 
lattice from hexagonal to  monoclinic symmetry, 
and this change worsens the cycling characteristics. 
In reality, only about 50% of lithium is extracted during 
cycling, that is, the electrode process is described by 
the equation
	 LiCoO2 ↔ x Li+ + x e + Li1‑xCoO2, 	 (2)
where 0<x<0.5.

The  theoretical specific capacity of  LiCoO2 
is 273 mAh/g, while the actual values do not exceed 
140 mAh/g. Despite this, LiCoO2 is  still used 
in thin-film batteries with various solid electrolytes 
[100–114]. It was with such positive electrodes that 
flexible translucent batteries were created [100, 102]. 
However, the  interaction of  LiCoO2 with sulfide 
electrolytes caused a certain problem [104–106]. Upon 
contact of these materials, mutual diffusion occurs 
and the formation of a kind of intermediate layer, which 
complicates interphase transport. One of  the ways 
to combat this unpleasant phenomenon is to apply 
the thinnest (several monolayers) coating of various 
materials to  the  surface of  the  LiCoO2 electrode, 
including Al2O3 [107], LiNbO3 [108], Li4Ti5O12 [109] 
and even Nb [110].

A radical method of increasing the specific capacity 
(i. e., the depth of cycling) of LiCoO2‑based electrodes, 
as well as reducing their cost, is  the  use of  mixed 
lithium-containing oxides, i. e., lithium-cobalt oxides, 
in which some of the cobalt ions are replaced by ions 
of one or two other metals. Quite a lot of different 
multicomponent lithium oxides have been studied, 
of which the most popular are the LiNixCoyMnzO2 
(NMC) and LiNixCoyAlzO2 (NCA) systems, including 

LiNi1/3Co1/3Mn1/3O2 and  LiNi0,8Co0,15Al0,05O2 
systems. Both materials are  currently considered 
environmentally friendly, fairly cheap products with 
high specific capacity and  good cyclability. NMC 
and NCA are very widely used in lithium-ion batteries 
with a liquid electrolyte, and examples of their use 
in fully solid-state batteries are limited (for instance, 
[115–119].

The  theoretical specific capacity of  NMC 
is 278 mAh/g, in practice it reaches up to 230 mAh/g. 
NMC has the same structure as LiCoO2, i. e. it belongs 
to the type α-NaFeO2 layered structure of rock salt. 
From a formal point of view, NMC can be considered 
as a solid solution of LiCoO2-LiNiO2-LiMnO2 (1:1:1). 
In  the  initial state, nickel, cobalt, and  manganese 
in NMC are in the 2+, 3+, and 4+ states, respectively, 
and Ni (2+/4+) and Co (3+/4+) transitions occur 
during cycling, and during the dilithiation, the Ni2+/Ni3+ 
transition occurs first (with increasing x in the formula 
Li1‑x[Co1/3Ni1/3Mn1/3]O2 from 0 to  1/3), then 
the transition Ni3+/Ni4+ (with x in the range 1/3 <x <2/3) 
and finally Co3+/Co4+ (with an increase in x from 2/3 
to 1). It is this scheme of redox processes that provides 
the above value of the theoretical specific capacity.

The stable cycling of NMC is due to a slight change 
in the crystal lattice. When extracting 60% of the total 
amount of lithium contained in LiNi1/3Mn1/3Co1/3O2, 
the  volume of  the  crystal cell does not change 
and  amounts to  0.1 nm3, and  when it  is  almost 
completely removed, it decreases to only 0.095 nm3.

The practical specific capacity of NCA also exceeds 
200 mAh/g, and the cycling capacity of such electrodes 
is not inferior to traditional LiCoO2‑based electrodes.

Upon contact of  both NMC and  NCA with 
sulfide solid electrolytes, as in the case of LiCoO2, 
a  transition layer with increased resistance is also 
formed. Thin protective layers of various materials, 
including diamond-like carbon [115], Li4Ti5O12 [116], 
and HfO2 [118], are also applied to the surface of NMC 
and NCA.

In the initial period of the development of traditional 
lithium-ion batteries, lithium-manganese spinels 
of a composition close to LiMn2O4, as well as lithium-
mixed nickel-manganese oxides, were widely used 
as the active material of the positive electrode. An 
important advantage of lithium-manganese spinels 
over other materials is  their relatively low cost. 
Manganese compounds are much less toxic than cobalt 
compounds, and the manganese content in the earth’s 
crust is also much higher than that of cobalt. In all-
solid-state lithium-ion batteries, lithium manganese 
oxides are used much less [19, 62, 114, 120, 121], but 
with different types of electrolytes (LiPON [19, 62, 
120], garnet type [114], phosphate [121]).
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Electrodes made of  lithium ferrophosphate 
(LiFePO4), which belongs to the class of polyanionic 
compounds, are very widely used in batteries with liquid 
electrolyte. The theoretical specific capacity of LiFePO4 
is 170 mAh/g. The most important advantages of lithium 
ferrophosphate are relatively low cost, accessibility, non-
toxicity, safety in operation, and most importantly, good 
cyclability. The main disadvantage is the extremely low 
electronic conductivity and low diffusion coefficient 
of lithium, which forces it to be used as a nanomaterial 
with a thin (about 3 nm) carbon coating, as well as 
to  resort to  doping with other cations, or fluoride 
and chloride anions.

The  reversible process of  lithium extraction 
and incorporation (during charging and discharging 
of the electrode) is described by a simple equation:
	 LiFePO4 ↔ FePO4 + Li+ + e. 	 (3)

LiFePO4 and FePO4 are isostructural, so the course 
of reaction (3) is not accompanied by any structural 
changes, which ensures very good cycling of lithium 
ferrophosphate-based electrodes and the possibility 
of accelerated charges and discharges. The mutual 
solubility of  LiFePO4 and  FePO4 is  insignificant, 
therefore, the process (3) proceeds according to a two-
phase mechanism. In this respect, the LiFePO4/FePO4 
system is very similar to the Li4Ti5O12/Li7Ti5O12 system 
described above. The galvanostatic curves obtained 
on lithium ferrophosphate electrodes also show almost 
horizontal sections (sections with constant potential) 
corresponding to  the  existence of  two contacting 
phases LiδFePO4 and Li1‑δFePO4. An example of using 
LiFePO4‑based electrodes in a solid electrolyte system 
is [122], which describes the design of a 3D battery 
with negative electrodes made of silicon nanorods, 
LiPON as an electrolyte, and a positive electrode made 
of a LiFePO4 composite with carbon. Other examples 
of using LiFePO4 are the works [123, 124]. The latter 
work is notable for the fact that it describes a mock-up 
of a lithium-ion battery in which a positive electrode from 
LiFePO4 is combined with a negative electrode from 
Li3V2(PO4)3. Lithium vanadophosphate Li3V2(PO4)3 
can function both as a negative electrode (then the V3+/
V2+ redox system with an operating potential of about 
1.8 V (Li/Li+) is implemented in it) and as a positive 
electrode (in this case, the V4+/V3+ redox system with 
an operating potential is implemented, close to 4 V). 
The article [125] describes a symmetrical solid-state 
battery in which in the discharged state both electrodes 
have Li3V2(PO4)3. The electrolyte here is phosphate 
Li1.5Al0.5Ge1.5(PO4)3 with the NASICON structure. 
When charged, one electrode is oxidized to LiV2(PO4)3, 
and the other is reduced to Li5V2(PO4)3 with the transfer 
of two electrons and two Li+ ions.

In general, the ability of vanadium to change its 
valence in oxide compounds in the range from +2 to +5 
makes it tempting to use vanadium oxides as positive 
electrodes of  lithium-ion batteries. Theoretically, 
the specific capacity of vanadium pentoxide can reach 
883.5 mAh/g, which is much higher than the specific 
capacity of  other compounds. Indeed, V2O5 was 
used in the first samples of fully solid-state lithium-
ion batteries [18, 19, 126–128]. Unfortunately, 
the  introduction of  lithium into the crystal lattice 
of  vanadium oxide is  associated with significant 
structural changes. Even with the introduction of 2 
moles of  lithium per mole of V2O5, the γ-Li2V2O5 
phase appears with an irreversible change in structure. 
Unlike lithium ferrophosphate, vanadium oxide-based 
materials operate in a fairly wide range of potentials, 
which is a definite disadvantage.

Sulfides, including nickel sulfides [129, 130], 
titanium sulfides [131], and molybdenum sulfides [132], 
have become significantly less widespread as the active 
materials of the positive electrode of all-solid-state 
lithium-ion batteries.

PRODUCTION OF SOLID-STATE  
LITHIUM-ION BATTERIES

The scale of commercial production of fully solid-
state lithium-ion batteries is still quite modest. In some 
cases, such production facilities existed for several years 
and then closed.

Cymbet Corp. (USA) produced miniature 
batteries (with overall dimensions of 1.7x2.25x 0.2  mm 
and 5.7x6.1.x0.2 mm) with a nominal capacity of 5 
and  50 mAh. Front Edge Technology Inc. (USA) 
produced LiCoO2|LiPON|Li batteries with dimensions 
of 25x20x0.1 mm and 25x20x0.3 mm with a capacity 
of 100 and 1000 mAh. Similar batteries with a capacity 
of 1000 mAh were manufactured by Infinity Power 
Solutions (USA), STMicroelectronics (France) 
and Excellatron (USA) [82].

It was reported [7] that Fujifilm Co. and Samsung 
produced batteries with sulfide electrolyte in a laminate 
case. Samsung batteries had a  specific energy 
of 175 Wh/ kg, they used positive electrodes based 
on NMC and negative electrodes based on graphite.

In  2016, Sony released batteries with LiPON 
electrolyte [7]. ProLogium Corporation (China) has 
announced the launch of ceramic electrolyte batteries 
with a specific energy of 810 Wh/l.

CONCLUSION
Despite the  fact that all-solid-state thin-film 

lithium-ion batteries represent a special, relatively 
small category of batteries in terms of production 
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volume, the  need for  them has been increasing, 
especially in recent decades. This need is due to both 
the rapid development of microelectronics and high 
technologies in  general, and  the  fundamental 
advantages of all-solid-state batteries in comparison 
with traditional batteries with liquid electrolytes 
(increased fire and explosion safety, the possibility 
of  using lithium metal electrodes, the  possibility 
of  using technologies compatible with 
the manufacturing technology of integrated circuits 
and other semiconductor devices).

It would seem that such indisputable advantages 
would stimulate the  development of  large-scale 
production of all-solid-state lithium-ion batteries, 
however, as noted in the section “Production of solid-
state lithium-ion batteries”, only relatively small-sized 
products with a capacity of no more than 1 mAh have 
actually become production items. The reasons for this 
lag in industrial manufacturing, both from consumer 
demands and  from the  results of  basic research, 
have been repeatedly discussed in the literature (see, 
for example, [2, 13, 133]). Along with the mentioned 
advantages of fully solid-state batteries, they also have 
certain disadvantages, in  particular technological 
problems, and scaling, i. e. the transition to increasingly 
energy-intensive single products, is accompanied by 
increasing technological problems [134]. For example, 
the  relatively low electronic conductivity of  solid 
inorganic electrolytes dictates the need to minimize 
their thickness; at the same time, as the area of a single 
product increases, the  risk of  uneven thickness 
and  other indicators increases markedly, as well 
as the risk of defects, in particular the appearance 
of through pores.

With an increase in  the  area of  the  electrodes 
in  a  single battery, the  probability of  local excess 
of  the  interfacial resistance at  the  interface 
of  the  electrode with a  solid electrolyte increases 
markedly (which is impossible in systems with a liquid 
electrolyte) [135]. An increase in the size (and capacity) 
of individual products also encounters certain economic 
problems [136, 137].

Progress in the development of solid-state thin-
film lithium-ion batteries is  determined primarily 
by improvements in  solid electrolytes, as well as 
improvements in  functional electrode materials. 
In the future, we can expect the appearance of solid 
electrolytes with increased conductivity and a lithium 
transfer number close to unity. Of particular fundamental 
interest is the study of processes at the interface between 
an electrode and a solid electrolyte. Technologically, 
the development of 3D structures and the use of 3D 
printing is of particular interest.
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Abstract. In  this work, the  thermal and  electrical properties of  the  Y3+-doped Ba7In5.9Y0.1Al2O19 phase, 
characterized by a hexagonal perovskite structure (a = 5.935(7) Å, c = 37.736(8) Å), were studied. It has 
been established that the  phase is  capable of  incorporating protons and  exhibiting proton conductivity. 
The  introduction of  an isovalent dopant, yttrium, led to  an increase in  the  concentration of  protons 
(up to the limiting values ​​of Ba7In5.9Y0.1Al2O19 ·0.55H2O), as a result of an increase in the unit cell volume 
and, accordingly, the free space for the placement of OH– groups in an oxygen-deficient block containing 
coordination-unsaturated polyhedra [BaO9]. Isovalent doping led to  an increase in  the  oxygen-ion 
conductivity, which is due to an increase in interatomic distances and a decrease in the migration activation 
energy. In a humid atmosphere (pH2O = 1.92·10–2 atm), the Ba7In5.9Y0.1Al2O19 phase exhibited higher values ​​
of proton conductivity compared to the matrix compound Ba7In6Al2O19 and below 500 °C it was characterized 
by dominant proton transport both in air and in a wide range of pO2 (10–18–0.21 atm).

Keywords: hexagonal perovskite, hydration, oxygen-ion conductivity, proton conductivity, ion transport numbers
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INTRODUCTION
Research on high-temperature proton conductivity 

in oxide systems has been ongoing for more than 40 
years, starting with the first works of H. Iwahara made 
on ABO3 perovskites [1–4]. The possibility of proton 
defects in these compounds is due to the presence 
of  oxygen vacancies, which are  determined by 
the introduction of an acceptor dopant. When processed 
in an atmosphere containing water vapor, proton defects 
are formed in the structure of such compounds, which 
causes proton conductivity:
	 Vo o

�� � �� � �H O O OHgas o2 2( ) ,	 (1)
where Vo•• is the oxygen vacancy, ( )OH O

·  is the hydroxyl 
group in the oxygen position, and  �Oo

´ is the oxygen 
atom in the oxygen position. The possibility of using 
such materials as an electrolyte for  medium-
temperature fuel cells (the most promising among 
known electrochemical generators due to  high 
efficiency, the absence of precious metals in their 
design, as well as minimal requirements 
for  the  composition of  hydrogen-containing gas) 
stimulated intensive research of perovskites as high-
1 Based on  the  materials of  the  report at  the  17th International  

Meeting “Fundamental and applied problems of solid state ion-
ics”, Chernogolovka, June 16–23, 2024.

temperature protonics [5–8]. The main direction 
in  the  development of  such electrolytes is  multi-
cationic doping or modification of  basic oxide 
compounds in order to: 1) reduce the temperature 
at  which the  electrolyte has sufficient ionic 
conductivity, 2)  reduce the  sintering temperature 
of the electrolyte material powders to a gas-dense state, 
3) increase the mechanical strength of the electrolyte 
ceramics, 4) improve thermomechanical properties, 
in particular, suppress phase transitions and change 
the coefficient of thermal expansion (CTE) to achieve 
its proximity to  the  CTE of  other components 
of electrochemical devices, 5) increase the chemical 
resistance of the electrolyte in relation to interaction 
with the gaseous medium and with other components 
of electrochemical devices, 6) reduce cost [9, 10].

Later, other structural types based on complex 
oxides were discovered, for which the process of proton 
incorporation occurs without the introduction of an 
acceptor dopant. For example, since 2019, phases based 
on  BaLaInO4, SrLaInO4, BaNdInO4, BaNdScO4 
and  BaLaInO4 [11–20] with the  Ruddlesden-
Popper structure have been intensively studied as 
representatives of a new class of proton conductors [14]. 
For such structures, the strategy for optimizing their 
proton-conducting properties is based on changing 
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the size of the rock salt block, since during hydration 
it  is possible to  increase the coordination number 
of  the  cation standing in  the  rock salt block with 
the participation of OH groups in its coordination.

For a more complex structural type, hexagonal 
perovskite-like compounds built on a block principle 
from fragments of  various structural types, high-
temperature proton transport was also discovered 
in  the 1920s, and super proton conduction can be 
realized for  such phases over a  wide temperature 
range. For example, the phase of  the composition 
Ba5Er2Al2ZrO13 exhibited proton conductivity 
of  ~10–3 ohms‑1×cm‑1 at  300  °C [21]. Structural 
analogues with different natures of the M3+-cation with 
the general formula Ba5M2Al2ZrO13 (M=Gd-Lu, Y, 
Sc) are described in [22]. The structure of such phases 
can be represented as a result of the fusion of oxygen-
deficient Ba2M3+AlO5 and BaZrO3 perovskite blocks 
[22]. The conductivity of the phases Ba5M2Al2ZrO13 
(M=Dy, Er, Tm, Yb, and Lu) was measured in [21]. 
It was shown that in the temperature range of 400–
800 °C in humid air, the differences in conductivities 
reach one order of magnitude, depending on the nature 
of  the  M3+-cation. The  conductivity increased 
in the range Lu<Tm<Dy<Yb≈Er. However, no analysis 
of the effect of the nature of REE on ion transport 
processes was carried out.

The interest in such phases is also caused by their 
high chemical resistance to atmospheres containing 
CO2. For example, it was reported that a compound 
with a hexagonal Ba5Er2Al2SnO13 structure maintained 
phase stability after prolonged heat treatment at 600 °C 
in a carbon dioxide atmosphere [23].

For  such structures, the  process of  proton 
incorporation (i. e., OH groups) is  ensured by 
the  presence of  coordination-unsaturated Ba2+ 
polyhedra in the oxygen-deficient h´-layers, which 
have the  shape of  a  nine-sided [BaO9]. In  such 
hexagonal h´-layers, aluminum tetrahedra connect 
through the vertex, forming the Al2O7 grouping, while 
oxygen-deficient BaO2 layers (is the unoccupied oxygen 
position) are formed, alternating with oxygen-complete 
BaO3 layers. Accordingly, coordination-unsaturated 
Ba2+ polyhedra are able to increase the coordination 
number with the participation of OH groups in their 
coordination.

Within the framework of quasi-chemical formalism, 
the process of dissociative dissolution of water vapor 
in the structure of hexagonal perovskites, by analogy 
with other complex oxides containing structural oxygen 
vacancies, can be described as follows:

	 ( ) ( ) ( )V O H O OH OHO
s

o o
× × •+ + ⇔ +2 i, 	 (2)

where ( )VO
s × is  the  structural oxygen vacancy, Oo

´ 
is  the oxygen atom in  the  regular position, ( )OH O

·

is the hydroxyl group in the oxygen position, and ( )'OH i  
is the hydroxyl group in place of the structural oxygen 
vacancy. Oxygen-ion and proton transport in hexagonal 
perovskite of the composition Ba5In2Al2ZrO13 was 
studied in  more detail [24–27]. When studying 
the effect of various types of substitutions on ionic (O2-, 
H+) transport, it was shown that for such structures, 
acceptor doping is  not an effective strategy 
for  significantly increasing ionic conductivity, 
compared with classical ABO3 perovskites. At the same 
time, the  isovalent doping method, which makes 
it possible to modify geometric characteristics, leads 
to an increase in ionic conductivity.

In addition to the compounds with the coherent 
fusion structure described above, high-temperature 
proton transport has recently been discovered 
in  hexagonal perovskite Ba7In6Al2O19 [28]. 
The structure of this phase is also based on the block 
principle of  fragments of  various structural types, 
it can be represented as coalescence along the axis 
from two blocks Ba2InAlO5 and one block Ba3In4O9. 
The  Ba7In6Al2O19 phase was characterized by 
higher values of ionic (O2-, H+) conductivities than 
Ba5In2Al2ZrO13. However, there is no information 
in the literature about the possible types of substitutions 
in this phase and their effect on transport properties. 
In addition, it is of interest to compare the isovalent 
substitution method for  two phases Ba7In6Al2O19 
and Ba5In2Al2ZrO13, characterized by the coalescence 
of identical Ba2InAlO5 blocks (oxygen-deficient block), 
but differing in  Ba3In4O9 blocks (cation-deficient 
perovskite) and BaZrO3 (complete perovskite).

For  this purpose, in  this work, the  synthesis 
of  the  Y3+-doped phase of  the  composition 
Ba7In5.9Y0.1Al2O19 was carried out, its conductivity 
was studied as a  function of  temperature and  pO2 
in atmospheres of different humidity, and the ability 
to hydrate was proved by thermogravimetry. The data 
obtained were compared with the Y3+-doped phase 
of Ba5In2Al2ZrO13 [24–27].

EXPERIMENTAL PART
Samples of  the  compositions Ba7In6Al2O19 

and Ba7In5.9Y0.1Al2O19 were obtained by solid-phase 
synthesis from pre-dried BaCO3 (operating hours 7–4), 
Al2O3 (operating hours 12–3), In2O3 (operating hours 
12–3). The synthesis was carried out in air according 
to the scheme: 800 °C, 24 h.; 1000 °C, 24 h.; 1100 °C, 
72 h., after each stage, grinding was carried out in an 
agate mortar in an ethyl alcohol medium.
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To measure the electrical properties, the samples 
were prepared in the form of tablets, sintering was carried 
out at a temperature of 1300 °C for 48 hours. The values 
of the relative density of the ρrel of the obtained ceramic 
samples were determined as the ratio of the geometric 
density to the X-ray density. For the studied phases, 
they were: ρrel = 82.7% for Ba7In6Al2O19 and ρrel = 
81.6% for Ba7In5,9Y0,1Al2O19. The palladium-silver 
electrodes were fired at a temperature of 900 °C for 3 
hours.

X-ray analysis was performed on an ARL EQUINOX 
3000 diffractometer (ThermoFisherScientific, 
USA) in СuКα radiation at a tube voltage of 40 kV 
and a current of 40 mA. The imaging was carried out 
in the range of 2θ = 10°– 90° with a step of 0.024° and an 
exposure of 1 s per point. The lattice parameters were 
calculated using the FullProf program.

The surface morphology of the powder samples 
and  the  local chemical composition were studied 
using a VEGA3 scanning electron microscope (SEM) 
(Tescan, Czech Republic) with an X-ray energy 
dispersion microanalyzer AztecLiveStandardUltimMax 
40 (Oxford Instruments, Great Britain). The detection 
limit at normal energies (5–20 kV) was ~0.5 at.%, 
the  concentration measurement error was ± 2%. 
The  survey was carried out at  a  voltage of  20 kV 
in secondary and back-reflected electrons.

Hydrated sample forms were prepared 
for  thermogravimetric (TG) measurements. 
The samples were previously calcined at a temperature 
of  1100  °C in  a  dry nitrogen atmosphere in  order 
to remove possible carbonation products. The calcined 

samples were then slowly cooled in an atmosphere 
of moist nitrogen (pH2O = 1.92·10–2 atm) to 200 °C. 
Nitrogen humidity was set according to the procedure 
described below for measuring electrical conductivity. 
Thus, the  lower hydration temperature provided 
conditions that excluded the appearance of adsorption 
moisture in  the  sample. Next, thermogravimetric 
analysis of the hydrated samples was performed on TG 
STA 409 PC thermal balance (Netzsch, Germany). 
The measurements were carried out in the temperature 
range of 25–1000 °C with a heating rate of 10 °/min 
in an argon atmosphere.

The study of electrical conductivity was carried 
out by the  electrochemical impedance method 
in the frequency range 102–3×106 Hz using the Elins 
Z‑3000X impedance parameter meter (Elins LLC, 
Russia). All electrochemical measurements were 
performed under equilibrium conditions with T, pH2O, 
and pO2. The volumetric resistance was calculated 
using Zview software fitting. The values of the electrical 
conductivity of the samples σ were calculated according 
to the following formula:

	 σ =
vol

l
SR

, 	 (3)

where l is the height of the sample, S is the surface area 
of the sample. The values of the volume resistance Rvol 
were determined from the impedance spectroscopy 
data. The values of the activation energy Ea and the pre-
exponential multiplier A  were calculated using 
the Frenkel equation:

	 �T
Ea�
�

A
kT

exp( ), 	 (4)

where A  is  the pre-exponential multiplier, k is  the 
Boltzmann constant, and T is the absolute temperature.

The study of electrical conductivity with varying 
pO2 was carried out in  the oxygen partial pressure 
range of 10–18–0.21 atm. The oxygen pressure was set 
and monitored using an “oxygen pump” and an oxygen 
partial pressure sensor made from a stabilized solid 
electrolyte based on ZrO2. The oxygen partial pressure 
values were monitored by the Zirconia-M regulator 
(Research Technologies LLC, Russia).

The electrical conductivity of the studied phases 
was studied in  atmospheres of  different humidity. 
A  moist atmosphere was obtained by bubbling gas 
at room temperature sequentially through distilled water 
and a saturated solution of potassium bromide KBr 
(pH2O = 1.92×10–2 atm). The dry atmosphere was set by 
gas circulation through powdered phosphorus oxide P2O5 
(pH2O = 3.5×10–5 atm). In addition, to prevent possible 
carbonation of ceramics, preliminary removal of CO2 
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Fig. 1. Experimental, calculated, and differential radio-
graphs, as well as the angular positions of the reflexes of the 
Ba7In5.9Y0.1Al2O19 sample.
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carbon dioxide from the air was carried out, for a wet 
atmosphere using a 20% NaOH solution, for a dry 
atmosphere using the Ascarite reagent. The humidity 
of the gases was controlled by a HIH‑4000 gas humidity 
sensor (Honeywell, USA) of a capacitive type, which 
allows measurements of  relative humidity from 0 
to 100%. In addition to the sensor element, an electrical 
circuit is located on the sensor substrate, providing signal 
conversion, amplification and linearization. The sensor 
output is a function of voltage, ambient temperature, 
and  humidity. The  sensor was directly connected 
to the microcontroller to process the linear voltage signal.

RESULTS AND DISCUSSION

Phase analysis and morphological assessment
According to X-ray phase analysis, the Ba7In6Al2O19 

matrix compound and the Ba7In5.9Y0.1Al2O19 phase 
were obtained as single-phase and were characterized 
by a hexagonal structure (spatial group P63/mmc). 
Fig. 1 shows an example of X-ray data processing by 
the Rietveld method of full-profile analysis for a sample 
of the composition Ba7In5.9Y0.1Al2O19.

When yttrium was introduced, the parameters of unit 
cells, volume, and free volume increased, due to the large 
value of  the  ionic radius of yttrium (r

Y 3+  = 0.90 Å)  
compared with indium (r

In3+=0.80 Å) [29]. Table 1 
shows the corresponding parameter values.

SEM images of the chipped surface of the ceramic 
and  powder sample Ba7In5.9Y0.1Al2O19 obtained 
in secondary electrons are shown in Fig. 2a and 2b, 
respectively. For  the  powder sample (Fig. 2b), 
small rounded crystallites with sizes of  2–5 µm 
were observed, partially agglomerated into larger 
irregularly shaped grains, the sizes of which averaged 
10–12 µm. The crystalline grains of both the initial 
compound and the studied yttrium-substituted phase 
had approximately the same size and shape. Thus, 
the introduction of yttrium into the initial matrix did 
not affect the size and shape of the crystallites. No 
crystalline grains corresponding to any impurity phases 
were found in the images of all the samples studied. 
The chipped surface of the ceramic sample is represented 
by irregularly shaped fused grains, with individual 
pores visible (Fig. 2a). The  cationic composition 
of the obtained samples was determined by the analysis 
of  energy-dispersive X-ray spectroscopy (EDX) 

Table 1. Values of parameters, volume and free volume of unit cells for phases Ba7In6Al2O19 and Ba7In5.9Y0.1Al2O19

Phase a, Å с, Å V, Å3 Vсв, Å3

Ba7In6Al2O19 5.921(2) 37.717(4) 1145.2(3) 481.3(6)
Ba7In5.9Y0.1Al2O19 5.935(7) 37.736(8) 1151.4(4) 487.3(9)

10 мкм

(a) (b)

Fig. 2. SEM images of the surface of the chipped ceramic (a) and powder (b) samples Ba7In5.9Y0.1Al2O19.
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on the chips of ceramic samples. The experimentally 
obtained values are consistent with the theoretical ones, 
the difference in the values of the cation content did not 
exceed 2–2.5%, which makes it possible to conclude 
that the elemental composition was preserved for all 
the phases obtained (Table 2).

Thermal properties
Fig. 3 shows the  results of  thermal analysis 

of  the  hydrated phases of  the  compositions 
Ba7In6Al2O19·xH2O and  Ba7In5.9Y0.1Al2O19·xH2O. 
The results are presented as moles of water (degree 
of hydration xH2O) per formula unit. A similar type 
of  TG curves was observed for  both phases: mass 
changes occurred in the temperature range of 200–
950  °C, while the  main mass change occurred 
in the temperature range of 200–400 °C, and mass 
stabilization of the samples was observed above 950 °C.

The experimentally obtained values of the degree 
of hydration of the Y-doped phase (0.55 mol H2O) were 
higher than for the matrix phase Ba7In6Al2O19 (0.41 
mol H2O). Since the isovalent doping method was used 
in the work, the increase in the degree of hydration 
is not associated with any additional disordering, but 
is caused by a change in the geometric characteristics 

of the unit cell. This behavior during hydration is due 
to the specifics of the structure of the phases under 
study, namely, the presence of oxygen-deficient BaO2 
layers in  the  hexagonal h’ -block, respectively, an 
increase in the size of this block during doping makes 
it possible to incorporate large concentrations of OH 
groups.

It can be concluded that for block-type structures 
containing coordination-unsaturated polyhedra 
of large-sized cations, the strategy of increasing the size 
of such blocks is favorable for accommodating more 
OH groups coordinating these cations. Similar trends, 
such as an increase in the degree of hydration with 
an increase in the geometric parameters of the unit 
cell (or the volume of the unit cell), were observed 
for  hydrated phases with the  Ruddlesden–Popper 
BaLaInO4 structure [30], and for hexagonal perovskites 
Ba5In2Al2ZrO13 [25–27].

Electrical properties
Fig. 4 shows examples of the evolution of impedance 

hodographs in Nyquist coordinates with temperature 
variation in dry (Fig. 4a) and humid (Fig. 4b) air.

As can be seen, the  general appearance 
of the impedance spectra was similar – a semicircle 
emanating from the origin was observed in the region 
of the main frequencies under study, and an asymmetry 
of its right side was observed in the region of lower 
frequencies, which is  the  result of  overlap with 
the second relaxation process. The capacity values 
obtained for the first semicircle were 10–12–10–11 F,  
which corresponds to  the  volume contribution 
for  the  second, 10–10–10–9F, which corresponds 
to the contribution of grain boundaries. Therefore, 
the  processing in  the  ZView program was carried 
out in  accordance with the  equivalent scheme 
shown in Fig. 4b. A small part of the third semicircle 
was observed in  the  low frequency region, which 
is typical for electrode processes. Further in the text, 
the volume resistance values obtained by extrapolating 
the  corresponding semicircle to  the  abscissa axis 
(processing in ZView) will be discussed.

The  electrical conductivity of  all samples was 
studied over a wide range of oxygen partial pressures 
to determine the contributions of partial conductivities. 
Fig. 5 shows typical dependences. As can be seen, 

Table 2. Elemental analysis data based on the results of EDX studies for ceramic samples of the composition Ba7In6Al2O19 
and Ba7In5.9Y0.1Al2O19

Phase
at.% (theoretical) at.% (experimental)

Ba In Y Al Ba In Y Al
Ba7In6Al2O19 46.7 40.0 0.0 13.3 45.8 38.6 0 15.6

Ba7In5.9Y0.1Al2O19 46.7 39.3 0.7 13.3 45.5 38.0 0.7 15.8

Ba7In5.9Y0.1 A12019

1000800600200 4000
0.0

0.2

0.4

0.6

pH2O = 1.92×10–2 atm

Ba7In5.9Y0.1 A12019
Wet argon 

x(
H

2O
)

T, °C�

Fig. 3. TG curves of hydrated samples Ba7In6Al2O19·xH2O 
and Ba7In5.9Y0.1Al2O19·xH2O.
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Fig. 5. Dependences of electrical conductivity on the partial pressure of oxygen of the Ba7In5.9Y0.1Al2O19 phase in dry 
(pH2O = 3.5·10–5 atm) (a) and wet (pH2O = 1.92·10–2 atm) (b) atmospheres, as well as comparison of isotherms in dry and wet 
atmospheres (c) and comparison of with an undoped phase of Ba7In6Al2O19 at 500 °C (d).
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the conductivity (Fig. 5a) in a wide range of partial 
pressures of oxygen pO2 (10–18–10–5 atm) remains 
constant – this is  an electrolytic region where 
atomic defects are dominant. Taking into account 
the crystallochemical features of  the Ba7In6Al2O19 
structure (the presence of oxygen-deficient layers), 
the mechanism of oxygen-ion conductivity can be 
represented as an exchange of lattice oxygen and oxygen 
vacancies. At the same time, oxygen vacancies in such 
structures are nodes of the crystal lattice that are not 
occupied by atoms, i. e., a structural defect. Therefore, 
from a quasi-chemical point of view, this process can 
be described as follows:
	 O V V OO O

s
O

× × •• ″+ ↔ +( ) �
i, 	 (5)

where ( )VO
s × is  the structural oxygen vacancy, VO•• 

is the oxygen vacancy formed in place of the departed 
oxygen, OO

×  is  oxygen in  the  oxygen position, Oi
″ 

is the oxygen ion in the structural oxygen vacancy.
With an increase in the partial pressure of oxygen 

(pO2>10–5atm), the  electrical conductivity begins 
to  increase, which indicates the  appearance 
of a contribution of hole conductivity:
	 ( )V 1/2O O 2hO

s � � �� � �2 i . 	 (6)
Accordingly, total conductivity can be represented as 

the sum of the ionic conductivity, independent of pO2, 
and the hole conductivity, for which the slope is dlgσh/
dlgpO2=1/4:
	 σtot =σion + σh = σion+ KpO2

1/4, 	 (7)
where σtot, σion, and σh are, respectively, the total, ionic, 
and hole conductivities, and K is a constant.

It  should be noted that the  general form 
of the lgσtot – lgpO2 dependences for the studied phases 
had similar features: for dry atmosphere in the region 
of high partial pressures of oxygen pO2, the positive 
slope of  the  total conductivity decreased with 
the decreasing temperature, which indicates an increase 
in  the  contribution of  ionic conductivity. Thus, 
the values of oxygen-ion conductivity σ

O2–
(conductivity 

in  the  plateau region) were obtained from 
the experimental lgσ-lgрO2 data and the ion transfer 
numbers were calculated as t

O2 = σ
O2–

/σtot .
Fig. 6 shows the  temperature dependences 

of the oxygen-ion conductivity of the studied phases. 
All dependences in the Arrhenius coordinates were 
characterized by a linear form. The calculated values 
of the activation energy Ea of oxygen-ion conductivity 
and the pre-exponential multiplier A in accordance with 
equation (4) are shown in Table 3.

As can be seen, the values of oxygen-ion conductivity 
increased for the yttrium-doped phase. At the same time, 
the activation energy decreased and the pre-exponential 
multiplier increased, both factors being favorable in terms 
of increasing oxygen-ion conductivity. The observed 
trends may be due to  an increase in  the  volume 
(as well as the free volume) of the unit cell as a result 
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Fig. 6. Temperature dependences of oxygen-ion conductivity (a) and oxygen-ion transfer numbers (b) for Ba7In6Al2O19 and 
Ba7In5.9Y0.1Al2O19 in dry air atmosphere (pH2O =3.5×10–5 atm).

Table 3. Values of the activation energy of oxygen-ion con-
ductivity and the pre-exponential multiplier for the phases of 
the composition Ba7In6Al2O19 and Ba7In5.9Y0.1Al2O19

Phase Еа, Ev А, Ohm‑1S‑1К
Ba7In6Al2O19 0.85±0.01 2711±321

Ba7In5.9Y0.1Al2O19 0.79±0.01 4374±518
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of the substitution of indium for yttrium that is larger 
in size. As the geometric parameters increased, the values 
of the ion jump length increased, which was confirmed 
by an increase in  the values of  the pre-exponential 
multiplier. This fact is  due to  the  proportionality 
of the pre-exponential factor A to the square of the jump 
length, in accordance with the formula
	 А= Gq2a2νo/k, 	 (8)
where G is the geometric multiplier, q is the charge, 
a is the ion jump length, vo is the jump frequency, 
and k is the Boltzmann constant [8]. Accordingly, 
an increase in the  lattice parameters will correlate 
with an increase in the  jump length. Also the data 
in  Table 3 demonstrates the  often experimentally 
observed relationship between the activation energy 
and the pre-exponential multiplier. With an increase 
in the lattice parameters (respectively, the interatomic 
distances), the  interaction forces of  ions weaken, 
and their migration requires less energy, respectively, 
the migration energy of oxygen ions decreases and, 
as a result, the conductivity increases [31]. Indeed, 
the activation energy of oxygen-ion transfer determined 
from temperature dependences, which directly reflects 
the migration energy, decreases with the increasing 
lattice parameters (Tables 1, 3).

A parameter such as the free volume of a unit cell, 
introduced in [32] as a volume not occupied by atoms, 
allows us to estimate the free space for atomic migration, 
and its increase with the introduction of yttrium is also 
a favorable factor in increasing ionic conductivity.

The oxygen-ion transfer numbers (Fig. 6b) reflect 
the trends discussed above: doping led to an increase 
in  oxygen-ion transfer numbers, with decreasing 
temperature the proportion of oxygen-ion transfer 
increased, and below 500 °C ion transport dominated.

A comparison of  the oxygen-ion conductivities 
of  the  studied phase with hexagonal perovskite 
Ba5In1.9Y0.1Al2ZrO13, described earlier in [24, 26], 
is shown in Fig. 7. As can be seen, the studied phase 
of Ba7In5.9Y0.1Al2O19 exhibits more significant values 
of oxygen-ion conductivity than Ba5In1.9Y0.1Al2ZrO13, 
which demonstrates the effect of cation deficiency 
in  Ba7In5.9Y0.1Al2O19, which, accordingly, 
is  accompanied by large values of  free migration 
volume, contributing to facilitated ion transport.

A similar set of studies was conducted for the humid 
air atmosphere (pH2O=1.92×10–2 atm). The presence 
of oxygen vacancies in  the structure of  the phases 
Ba7In6Al2O19 and  Ba7In5.9Y0.1Al2O19 causes 
the appearance of proton defects in the interaction 
of samples with the water-containing gas phase and, 
as a result, the appearance of proton conductivity. 
Fig.  5b demonstrates the  most typical behavior 

of the conductivity of proton conductors with a change 
in atmospheric humidity. The following general patterns 
can be distinguished due to the introduction of water 
into the structure and the appearance of the proton 
component of conductivity:

—  in  a  humid atmosphere, the  total electrical 
conductivity increased compared to the values obtained 
in dry conditions (most significantly at temperatures 
below 600 °C), Fig. 5c;

—  with a  decrease in  temperature, the  area 
of  the  plateau of  the  lgσtot – lgpO2 dependences 
expanded, the  slope in  the  pO2 ≥10–4 atm region 
became more shallow (Fig. 5b), as a result of an increase 
in the ionic conductivity contribution; below 500 °C 
in the entire studied area, the pO2Y3+-doped sample 
showed the dominant ion transport, Fig. 5d.

From the  point of  view of  the  quasi-chemical 
approach, the process of interaction of water vapor with 
structural oxygen vacancies (as an alternative to equation 
(2)) can be represented, in particular, as follows:
	 H O 2O V 2OH OO O

s
2 � � � �� � �( ) "

O i. 	 (9)
According to this equation, the oxygen of the water 

molecule is embedded in the structural oxygen vacancy 
( )VO

s ×, protons are localized on regular oxygen nodes, 
forming the group OHO• . Since the structural vacancy 
is considered as a neutral defect, i. e., it is identical 
to the free interstitial position, the additional oxygen 
ion embedded in such a position has the same effective 
charge as the interstitial oxygen ion Oi

".
The  value of  proton conductivity was 

estimated from the  experimental lgσ-lgрO2 data 
on the difference in the values of ionic conductivity 
in  wet and  dry atmospheres. The  temperature 
dependences of the proton electrical conductivities 
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are  shown in  Fig.  8 for  the  phases Ba7In6Al2O19 
and  Ba7In5.9Y0.1Al2O19. Throughout the  studied 
temperature range, an increase in proton conductivity 
values was observed for  the  yttrium-doped phase, 
while the activation energy values decreased to 0.40 
eV compared with 0.47 eV for  the undoped phase. 
The increase in proton conductivity for the yttrium-
doped phase may be the  result of  higher proton 
concentrations, which is confirmed by TG studies. 
The temperature dependences of the proton transfer 
numbers Ba7In5.9Y0.1Al2O19 (Fig. 8b) confirm 
the dominant proton transport below 500 °C.

A  comparison of  the  temperature dependences 
of the proton conductivities of the two Y-doped phases 
Ba7In5.9Y0.1Al2O19 and Ba5In1.9Y0.1Al2ZrO13 is shown 
in  Fig. 7. It  can be seen that for  both oxygen-ion 
conductivity and proton conductivity, higher values 
were observed for the Ba7In5.9Y0.1Al2O19 phase. That is, 
we can state the influence of the dynamics of the oxygen 
sublattice on  proton transport. The  symbatic 
behavior of oxygen-ion and proton conductivities, 
demonstrating the effect of the state of the oxygen 
sublattice on the formation of proton conductivity, was 
previously described for acceptor-doped perovskites 
and confirmed for numerous compounds. Obviously, 
such general patterns are typical for various structural 
types of proton-conducting complex oxides.

Thus, it can be concluded that the strategy of doping 
hexagonal perovskite Ba7In6Al2O19 with yttrium 
is promising, as it allows increasing proton conductivity. 
Further study of the effect of doping on the transport 
properties of Ba7In6Al2O19 may be related to studies 
of a wide concentration range of Y3+ dopant, which can 

optimize proton transport to a greater extent, and also 
to the study of concentration dependences.

CONCLUSION
Hexagonal perovskite Ba7In5.9Y0.1Al2O19 was obtained 

by solid-phase synthesis. The introduction of yttrium 
into the indium sublattice led to an increase in the unit 
cell parameters (a  = 5.935(7) Å, c = 37.736(8) Å)  
compared with the undoped Ba7In6Al2O19 phase (a = 
5.921(2) Å, c = 37.717(4) Å). Isovalent doping led 
to an increase in the degree of hydration to x=0.55 mol 
H2O (compared with 0.41 mol H2O for the undoped 
phase), as a result of an increase in lattice parameters 
and the possibility of incorporating large concentrations 
of OH groups into oxygen-deficient blocks. The increase 
in interatomic distances also contributed to an increase 
in oxygen-ion transport. The Ba7In5.9Y0.1Al2O19 phase 
is capable of proton conduction in atmospheres with high 
partial pressures of water vapor (pH2O = 1.92·10–2 atm),  
proton transfer became dominant below 500 °C.

The ionic (O2-, H+) conductivities of the studied 
phase Ba7In5.9Y0.1Al2O19 and hexagonal perovskite 
Ba5In1.9Y0.1Al2ZrO13, which does not contain barium 
vacancies, are  compared. It  has been established 
that cationic deficiency contributes to facilitated ion 
transport as a result of a greater free migration volume.
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Abstract: The  influence of silver selenide concentration on plasticity, microhardness and softening temperature 
interrelationship, energy of metal atoms in chalcogenide glass system (1‑x)(0.27Sb2Se3–0.73GeSe2)-xAg2Se 
is presented. Particular attention is paid to a multiple increase in plasticity with an increase in silver selenide 
content in  chalcogenide glass. The  observed effects are  associated with the  formation of  metallophilic 
interactions of silver-silver. The studies are supplemented with the results of impedancemetry, due to the fact 
that metallophilic interactions in  chalcogenide glass can actively influence not only the  glass transition 
temperature, but also many other important properties, including the  mechanism of  electronic and  ion 
conductivity.
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INTRODUCTION 
Flexible electronics are predicted to revolutionize 

the electronics industry of the 21st century, so it is not 
surprising that this area is currently developing very 
intensively [1–3]. Such rapid changes are facilitated 
not only by the convenience of using flexible devices 
in technology, but also by the possibility of placing 
various sensors based on them directly on controlled 
mobile objects, for example, on the human body or 
clothing [4, 5]. In practice, all components of flexible 
electronic devices, including functional components, 
must withstand repeated mechanical deformations 
in order to ensure structural and functional integrity, 
including at above room temperatures [6–8].

It should be noted that most of the known inorganic 
semiconductors are brittle at room temperature [9–11], 
and are poorly suited for flexible electronics purposes. 
Therefore, the discovery of the plasticity of the Ag2S 
semiconductor at  room temperature [12–14] 
is a breakthrough in solving this long-standing dilemma 
between mechanical deformability and  electrical 
characteristics and may open up wide opportunities 
for more intensive development of flexible electronics 
[15–17].
1 Based on  the  materials of  the  report at  the  17th International 

Meeting “Fundamental and applied problems of solid state ion-
ics”, Chernogolovka, June 16–23, 2024.

Semiconductor materials that are currently used 
in flexible electronics can be divided into three main 
groups: inorganic nanocrystalline [18–20], inorganic 
amorphous [21–23] and organic [24–26]. The group 
of inorganic nanocrystalline semiconductor materials 
has relatively high stability of functional properties, but 
low flexibility and plasticity. Organic semiconductors 
are quite plastic, but their properties degrade relatively 
quickly. Inorganic amorphous semiconductors, 
represented mainly by amorphous silicon, occupy an 
intermediate position in this series, but their electronic 
properties are not well-regulated. A separate group 
of promising materials used in flexible electronics 
could be plastic glasslike materials [27–29], which 
however as a rule, are characterized by high brittleness, 
which causes their low resistance to mechanical stress 
and temperature fluctuations [30].

Nevertheless, chalcogenide glasses with a high silver 
content have been found not only to have significant 
ionic conductivity over silver, but also, as previously 
shown [31–33], to exhibit increased plasticity compared 
to other chalcogenide glasses. The  latter is  related 
to the ability of silver atoms to form non-directional 
metallophilic bonds at high concentrations in the glass 
mesh.

On the other hand, it is known that glasses have 
a  number of  advantages compared to  crystals: 
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their properties change smoothly with changes 
in composition, ionic conductivity is higher than that 
of a crystal of the same composition. As disordered 
systems they are less susceptible to impurities, modern 
glass technologies make it possible to manufacture 
products of almost any shape, etc. [34, 35].

Nevertheless, it is known that plastic crystalline 
inorganic semiconductors based on  Ag2S, Ag2Se, 
and Ag2Te [36–38], which relate to solid electrolytes 
and are currently being intensively studied for these 
purposes, are  one of  the  materials in  demand 
for creating flexible sensors.

Summarizing the  above, we can assume that 
glass capable of  including at  least 20 mol% silver 
chalcogenide in their composition without loss of glass-
forming ability, may be promising materials used 
in flexible electronics. These observations may lead 
to an interest in Ag2Se-based glass.

In  [32], the  glass transition temperature 
of  chalcogenide glasses with ionic conductivity 
was analyzed depending on  the  content of  silver 
chalcogenides. Here, the peculiarities of the change 
in  the  glass transition temperature of  a  silver 
chalcogenide-based material are  explained by 
the coexistence of covalent silver–chalcogen (Ag–
Ch) bonds and metallophilic silver-silver (Ag–Ag) 
bonds. When assessing the  degree of  constraint 
of a chalcogenide glass grid, it is traditionally assumed 
that the number of bonds formed by each atom coincides 
with its degree of oxidation. However, the analysis 
showed that a large number of studied chalcogenide 
glass-forming systems containing silver demonstrate 
a common relationship, which allows us to conclude 
that the silver bonding coefficient in chalcogenide glass 
significantly exceeds its formal degree of oxidation, 
since silver forms metallophilic bonds in  addition 
to covalent ones.

Expecting that metallophilic interactions affect 
not only the glass transition temperature, but also 
many other important properties of  these glasses, 
including ionic conductivity, the authors measured 
the conductivity as a function of the concentration 
of silver selenide in the glass of the (1‑x)(0,27Sb2Se3–
0,73GeSe2)-xAg2Se system.

The  choice of  this system for  research was 
determined by the following considerations.

The authors of [39], examining glass of the Ag2Se–
Sb2Se3–GeSe system, convincingly confirmed 
the  assumption of  high silver coordination 
in  chalcogenide glass, leading to  a  corresponding 
change in  the properties of  the glass, in particular 
the  softening temperature Tg. According to  these 
data, the  replacement of  Sb2Se3 with Ag2Se leads 
to a significant increase in Tg.

Considering that the  introduction of  Ag2Se 
into the  glass of  the  Sb2Se3–GeSe2 system leads 
to a significant increase in plasticity [32], the authors 
of this article paid increased attention to the study 
of this system.

In  addition, the  concept of  the  existence 
of metallophilic bonds in chalcogenide glass is new 
and  therefore needs comprehensive consideration 
and additional justification.

According to  our data [33] obtained for  glass 
of the Ag2Se-As2Se3(Sb2Se3)-GeSe2 system, Tg does 
not decrease even when trivalent metal selenides 
are replaced by Ag2Se.

Considering in more detail the data we obtained 
in [33], it can be assumed that GeSe2, as a compound 
containing a metal with a maximum coordination 
number in the glass-forming system under study, will 
mainly determine the value of Tg. It was also concluded 
that Ag2Se in the composition of the studied glasses 
has the same effect on the value of Tg as the trivalent 
metal selenides As and Sb. This is  consistent with 
the conclusion of the authors [40] that the average 
atomic coordination in  glasslike nanodomains 
of the Ag2Se composition is close to 2.4.

In [31], the dependence of the plasticity of the (1‑x)
(0.27Sb2Se3–0.73GeSe2)-xAg2Se system glass 
synthesized by us on the Ag2Se concentration calculated 
using the Milman ratio [41] is presented. The observed 
increase in plasticity can contribute to a significant 
improvement in functional properties, in particular, 
improved resistance to  temperature fluctuations 
and good prospects for use in flexible electronics.

Thus, based on the presented brief overview of glass, 
the authors selected the (1‑x)(0.27Sb2Se3–0.73GeSe2)-
xAg2Se system for  research, which exhibits high 
plasticity and is promising for use in flexible electronics.

The  purpose of  this work is  to  develop 
the  concept of  metallophilic interactions of  silver 
atoms in  chalcogenide glass, to  study their effect 
on the energy of interatomic interactions by the XPS 
method and on ion transport, according to impedance 
spectroscopy. These results are discussed in conjunction 
with experimental results on the softening temperature 
and plasticity of glasses.

MATERIALS AND METHODS
Synthesis of glass (GS). Chalcogenide glass was 

synthesized from simple substances and contained 
the following amounts of the main component: Sb 
(99.995%), Se (99.997%), Ag (99.990%) and  Ge 
(99.999%) according to the procedure presented in [42]. 
The following sample compositions were synthesized 
with the appropriate numbering: (0) x = 0.00; (1) x = 
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0.05; (2) x = 0.10; (3) x = 0.15; (4) x = 0.20; (5) x = 
0.25; (6) x = 0.30; (7) x = 0.35; and (8) x = 0.40; (9) x = 
0.45. For each case, the components of the appropriate 
composition were placed in quartz ampoules, which 
were then pumped out to a pressure of 10–4 mm Hg 
and sealed. This ensured the consistency of the glass 
composition during the manufacturing process. For all 
compositions, synthesis was carried out in a muffle 
furnace at a temperature of 900 °C for 3 hours with 
constant stirring. In  order to  increase the  cooling 
rate, ampoules were placed in ice water immediately 
after synthesis. All the research methods used, with 
the  exception of  impedance spectroscopy, do not 
impose special requirements to the shape of the samples. 
The samples for impedance spectroscopy were annealed 
and then processed to obtain plane-parallel plates with 
a thickness of 3 mm.

X-ray structure analysis (XRD). X-ray phase 
analysis of all synthesized glasses was performed using 
the method presented in [42] using an ARL X’TRA 
diffractometer in the θ—2θ scanning mode (CuKα 
radiation, λ = 1.541 Å) in the angle range 2θ = 20°—60°, 
with a scanning step of 0.04° and an exposure time of 2 s 
per point. This technique, despite the controversial 
opinion regarding its usefulness for  studying 
the structure of glass, has long been in the field of view 
of researchers [43, 44].

Differential scanning calorimetry (DSC). A high-
sensitivity Netzsch DSC 204 F1 Phoenix differential 
scanning calorimeter with a  µ-sensor was used 
to measure the Tg value of the glass [45]. The concept 
of the measuring chamber is based on homogeneous 
heating of the disk μ-sensor in order to obtain a stable 
and reproducible baseline, and an efficient cooling 
system. The glass of  the studied compositions was 
pre-crushed in  an agate mortar and  placed in  an 
aluminum crucible. The  analysis was carried out 
in the temperature range 30–350 °C, and the heating 
rate was 10 degrees/min.

Together with high temperature accuracy, 
the μ-sensor provides a high level of sensitivity, which 
was previously unattainable in calorimetry.

X-ray photoelectron spectroscopy (XPS). 
The  method of  photoelectron spectroscopy based 
on the phenomenon of the photoeffect is a modern 
method for studying filled electronic states in a solid 
and is able to provide additional information about 
the properties of the studied glass [46].

To measure the glass of the studied compositions 
using the  XPS method, the  analytical module 
of photoelectron spectroscopy of the Nanolab platform 
and  the  Thermo Fisher Scientific Escalab 250Xi 

integrated photoelectronic and scanning Auger electron 
spectrometer were used.

Impedance spectroscopy (IS). The glass of the studied 
compositions was measured by impedance spectroscopy 
using an Elins Z‑1000P impedance meter (Elins 
LLC, Russia) in a two-contact cell with reversible Ag 
electrodes in the frequency range of 1–106 Hz [47]. 
The glass samples in the form of a cube with a side 
size of 3 mm were carefully polished. A silver paste 
was applied to the opposite faces of all the glass items 
as a  reversible electrode. All measured impedance 
hodographs were processed using a  special ZView 
program and the Origin graphics software package from 
OriginLab Corporation. The resistance of the sample 
was determined based on the data obtained and electrical 
conductivity was calculated.

RESULTS AND THEIR DISCUSSION
The introduction of monovalent metal compounds 

into chalcogenide glass leads to a decrease in the average 
number of bonds per atom. This reduces the degree 
of constraint of the glass grid. The result is a rapid 
decrease in  Tg. When the  concentration of  Ag2Se 
increases to 20 mol there is a possibility that silver 
atoms will form not only covalent bonds with selenium, 
but also metallophilic interactions with each other. 
This leads to a significant slowdown in the decrease 
in Tg. The result is  that glass containing 40 mol.% 
Ag2Se has Tg=200 °C. This is more than the softening 
temperature that such classical chalcogenide glass as 
As2S3 and As2Se3 has.

Synthesis of glass. All synthesized glass samples had 
a black color and a typical conchoidal fracture.

X-ray phase analysis. According to  the  results 
of  X-ray phase analysis of  all synthesized glass, 
diffractogram systems contain exceptionally wide 
amorphous peaks (halos) characteristic of glasslike 
materials, which confirms the absence of crystalline 
inclusions. The exception is  the 9th sample, which 
contains, according to  the  XRD data, crystalline 
inclusions.

Differential scanning calorimetry (DSC). Fig.  1 
shows the measured DSC curve of a glass sample 
having a composition of x=0.30. The glass softening 
effect is characterized by a good resolution, which 
makes it  possible (as  shown in  Fig. 1)  to  analyze 
the concentration dependences of not only the glass 
softening temperature (Tg) itself.

Fig. 2 shows the dependence of the glass transition 
temperature on the concentration of Ag2Se according 
to DSC data. The Tg value of Ag2Se-free glass is 280 °C 
and is  in satisfactory agreement with the literature 
data [48].
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Photoelectron spectroscopy. The XPS of all elements 
(with the exception of Ag spectra) consists of several 
lines. Therefore, after deconvolution of the spectrum, 
the concentration dependence of the weighted average 
binding energy of the entire spectrum for each element 
was calculated using the formula:

	 E
E A

A
s

i i i

i i

�
��

�
,

where Ei is the position of the maximum of the i–th 
band of the spectrum; Ai is its integral relative intensity.

The  obtained dependences of  the  binding 
energy (ES) of  each element included in  the  glass 
on the concentration of Ag2Se are shown in Fig. 3.

According to the presented results, the following 
assumptions can be made.

The  Sb binding energy (Fig. 3a) is  practically 
independent of the glass composition. The binding 
energy of  the  remaining elements (Fig. 3b–3d) 
increases with the increasing silver content. The ratio 
of  concentrations of  antimony and  germanium 
selenides does not change. Therefore, it can be assumed 
that the  changes are  associated with an increase 
in the content of Ag2Se.

XRF did not detect crystalline inclusions in glasses 
with x≤0.4. At  x=0.45, crystalline inclusions 
of the compound Ag8GeSe6 appear. Therefore, it can 
be assumed that the growth of Es for Ag, Ge, and Se 
is the result of the formation of triple structural units 
of the specified compound in the glass grid. However, 
the GeSe2 content in glass with x=0 is high (73 mol.%). 
Therefore, for the first Ag2Se additives, there are no 
diff iculties in  forming the  structural units 
of the Ag8GeSe6 compound and EsAg  should not depend 
on the composition. On the other hand, EsGe  should 
grow linearly with an increase in the Ag2Se content. 
The observed changes in Es for Ag, Ge, and Se have 
a zero derivative at low Ag2Se concentrations. This 
means that the  effect is  described by a  power-law 
dependence on the content of Ag2Se with a degree index 
of at least 2. Metallophilic Ag-Ag interactions satisfy 
this requirement.

Thus, EsAg  increases with the  increasing silver 
content due to  metallophilic Ag-Ag interactions. 
According to the induction mechanism, this growth 
extends to the elements located in the first and second 
coordination spheres of silver. These elements include 
selenium and germanium. Antimony is not one of them, 
since structural units of compounds based on Ag, Ge, 
and Se, which do not include Sb, are formed in glass. 
This compound is  released into an independent 
crystalline phase during crystallization of alloys as 
a result of exceeding the critical content of Ag2Se.

Impedance spectroscopy. The measured dependences 
of the imaginary part of the impedance Z′′ on the real 
Z′ have a typical form for solid electrolytes (Fig. 4).

Based on this, the obtained experimental values 
of resistivity were attributed to ionic conductivity.

According to the results of impedance spectroscopy, 
the dependence of resistivity on the Ag2Se content 
in glass (x) was found. According to the equations 
proposed to describe the transport of singly charged 
cations in chalcogenide glasses [49, 50]: lg ~R M−3  
(where R is the resistivity, M is the atomic fraction 
of the singly charged cation). The experimental data 
plotted in these coordinates shown in Fig. 5 demonstrate 
the observance of this relationship.
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Fig. 2. Dependence of the glass transition temperature, 
determined by the DSC method for the glass of the studied 
system, on the concentration of Ag2Se.
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Moreover, extrapolation of the found dependence 
to the silver concentration corresponding to the Ag2Se 
composition gives a resistivity value of 54 ohms cm. 
Considering that we are not talking about a crystalline 
compound of the specified composition, but about 
hypothetical glass, this resistivity value can be 
considered reasonable.

The  obtained impedance hodographs 
are  semicircles, the  center of  which is  located 
below the axis of the abscissa. The reason for this, 
as is known, is the fluctuation spread of the values 
of the characteristic time τ describing the corresponding 
hodograph (the  inverse of  the  voltage frequency 
corresponding to the maximum value of the imaginary 
part of  the  hodograph). The  wider the  τ spread, 
the lower the center of the circle of the hodograph 
is  located. The  fluctuating nature is  characteristic 
of the glasslike state.

Fluctuations τ can be compared to the fluctuation 
of potential barriers overcome by cations during their 
migration. The magnitude of these frozen fluctuations 

is  determined by the  glass formation temperature 
(Tg). For the studied glasses with x varying from 0.2 
to 0.4, the deviation of Tg from its average value in this 
concentration range is ± 2%. This allows us to consider 
the fluctuation in the height of potential barriers as 
a  constant value. The  height of  potential barriers 
itself, depending on  the  concentration of  Ag2Se, 
varies significantly, leading to a considerable change 
in  the  logarithm of  resistivity. From this it can be 
concluded that the relative role of τ fluctuations will 
increase with an increase in the concentration of Ag2Se 
and a decrease in R.

The  parameter that numerically characterizes 
the  displacement of  the  center of  the  circle 
(and, accordingly, the  fluctuation τ), regardless 
of the resistivity value, is the tangent of the angle (tgα) 
formed by the abscissa and the radius of the circle 
drawn to the point of its intersection with the abscissa.

Fig. 6 shows the dependence of the logarithm tgα 
on the logarithm of resistivity.
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Fig. 3. Dependence of the weighted average binding energy of each element in the glass of the (1‑x)(0.27Sb2Se3–0.73GeSe2)- xAg2Se 
system on the concentration of Ag2Se.
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As expected, the  increase in  the  resistivity 
of  glass is  accompanied by a  decrease in  the  role 
of the fluctuation spread of the characteristic times 
of the hodographs.

CONCLUSION
The experimental results obtained and, in particular, 

the threshold character of the increase in the binding 
energy of Ge, Se, and Ag with an increase in the content 
of the latter confirm the formation of metallophilic 
Ag-Ag bonds in the glass of the (1‑x)(0,27Sb2Se3–
0,73GeSe2)-xAg2Se system at an Ag2Se concentration 
above 20 mol.%. However, it was not possible to detect 
any features in  the  behavior of  the  concentration 
dependence of ion conductivity. Apparently, this is due 

to the following circumstances. Ag2Se, chalcogenide 
glasses in general, including the glasses of the studied 
system, are  formed by covalent metal-chalcogen 
chemical bonds with an ionic content of  less than 
10%. Due to this, there is no strong Coulomb repulsion 
between silver atoms, which makes it possible for them 
to  converge and  form a  metallophilic interaction. 
For ion transfer, the Ag atom must acquire an electric 
charge, which will lead to the decay of the metallophilic 
interaction. Thus, the metallophilic interaction has 
no effect on the movement of Ag ions. However, its 
contribution to the process of transition of silver atoms 
from a covalently bonded state with a minimum effective 
charge to a state with an integer charge involved in ion 
transport cannot be excluded.
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INTRODUCTION
In  the  last decade, inorganic solid electrolytes 

with high Li+ ion conductivity have been intensively 
studied in  order to  use them as membranes, 
composite electrodes, and electrolytes in solid-state 
electrochemical devices [1, 2]. Solid electrolytes 
have a number of advantages over liquid and polymer 
materials, as they are characterized by high mechanical 
strength, chemical and  thermal stability. The  use 
of solid electrolytes can significantly increase the safety 
of  lithium-ion batteries (LIB) [3]. Substituted 
lithium titanophosphates and germanophosphates 
with the NASICON structure, solid solutions based 
on lithium-lanthanum titanates with the perovskite 
structure, and  representatives of  a  new family 
of lithium-conducting solid electrolytes with the garnet 
structure of  the  composition Li7–3хAlxLa3Zr2O12 
are considered promising in terms of ion conductivity 
and stability [4].

The  structure of  Li7La3Zr2O12 garnet has two 
crystal modifications: tetragonal and cubic. Tetragonal 
Li7La3Zr2O12 contains a fully ordered Li+ distribution 
and crystallizes in the I41/acd space group. Cubic 
Li7La3Zr2O12 crystallizes in  the  Ia3d space group 
and  exhibits a  disordered distribution of  lithium 
ions and  vacancies caused by lithium deficiency. 
1	Based on  the  materials of  the  report at  the  17th International 

Meeting “Fundamental and applied problems of solid state ion-
ics”, Chernogolovka, June 16–23, 2024.

The  lithium-ion conductivity of  the  tetragonal 
modification is two orders of magnitude lower than 
that of the cubic one. The cubic modification can be 
stabilized by partial cationic substitution, for which 
the solid electrolyte Li7La3Zr2O12 is doped with ions 
Al3+, Ga3+, Nb5+, Ta5+, etc. The  largest number 
of studies are devoted to the partial replacement of Li+ 
with Al3+, which is an inexpensive alloying additive 
and can also be inadvertently introduced into the garnet 
structure during annealing in corundum crucibles. 
However, the Al3+ ion blocks lithium positions, which 
leads to a decrease in Li+ concentration and a slowdown 
in Li+ diffusion (unlike Ta5+, which is used to replace 
Zr4+ to avoid a decrease in Li+ content).

We synthesized powders of  Al-substituted 
Li7La3Zr2O12 (Al-LLZO) of  cubic modification 
by melting the  charge followed by solid-phase 
annealing, which consists in  the  interaction 
of  charge components consisting of  low-melting 
crystallohydrates ZrO(NO3)2∙2H2O, La(NO3)3∙6H2O 
and Al(NO3)3∙9H2O [5–7]. The powders were pressed 
into tablets without binding components in a mold 
with a diameter of 12 mm with a force of 100 MPa 
and sintered in air at a temperature of 1100–1150о C 
in  a  program-controlled MIMP‑3 muffle under 
a mother powder of the same composition. For further 
practical use, it is necessary to obtain samples with 
maximum density from these powders. As noted 
in these papers, it was not possible to obtain dense 
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samples using the classical method of high-temperature 
2‑stage sintering with prolonged exposure (Table 1).

The maximum density did not exceed 80% (even 
with the use of preliminary mechanical activation 
of  powders on  the  AGO‑2C centrifugal planetary 
mill). At the same time, only dense Al-LLZO ceramics 
increase the overall ionic conductivity and prevent 
lithium dendrites from penetrating through the pores 
during cycling, which can lead to a short circuit or 
destruction of the sample [8, 9]. In addition, Al-LLZO 
ceramic samples with low density are unstable when 
stored in air under normal conditions [10–13]. In this 
regard, it is necessary to obtain samples with maximum 
density.

To increase the density of solid electrolytes by solid-
phase sintering, various sintering additives (Li2CO3, 
Li3PO4, LiBO2, LiOH, LiCl, LiF, Li2B4O7) are used, 
which contribute to  the  compaction of  samples, 
improve the microstructure, which leads to a decrease 
in grain boundary resistance and an increase in ionic 
conductivity [14]. However, sintering additives partially 
induce the formation of small amounts of amorphous 
phases in the grain boundary regions. The formation 
of  secondary phases limits the  ionic conductivity 
of the material [15].

An innovative spark plasma sintering (SPS) 
method, which consists in high-speed consolidation 
of  dispersed materials of  various chemical 
and fractional compositions due to electrical pulse 
heating during mechanical compression, may be 
promising for  obtaining solid electrolytes with 
maximum density [16, 17]. The absence of sintering 
additives and plasticizers, as well as the short cycle time 
of single-stage sintering (minutes) to achieve maximum 

material density (up  to  100% of  the  theoretical) 
are the advantages of the SPS method over traditional 
sintering technologies. Despite the fact that the SPS 
method is a high-tech approach in a new generation 
of ceramic synthesis and is a global trend in the creation 
of modern ceramic materials for functional purposes, 
it is rarely used to consolidate solid electrolytes [18–22].

We have demonstrated the  positive experience 
of using the IPS method to obtain a solid electrolyte 
with a  NASICON structure of  composition 
Li1.3Al0.3Ti1.7(PO4)3 in  [23]. From powders 
Li1.3Al0.3Ti1.7(PO4)3 (LATP) with a  narrow 
granulometric composition, high-density lithium-
conductive ceramics (~97–98%) were obtained by 
SPS method under optimal technological conditions 
(sintering temperature 900 °C, molding pressure 50 MPa,  
sintering duration 5 min). There was no change 
in the phase composition of the LATP samples during 
the SPS process. The use of the SPS method made 
it possible to significantly reduce the consolidation 
time, reduce the sintering temperature, and achieve 
an increase in  the  density and  ionic conductivity 
of LATP ceramics. The maximum ionic conductivity 
(σ total = 2.9×10–4 S/cm and σ bulk = 1.6×10–3 S/cm)  
is  achieved for  single-phase LATP samples 
in combination with the maximum density (97–98%). 
This is significantly higher than the results presented 
by the authors [24].

The purpose of this work was to develop a method 
for obtaining dense samples of Al- and Ta-doped solid 
electrolyte Li7La3Zr2O12 with high ionic conductivity 
by the SPS method for use in new-generation lithium 
batteries (fully solid-state, lithium-sulfur and lithium-
air batteries).

Table 1. Modes of solid-phase sintering of Al-LLZO tablets
I stage (heating rate,  

10 degr./min.)
II stage

(heating rate 2 degr./min) Total heat treatment 
time, h ρ,%

t, ˚С Heating time, min t, ˚С Heating time, min Hold, h

20–1100 110 1100–1150 25
4 6 75
6 8 76–78

20–1050 105
1050–1100 25 8 10 72
1050–1150 50 6 8.5 79
1050–1150 50 8 10.5 76–77

20–1000 100 1000–1100 50
8 10.5 74–79
12 14.5 76–77

20–1200 180 1200 7 10 80

20–900 90
900–1150 125 8 11.5 74
900–1200 150 8 12 73–74
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EXPERIMENTAL PART

Preparation of Al-LLZO and Ta-LLZO powders
Monophase powders of  Al-substituted solid 

electrolyte Li7La3Zr2O12 of  nominal composition 
Li6.4Al0.2La3Zr2O12 (Al-LLZO) were prepared as 
described in [5]. Mechanical activation (MA) after 
powder annealing at 900 °C for 4 hours was carried 
out in an AGO‑2C planetary mill in a 4x1 min mode 
with a centrifugal factor of 20 g in drums, the inner 
surface of which is made of zirconium dioxide, using 
balls of the same material [25]. The balls: load mass 
ratio is 20:1. In order to ensure the macro uniformity 
of the powders, the mill was switched off every 1 min  
and  the  contents of  the  drums were mixed with 
a spatula. Next, the mechanically activated powder was 
calcined at a temperature of 1000 °C (heating rate of 10 
degrees /min) for 4 hours.

Monophase powders of  Ta-substituted solid 
electrolyte Li7La3Zr2O12 of nominal composition 
Li6.52Al0.08La3Zr1.75Ta0.25O12 (Ta-LLZO) were prepared 
as described in [26]. Since substitution with Ta ions 
ensures the transition of the tetragonal modification 
to a cubic one under milder conditions than when 
substituting with Al ions, mechanical activation of  
Ta-LLZO powders was not performed. The authors 
[27] conducted all experiments to study the chemical 
and thermal stability of Ta-LLZO after SPS using 
commercial Li6.4La3Zr1.4Ta0.6O12 [28].

Consolidation of Al-LLZO  
and Ta-LLZO powders by SPS method

The  consolidation of  the  prepared Al-LLZO 
and  Ta-LLZO powders by the  SPS method was 
carried out at  the  Spark Plasma Sintering System 
SPS‑515S installation (Dr. Sinter·LABTM, Japan) 
according to the scheme: 1.5 g of LLZO powder was 
placed in a graphite mold (working diameter 1.25 mm), 
pressed (pressure 20.7 MPa), then the blank was placed 

in a vacuum chamber (10–5 atm) and sintered. Graphite 
foil with a thickness of 200 microns was used to prevent 
the consolidated powder from baking to  the mold 
and plungers, as well as for unhindered extraction 
of the resulting sample. SPS consolidation of LLZO 
powders was carried out at a pressure of 50 MPa with 
a heating rate of 50 °C/min in the range of 900–1100 °C 
with exposure for 5–15 minutes.

The  synthesized solid electrolytes Al-LLZO 
and  Ta-LLZO were characterized by X-ray phase 
analysis (XRF), energy dispersive X-ray spectroscopy 
(EDX), and impedance spectroscopy. Phase analysis 
was performed using an XRD‑6000 and  Rigaku 
MiniFlex‑600 diffractometer, CuKα radiation, 
scattering angle range 2θ = 10–70о. Data processing by 
the Rietveld method (refinement of lattice parameters) 

6050403020
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Fig. 1. Diffractograms of Al-LLZO powder after solid-
phase annealing at 900  °C (a) and 1100  °C (b) and after 
SPS at 1000 °C for 10 min (c).

Table 2. Modes of preparation of initial powders of cubic modification Al-LLZO and Ta-LLZO and subsequent consolida-
tion by SPS method

I stage II stage III stage SPS
t, 
°C τ, h XRF t, °C τ, h XRF МА t, °C τ, h XRF t, °C τ, min XRF ρ, g/

cm3 σ, S/cm

Al-
LLZO

900 4 t-LLZO,
с-LLZO _ _ 1000 10 t-LLZO,

с-LLZO
89–
90% 1·10–5

900 4 t-LLZO,
с-LLZO 1000 4 t-LLZO, 

с-LLZO 4х1 min 1000 4 с-LLZO 1000 10 с-LLZO 4.9 
(96%) 4∙10–4

Ta-
LLZO 900 4

t-LLZO,
с-LLZO,

La2O3, 
ZrO2, 
Ta2O5

1000 4 t-LLZO, 
с-LLZO _ 1100 6 с-LLZO 1100 15 с-LLZO 5.18 

(98%) 6∙10–4
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was performed using the smartLAB Studio II software 
within the  Rigaku MiniFlex‑600 diffractometer. 
The international database ICDD PDF‑4 was used 
to decipher diffractograms.

The  density of  the  samples was determined by 
hydrostatic weighing (on  an LV‑210A electronic 
scale with an accuracy of 0.001 g) using CCl4 as an 
immersion liquid. The  theoretical (radiographic) 
density for Al-LLZO was 5.1 g/cm3 (ICDD 01–080–
7219), and for Ta-LLZO it was 5.26 g/cm3 (ICDD 
04–023–7624).

Ion conductivity (σ) was studied by electrochemical 
impedance spectroscopy [29] with an AC signal 
amplitude of 0.1 V using a Z‑2000 impedance meter 
(Elins). The measurements were carried out using 
a two-electrode circuit in a shielded cell of a clamping 
structure with graphite electrodes. The frequency range 
of measurements was 102–2×106 Hz. The specific ionic 

conductivity (σtotal) was calculated taking into account 
the geometric dimensions according to the formula:

	 �
�

total
4h

�
R d 2

, 	 (1)

where R is the resistance of the tablet, determined based 
on the analysis of the impedance spectrum, h and d 
are the height and diameter of the tablet, respectively.

The electronic conductivity was determined by 
potentiostatic chronoamperometry (PCA), recording 
the current density as a function of time after switching 
on the polarizing potential [9] using a P‑8 potentiostat 
(Elins, Russia). The value of the electronic conductivity 
of Ta-LLZO was calculated using the formula:

	 �e
stI h
US

� , 	 (2)

where Ist is the stabilization current, U is the applied DC 
voltage, and h and S are the height and cross-sectional 
area of the tablet, respectively.

RESULTS AND DISCUSSION
According to the results of XRF, it was established 

(Fig. 1a), that after the 1st stage of Al-LLZO synthesis, 
as a result of annealing at 900 °C for 4 hours, a product 
with a garnet structure containing no initial unreacted 
substances and  non-conductive impurity phases 
(La2O3, ZrO2, La2Zr2O7) was formed. The samples 
are well-crystallized powders of individual Al-LLZO 
in the form of a mixture of 2 modifications: tetragonal 
(ICDD PDF 01–080–6140) and cubic (ICDD PDF 
01–080–7219) in  commensurate quantities. An 
increase in temperature (up to 1100 °C) and the duration 
of powder annealing (up to 6 hours) did not provide 
a pure cubic modification of Al-LLZO, and a mixture 
of tetragonal and cubic modifications was also present 
on the X-ray image (Fig. 1b).

Initially, Al-LLZO powders obtained after annealing 
at 900 °C were used for SPS consolidation. According 

60 7050403020
2θ, degrees

t‒LLZO
c‒LLZO

Fig. 2. Diffractograms of Al-LLZO powder after SPS at 1000 °C for 10 min.
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Fig. 3. Diffractograms of mechanically activated Al-LLZO 
powder of cubic modification (a) after annealing at 1000 °C 
and (b) subjected to SPS.
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to  the XRF data, at various SPS modes (sintering 
temperature 900–1000 °C, molding pressure 50 MPa, 
sintering duration 5–10 min), Al-LLZO tablets were 
also obtained as a mixture of 2 modifications (Fig. 2). 
In  this regard, the  ionic conductivity measured 
by electrochemical impedance spectroscopy was 
insignificant (it  was at  the  level of  1×10–5 S/cm). 
Apparently, the short-term SPS process does not ensure 
the complete transformation of the low-conducting 
tetragonal modification of Al-LLZO into a cubic one. 
When using the tetragonal modification, the authors 
[21] needed additional heat treatment for 12 hours 
at 1175 °C of LLZO samples subjected to SPS, since 
the total ionic conductivity of LLZO samples after SPS 
was only 7×10–6 S/cm.

Many researchers have encountered the problem 
of  the  formation of  a  non-conductive impurity 
phase La2Zr2O7 after the consolidation of the solid 
electrolyte LLZO by the SPS method [18–22]. In this 
regard, the data obtained in a recent paper [22] seem 
contradictory, where the authors claim a high ionic 
conductivity with a  cubic modification of  LLZO 
in the sample at the level of 84% and a non-conducting 
impurity phase La2Zr2O7 at the level of 13%. Obviously, 
for  the  SPS method, powders of  a  purely cubic 
modification must be synthesized as the initial LLZO 
powder, as the authors [19] do, who ground the initial 
LiOH·H2O, La2O3, ZrO2 and Ta2O5 in a ball mill with 
isopropyl alcohol for 12 hours. After drying, the powder 
was calcined at 900 °C for 6 hours, then crushed, dried 
under the same conditions, and heated at 1100 °C for 12 
hours in the 2nd stage. The powder was then re-ground, 
pressed into tablets, and sintered at 1130 and 1230 °C 
for 36 hours to obtain a cubic structure electrolyte [19]. 
The listed processing operations are lengthy, labor-
intensive and energy-consuming.

We have optimized the transition from tetragonal 
modification to cubic modification using mechanical 
activation. As a  result of  MA, the  dispersion 
and reactivity of the powders increases and the tetragonal 
modification of Al-LLZO is completely transformed 
into a cubic one after annealing at 1000 °C (Fig. 3a).

Subsequent SPS consolidation of Al-LLZO and  
Ta-LLZO powders of  purely cubic modification 
(obtained according to Table 2) led to the formation 
of tablets with a density of ~96–98% of the theoretical. 
At the same time, the structure of the cubic modification 

(Ia3d space group) was preserved and the peak intensity 
increased significantly, which indicates an increase 
in the crystallinity of the samples after SPS (Fig. 3b). 
It should be emphasized that it was not possible to obtain 
samples of the specified density using the multi-stage 
classical solid-phase sintering of powders with prolonged 
exposure, especially for Ta-LLZO [26].

For monophase Al-LLZO powders obtained after 
annealing at 1000оC, as well as Al-LLZO samples 
subjected to SPS, Rietveld analysis was performed. 
The  lattice parameters of  cubic Al-LLZO were 
calculated by the  method of  full-profile analysis 
of WPPF (Whole Powder Pattern Fitting) radiographs. 
The R-factor criteria were the values of the profile 
R-factors Rp and  Rwp, calculated using standard 
formulas (Table 3). The values of the WPPF parameters, 
commonly used to assess the quality of profile fitting, 
confirm the  good quality of  the  results obtained. 
The  WPPF refinement showed that the  structure 
of the samples corresponds to the cubic phase with 
the Ia3d space group.

Fig. 4 shows the spectrum of the electrochemical 
impedance of  a  Ta-LLZO tablet subjected to  SPS. 
The  impedance hodographs of  the  Ta-LLZO and  
Al-LLZO samples constructed on the complex plane 
Z”= f(Z’) are identical and consistent with the results 

Table 3. Al-LLZO lattice parameters determined by the Rietveld method
Sample а = b = c, Å Rp,% Rwp,% χ2 V, Å³

Al-LLZO 12.9735 10.57 13.47 2.1449 2185
Al-LLZO after SPS 12.96052 3.04 4.13 2.1934 2177

Al-LLZO [30] 12.96529 2.895 4.105 2.099 2179
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Fig. 4. The spectrum of the Ta-LLZO electrochemical 
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insert has a high-frequency section (105–106 Hz).



RUSSIAN JOURNAL OF ELECTROCHEMISTRY      Vol. 61      No. 1      2025

76	 KUNSHINA et al.	

of  the  authors [20, 31–33], who conclude that 
the impedance of the grain boundaries is negligible 
compared to the impedance of the grains, probably due 
to almost complete absence of grain-boundary resistance. 
The conductivity value was calculated by extrapolating 
the  high-frequency section of  the  hodograph onto 
the active resistance axis. The value of the specific total 
ionic conductivity (σtotal) of Ta-LLZO tablets at 20 °C, 
calculated by formula (1), was 6×10–4 S/cm and 6 times 
higher than the value measured on Ta-LLZO tablets with 
a low density (69%), previously obtained by solid-phase 
sintering [26]. The value of the total ionic conductivity of  
Al-LLZO tablets at room temperature was 4×10–4 S/cm,  
which corresponds to the maximum values given by 
most researchers [34] and is twice higher than the value 
of  the  ionic conductivity of  Al-LLZO tablets with 
a density of 75–85%, obtained earlier by solid-phase 
sintering [6–7]. This confirms the  conclusion that 
the main factors influencing the ionic conductivity of Al-
LLZO and Ta-LLZO are the absence of impurity phases, 
highly conductive cubic modification, and maximum 
sample density [35].

As noted [5], LLZO samples are  unstable 
when stored in  air under normal conditions due 
to the formation of nonconducting phases: Li2CO3 
(on the surface of the tablets) and La2Zr2O7 (in volume) 
due to  reaction with H2O and  CO2. The  kinetics 
of hydration and carbonation of Ta-LLZO powders has 
recently been studied in [36]. It has been established 
that the  rate of  the  hydration and  carbonation 
reactions strongly depends on the particle size and, 
consequently, on the surface area. For Al-LLZO tablets 
with a porosity of 17%, it was found that spontaneous 
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cracking and  a  decrease in  ionic conductivity by 
3 orders of magnitude occur after three weeks of storage 
[13]. The process of Li2CO3 formation is reversible, 
since upon repeated annealing of the LLZO tablet 
at a  temperature of 900оC, the conductivity value 
practically returned to the initial result [5].

A distinctive feature of the Al-LLZO and Ta-LLZO 
tablets consolidated by the SPS method (density ~96–
98%) is increased air stability. As follows from Fig. 5a, 
the ionic conductivity of Ta-LLZO samples remained 
almost unchanged after long-term storage under 
normal conditions (for 2 months). For comparison, 
as a result of storage of Ta-LLZO tablets (with a density 
of  68–70%) after solid-phase sintering for  one 
month, the ionic conductivity decreased by 2 orders 
of magnitude and amounted to 3×10–6 S/cm (Fig. 5b). 
Achieving good storage stability is  an important 
prerequisite for the practical use of solid electrolytes 
with a garnet structure.

The  ideal solid electrolyte should be a  purely 
ionic conductor, since electronic conductivity 
causes an electrical leak or short circuit in the LIB. 
High electronic conductivity may be responsible 
for the formation of dendrites in solid electrolytes [9]. 
A critical requirement for solid electrolytes is considered 
to  be high ionic conductivity >10–4 S/ cm. Low 
electronic conductivity should be another criterion 
for solid electrolytes regarding their practical use [9]. 
The electronic conductivity of Ta-LLZO was evaluated 
by the PCA method [37]. A constant voltage of 1 V from 
the potentiostat was applied to a symmetrical cell C/Ta-
LLZO/C with blocking graphite electrodes. The steady-
state current was set for 1–2 hours. The polarization 
chronoamperometric curves of Ta-LLZO obtained by 
solid-phase sintering and the SPS method are shown 
in Fig. 6.

The  chronoamperometric curves are  identical 
and the value of the electronic conductivity is almost 
the same, since the electronic conductivity depends less 
on the density of the sample, but is determined mainly 
by the deviation from stoichiometry and the presence 
of  uncontrolled impurities in  the  solid electrolyte. 
The value of the electronic conductivity σe Ta-LLZO did 
not exceed 10–9 S/cm, which is 5 orders of magnitude 
lower than the value of the ionic conductivity. The ratio 
between the  ionic and  electronic conductivity 
of  Ta-LLZO meets the  requirements for  materials 
for the development of solid-state devices based on them.

CONCLUSION
The possibility of obtaining high-density ceramics 

(~97–98%) by spark plasma sintering (SPS) from 
powders of cubic modification of solid electrolytes  

Al-LLZO and Ta-LLZO with a garnet structure under 
optimal processing conditions (sintering temperature 
1000–1100 °C, molding pressure 50 MPa, sintering 
duration 10–15 min) is  shown. The  SPS process 
is an effective technology for compaction of cubic 
modification of Al- and Ta-substituted Li7La3Zr2O12.

It has been established that during the SPS process 
there is no change in the phase composition of the  
Al-LLZO and Ta-LLZO samples and the formation 
of nonconducting impurity phases.

Total ionic conductivity (σtotal = 4–6×10–4 S/ cm) 
and electron conductivity (at the level of 10–9 S/cm) 
are  achieved for  single-phase LLZO samples free 
of  impurity phases (La2O3, ZrO2, La2Zr2O7) with 
a maximum density (97–98%). The characteristics 
of Al-LLZO and Ta-LLZO ceramics consolidated 
by the SPS method correspond to the characteristics 
of  the  products of  leading companies in  the  field 
of commercialization of solid electrolytes [28].
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Abstract. The corrosion of low carbon steel in a flow of H3PO4 solutions containing FePO4, including media 
with additives of  mixture of  corrosion inhibitors consisting of  a  3‑substituted derivative of  1,2,4‑triazole 
(IFKhAN‑92) and KNCS, was studied. In the discussed medium, partial reactions of anodic ionization of iron, 
cathodic reduction of H+ and Fe(III) cations are realized on steel. The first two reactions are characterized 
by kinetic control, and  the  last one is  diffusion-controlled. The  accelerating effect of  FePO4 on  steel 
corrosion in a H3PO4 solution is mainly due to the reduction of Fe(III). In inhibited acid, the accelerating 
effect of Fe(III) cations affects all partial reactions of steel. Despite such an accelerating effect, the mixtures 
of  IFKhAN‑92 and KNCS retain a high inhibitory effect on  the electrode reactions of  steel, which is an 
important result. The data on corrosion of low carbon steel in the flow of the studied media, obtained from 
the mass loss of metal samples, are in satisfactory agreement with the results of the study of partial electrode 
reactions. The  accelerating effect of  FePO4 on  steel corrosion in  the  flow of  H3PO4 solutions, including 
in the presence of inhibitors, is noted. In these media, steel corrosion is determined by the convective factor, 
which is  typical of processes with diffusion control. Mixtures of  inhibitors IFKhAN‑92 + KNCS provide 
significant slowdown of steel corrosion in the flow of H3PO4 solution containing FePO4, which is the result 
of its effective slowdown of all partial electrode reactions of the metal.

Keywords: convection, diffusion kinetics, diffusion coefficient, acid corrosion, low carbon steel, phosphoric acid, 
iron (III) phosphate, corrosion inhibitors

DOI: 10.31857/S04248570250106e2

INTRODUCTION
Phosphoric acid solutions are  promising 

industrial media for cleaning the surfaces of products 
and processing equipment made of low carbon steels 
from thermal scale, rust and mineral deposits, which 
often include phases of Fe(III) oxides and oxyhydroxide. 
The relatively high dissolution rate of iron oxide phases 
(FeO, Fe3O4, Fe2O3) in these media is their important 
advantage compared to  hydrochloric and  sulfuric 
acid solutions traditionally used for acid purification 
of steels [1–3]. During operation, H3PO4 solutions, 
primarily due to  their interaction with the  surface 
phases of Fe(III) oxides and oxyhydroxide, accumulate 
Fe(III) phosphates. Phosphate Fe(III) is insoluble 
in water. The solubility of Fe(III) phosphate in H3PO4 
solutions is the result of its chemical interaction with 
acid, leading to the formation of a mixture of acid 
phosphates of complex composition [4]. In the future, 
such systems will be formally considered as an H3PO4 
solution containing FePO4.

The  accumulation of  soluble Fe(III) salts 
in the media under consideration significantly increases 

their oxidizing ability, increases the aggressiveness 
of solutions against steel structures [5], and makes 
the  use of  corrosion inhibitors (CIs) ineffective 
in such solutions [6]. A specific feature of corrosion 
of  steels in  acid solutions containing Fe(III) salts 
is  their sensitivity to  the hydrodynamic parameter 
of the medium. In acid solutions, including inhibited 
media, corrosion of steel increases with an increase 
in the flow rate of the medium [7].

The practical significance of the presented research 
is  determined by the  need to  create efficient low 
carbon steels in acid solutions for the needs of modern 
production [8]. At  the  same time, it  is  important 
to imagine how the developed CIs will protect steel 
in the flow of a corrosive medium when Fe(III) salts 
accumulate in it.

To  understand the  processes occurring in  low 
carbon steel systems, H3PO4 solution containing 
FePO4, it  is  important to  analyze the  influence 
of convection conditions of an aggressive environment 
both at individual stages and on the corrosion of steel 
as a whole. The effect of CI on the kinetic parameters 
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of the system should be determined. The assessment 
of the influence of hydrodynamic parameters of acid 
solutions containing Fe(III) salts on steel corrosion 
is  important not only theoretically, which makes 
it possible to identify the diffusion stages of the corrosion 
process and determine their kinetic parameters, but also 
in practice, since the industrial operation of these media 
is often carried out under conditions of liquid flow or 
is accompanied by significant natural convection as 
a result of the release on the metal surface of hydrogen 
gas formed due to the metal’s reaction with acid.

We studied a mixture of IFKhAN‑92 (3‑substituted 
1,2,4‑triazole) and  KNCS as corrosion inhibitors 
for  steel in an H3PO4 solution containing FePO4. 
It was shown [9] that a mixture of 5 mM IFKhAN‑92 
+ 0.5 mM KNCS effectively protects low carbon steels 
in static solutions of H3PO4. The protective effect of this 
CI is based on its ability to form a polymolecular layer 
from a  solution of  H3PO4 on  the  surface of  steel, 
consisting of a polymer complex formed by Fe(II) 
cations, molecules of  3‑substituted 1,2,4‑triazole 
and rhodanide anions [10].

Corrosion of  low carbon steels in  solutions 
of mineral acids (so-called “non-oxidants”) is described 
in a simplified form by the total reaction
	 2 H+ + Fe = Fe2+ + Н2, 	 (1)
which is the result of the predominant course of partial 
reactions [11, 12]: cathodic hydrogen release
	 2 H+ + 2 e = Н2 	 (2)
and anodic dissolution of iron
	 Fe – 2 e = Fe2+. 	 (3)

The  features of  the  reaction mechanism (2) 
realized on  the  surface of  steels in  acid solutions 
are discussed in [11–13]. The mechanisms of reaction 
(3) were studied by Heusler [11], Bockris [14], 
Kolotyrkin and Florianovich [15], and Reshetnikov 
[16]. Kolotyrkin and Florianovich showed [15] that 
the dissolution of iron in phosphate solutions is carried 
out with the participation of OH– and H2PO4

–, while 
the participation of H2PO4

– ions in the anodic process 
is observed only at pH > 4. Later, Reshetnikov [16], 
when studying solutions with a higher total content 
of  phosphate anions, showed the  participation 
of H2PO4

– in the anodic reaction on steels at lower pH 
values.

We have shown [5] that in  H3PO4 solutions 
containing Fe(III) phosphate, corrosion of  low 
carbon steels occurs through three independent partial 
reactions: anodic ionization of iron (3), cathodic release 
of hydrogen (2), and reduction of Fe(III) cations:
	 Fe3+ + e = Fe2+. 	 (4)

In solutions with a high content of H3PO4, partial 
reactions (2) and (3) are carried out with kinetic control, 
and reaction (4) with diffusion control.

In  our study, it  seems appropriate to  study 
the possibility of slowing down the partial reactions 
of  steel (2)—(4) in  H3PO4 solutions containing 
Fe(III) phosphate with IFKhAN‑92 + KNCS mixed 
additives. We assume that the  effective inhibition 
of reactions (2)—(4) by the studied mixed CIs should 
ensure a significant slowdown in steel corrosion not 
only in static but also in dynamic H3PO4 solutions 
containing Fe(III) phosphate.

EXPERIMENTAL PART
H3PO4 (“chemically pure” grade) and distilled 

water were used to  prepare the  solutions. H3PO4 
solutions containing Fe(III) phosphate were obtained 
by the reaction of Fe(OH)3 precipitated by NaOH 
(“chemically pure” grade) from a solution of FeCl3 with 
an excess of H3PO4. To prepare a solution of Fe(III) 
chloride, FeCl3⋅6H2O (“pure” grade) was used. 
The inhibitor IFKhAN‑92, which is a 3‑substituted 
1,2,4‑triazole, and KNCS (“chemically pure” grade) 
were studied as corrosion inhibitors.

Electrochemical measurements of low carbon steel 
St3 (composition, in wt.%: C 0.14–0.22; P 0.04; Si 0.15–
0.33; Mn 0.40–0.65; S 0.05; Cr 0.3; Ni 0.3; N 0.008;  
Cu 0.3; As 0.08; Fe the rest) was carried out on a rotating 
disk electrode (n = 460 rpm) in a  solution of 2 M 
H3PO4 at  t = 25 °C. The potential of  the steel was 
measured relative to a silver chloride electrode filled 
with a saturated KCl solution. The steel electrode was 
cleaned with sandpaper (M20) and degreased with 
acetone. The  polarization curves (PC) were taken 
using an EL‑02.061 potentiostat at a polarization rate 
of 0.0005 V/s for the working electrode. Before applying 
polarization, the electrode was kept in the test solution 
for  30 minutes to  establish the  Ecor free corrosion 
potential, and then the curves of the anodic and cathodic 
polarization of the steel were taken. After removing them, 
the dependence of the cathode current, maintaining E 
= –0.30 V, on the speed of rotation of the electrode (n = 
0, 460, 780, 1090 and 1400 rpm) was studied. In the case 
of  steel corrosion in  H3PO4 solutions containing 
Fe(III) salts, the cathode process includes reaction 
(2). The nature of its flow may depend on the pressure 
of hydrogen gas in the system. To obtain stable results 
of  electrochemical measurements, the  removal 
of dissolved oxygen from the studied media was carried 
out by deaeration with gaseous hydrogen. This made 
it possible to carry out electrochemical measurements 
at a constant pressure of hydrogen gas in the system. 
The solutions were deaerated for 30 minutes before 
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the start of the studies. Hydrogen was obtained in an 
electrolyzer from a solution of NaOH. The average gas 
supply rate was 1 mL/s. During the electrochemical 
measurements, the transmission of hydrogen directly 
through the acid solution was stopped.

The lowest of the discussed values, 460 rpm, was 
chosen as the base rotation speed of  the steel disc 
electrode during electrochemical studies. At  such 
a  rotational frequency, the  densities of  kinetic 
and  diffusion currents characterizing the  cathode 
reaction occurring on the electrode under experimental 
conditions are the closest. This situation allows us 
to hope for a more correct assessment of the effect 
of Fe(III) phosphate additives on the partial cathode 
reactions of steel.

The  effect of  inhibitors on  electrode processes 
was assessed by the values of the cathode inhibition 
coefficient.
	 γс = iс,0 iс,in

‑1 	 (5)
and anodic reactions:
	 γа = iа,0 iа,in

‑1, 	 (6)
where iс,0 and  iа,0 are the densities of  the cathode 
and anode currents in the background solution, iс, 
in and iа,in are the densities of the cathode and anode 
currents in the solution with the additive under study 
at potentials of –0.30 and –0.10 V, respectively. When 
calculating the values of γс and γа, a solution containing 
only Fe(III) cations of the appropriate concentration as 
additives was taken as the background solution.

The values of  the electrode potentials are given 
according to the standard hydrogen scale.

The corrosion rate of  steel 08PS (composition, 
in wt.%: C 0.08; Mn 0.5; Si 0.11; P 0.035; S 0.04; Cr 0.1; 
Ni 0.25; Cu 0.25; As 0.08; Fe the rest) in 2 M H3PO4 
at a temperature of 20±2 °C was determined by the mass 

loss of samples (≥ 5 per point) measuring 50 mm × 
20 mm × 0.5 mm, based on the calculation of 50 mL 
of acid solution per sample:
	 k = ∆m S‑1 τ ‑1, 	 (7)

In this case, ∆m is the change in the mass of the 
sample, g; S is the sample area, m2; τ is the duration 
of corrosion tests, 1 hour; the duration of experiments 
is 2 hours. The studies were performed in both static 
and dynamic corrosive environments at the rotation 
speed of  the  magnetic stirrer w  =  250, 420, 750 
and 1080 rpm. Before the experiment, the samples 
were cleaned on an abrasive wheel (ISO 9001, grain 
size 60) and degreased with acetone.

The effectiveness of the inhibitors was assessed by 
the values of the inhibition coefficients
	 γ = k0 kin

‑1, 	 (8)
where k0 and  kin are  the  corrosion rate of  08PS 
steel in the background solution and in the solution 
with the  additive under study. When calculating 
the values of γ, a solution containing only Fe(III) 
cations of the appropriate concentration was taken as 
the background solution.

The  effect of  the  presence of  dissolved Fe(III) 
salt in the acid, at the same flow rate of the solution, 
and the nature of the flow of the corrosive medium, 
at a constant content of Fe(III), on the corrosion rate 
of steel was estimated by the increments of corrosion 
losses
	∆ kFe(III) = kFe(III) – k0, 	 (9)

	∆ kdyn = kdyn – kst 	 (10)
and the coefficient of corrosion acceleration
	 γFe(III)

–1 = kFe(III) k0
–1, 	 (11)

3.0

2.5

2.0

1.5 5

2

1.5

1.0

2.0

1.0

45

1.5 3

4
0.5 0.0

1.0

0.0

0.5

1
0.5

3

2-5

–0.5 –1.0

–0.5

2

0–0.4 –0.3 –0.2 –0.1

1

0–0.4 –0.3 –0.2 –0.10–0.4 –0.3 –0.2 –0.1
E, V E, V E, V

3-5

4

5

3
2

1

45
3

2
1

b ca

2

1

lg i [i, A/m2]lg i [i, A/m2] lg i [i, A/m2]

Fig. 1. Polarization curves of St3 steel in 2 M M H3PO4 (a) with additions of 0.5 mM IFKhAN‑92 + 0.5 mM KNCS (b) and 
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	 γdyn
‑1 = kdyn kst

‑1, 	 (12)
where kFe(III) and k0 are the corrosion rates of 08PS 
steel in an acid solution in the presence and absence 
of Fe(III) salts, and kdyn and kst are the corrosion rates 
of steel in dynamic and static media.

The measurements were carried out on instruments 
of the Center for Collective Use of Physical Methods 
of  the  Frumkin Institute of  Physical Chemistry 
and  Electrochemistry of  the  Russian Academy 
of Sciences (CCPM IPCE RAS).

RESULTS AND DISCUSSION
Important information about the  features 

of the mechanism of steel corrosion in acid solutions 
containing Fe(III) salt can be obtained by studying 
the  kinetics of  electrode reactions of  metal by 
voltammetry [15]. In 2 M H3PO4, the polarization 
curve shape of  low carbon steel is  characteristic 
of  corrosion occurring in  the  range of  its active 
dissolution potentials (Fig. 1, Table 1). In this medium, 
the  slope of  the  cathode PC of  steel (bс) is  close 

to the theoretically predictable value of 0.120 V for iron, 
but the slope of the anode PC of metal (ba) is higher than 
the theoretical value 0.035 V [16]. The increase in the ba 
steel slope was the result of the formation of a sludge 
layer on  its surface, which was visually observed. 
The presence of FePO4 acid in  the  solution shifts 
the potential of free corrosion of steel (Ecor) to more 
positive values, which is the result of the dissolution 
of this additive in the cathodic reaction. Fe(III) cations 
have practically no effect on the anodic process, but 
there is a positive order in the cathodic reaction in their 
concentration. The  initial section of  the  cathode 
PCs is  characterized by a  limiting current (ilim). 
On the contrary, the slope of the anode PC corresponds 
to the background dependence.

The presence of FePO4 additives in the H3PO4 
solution practically does not affect the  nature 
of  the  anode reaction, which proceeds 
in accordance with equation (3) both in the absence 
and in the presence of Fe(III) phosphate. The nature 
of the cathode PC indicates the participation of Fe(III) 
in the cathode reaction. In concentrated acid solutions 

Table 1. Values of corrosion potentials (Ecor) of St3 steel, Tafel slopes of polarization curves (bc and bа), cathode and anode 
current densities (ic and iа), deceleration coefficients of cathode and anode reactions (γc and γa) obtained at E = –0.30 
and –0.10 V, respectively. The values of E are given in V, i in A/m2, n = 460 rpm; t = 25 °C

СFe(III), М Еcor bс iс γc ba ia γa

2 M H3PO4

0 -0.23 0.125 11.5 - 0.06 262 -
0.01 -0.20 ilim* 21.5 - 0.06 236 -
0.02 -0.19 ilim 31.5 - 0.06 227 -
0.05 -0.18 ilim 63.1 - 0.06 226 -
0.10 -0.17 ilim 119 - 0.06 215 -

2 M H3PO4 + 0.5 mM IFKhAN‑92 + 0.5 mM KNCS
0 -0.16 ilim 0.69 16.7 ilim** 0.81 323

0.01 -0.15 ilim 1.2 17.9 ilim** 1.2 197
0.02 -0.15 ilim 3.0 10.5 ilim** 1.2 189
0.05 -0.13 ilim 6.0 10.5 ilim** 1.2 188
0.10 -0.12 ilim 12.6 9.4 ilim** 1.2 179

2 M H3PO4 + 5 mM IFKhAN‑92 + 0.5 mM KNCS
0 -0.17 ilim 0.16 71,8 ilim** 0.35 749

0.01 -0.16 ilim 0.20 108 ilim** 0.42 562
0.02 -0.16 ilim 0.22 143 ilim** 0.42 540
0.05 -0.16 ilim 0.23 274 ilim** 0.42 538
0.10 -0.16 ilim 0.24 496 ilim** 0.42 512

* ilim – limiting current.
** The value refers to the first linear section of the anode PC.
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(pH  < 2), the  cathode reaction corresponding 
to equation (2) proceeds in the kinetic control region 
[18], which is confirmed by the nature of the cathode 
reaction. In the presence of Fe(III) phosphate, they 
are complicated by the limiting current, which indicates 
a change in the mechanism of the cathode reaction. 
The observed limiting current may be due to diffusion 
limitations associated with the delivery of oxidizing 
agents H+ and  Fe3+ present in  the  acid solution 
to the steel surface. Since the concentration of H+ 
is more than an order of magnitude higher than СFe(III), 
the  limiting current is more likely to be the  result 
of  diffusion restrictions on  the  delivery of  Fe(III) 
cations to the steel surface. To confirm this assumption, 
it is necessary to investigate the effect of the electrolyte 
flow on the rate of the cathode reaction of steel, which 
is usually carried out using a disk electrode. By changing 
the frequency of its rotation, the mode of liquid flow 
near the metal surface is regulated [19, 20].

For the cathode process of steel, determined by 
reaction (2) occurring in the kinetic region and reaction 
(4) controlled by diffusion, the equation is applicable:
	 ic = ik + id, 	 (13)
where ik and id are the densities of kinetic and diffusion 
currents. In  the case of  laminar fluid motion near 
the  surface of  a  rotating metal disk, the  value 
of  id is  directly proportional to  the  square root 
of  the  rotational speed of  the  disk electrode (n), 
and therefore expression (13) is as follows:
	 ic = ik + f n1/2. 	 (14)

In  2 M H3PO4 + FePO4, the  experimental 
dependence of  ic on n1/2 has a  linear form (Fig. 2, 
Table 2). However, in 2 M H3PO4, there is no response 
of  the cathode current to a change in  the rotation 
frequency of  the  steel disc, which indicates 
the kinetic nature of the reaction (2). In the presence 

of  FePO4, the  kinetic component of  the  cathode 
current is the same as in its absence, which indicates 
the independence of reactions (2) and (4). In addition, 
it is clear that reaction (2) occurs in the kinetic region, 
and reaction (4) in the diffusion region.

The  diffusion current caused by the  reduction 
of Fe(III) on a steel cathode during laminar fluid flow 
is described by equation [18]:
	 id = 0.62zFC*D2/3η‑1/6n1/2. 	 (15)

Here C* is the concentration of Fe(III) in the depth 
of the solution, η is the kinematic viscosity of the liquid 
(0.011 cm2/s [21]), and  n is  the  angular velocity 
of  rotation of  the  steel disc. Using equation (15), 
it is possible to calculate DFe(III) in 2 M H3PO4 (Table 
2). The obtained value of DFe(III) has good convergence 
with the data obtained by cyclic voltammetry of a Pt 
electrode in 2 M H3PO4 containing FePO4 and given 
in [5].

In  background solutions of  H3PO4 containing 
FePO4, reactions (2) and (4) occur independently 
on  steel. In  further discussing the  results related 
to the inhibition of steel corrosion in such environments, 
we will proceed from the assumption that both of these 
partial cathode processes are  also implemented 
independently.

The introduction of 0.5 mM IFKhAN‑92 + 0.5 
mM KNCS and, especially, 5 mM IFKhAN‑92 + 0.5 
mM KNCS additives into 2 M H3PO4 significantly 
affects the parameters of the electrode reactions of St3 
steel (Fig. 1, Table 1). In the presence of these CIs, 
both electrode reactions of St3 steel are  inhibited, 
and the values of the Ecor value are shifted to the region 
of positive potentials in comparison with the background 
medium by 0.07 and 0.06 V, respectively, which indicates 
that these mixtures predominantly slow down the anode 
reaction of the metal. In media containing CIs, the slope 
of the cathode PC, compared with the background  
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2 M H3PO4, is  increased to  the  limiting current. 
Anode PCs have two linear sections. The first section 
adjacent to Ecor is characterized by a limiting diffusion 
current due to the effective inhibition of the anode 
reaction by the  protective film of  the  inhibitor. 
At higher potentials, a region of metal anodic activation 
is observed, characterized by a  significant increase 
in current [22, 23]. It is primarily associated with partial 
desorption from the surface of the inhibitor steel. In such 
media, there is no response of the cathode current 
to the rotation frequency of the steel disc electrode 
(Fig. 2, Table. 2), and the cathode process, as in 2 
M H3PO4 in the absence of FePO4, should be due 
to reaction (2), which is realized with kinetic control. 
In inhibited media, especially in the presence of 5 mM 
IFKhAN‑92 + 0.5 mM KNCS, ik values are lower than 
in the background environment.

The presence of FePO4 in a corrosive environment 
worsens the inhibition of the anode and, especially, 
cathode reactions of steel by mixed CIs, and this effect 
for the cathode reaction increases with an increase 
in  the  content of  Fe(III) in  the  solution (Fig. 1, 
Table 1). There is a response of the cathode current 
to the rotation frequency of the disk electrode (Fig. 2, 
Table 2). In such a system, the cathode current will 
consist of kinetic current, determined by the partial 
reaction (2), and diffusion current, caused by the partial 
reaction (4). An increase in  the content of FePO4 
in the inhibited acid leads to an increase in both ik and id 
values. It turns out that Fe(III) salts in the inhibited acid 
accelerate the cathodic reaction, participating in it not 
only as an additional depolarizer, but also reduce 
the inhibition of CI cathodic hydrogen release, which 
generally negatively affects the protection of steel. All 
other things being equal, in the presence of an additive 
of 5 mM IFKhAN‑92 + 0.5 mM KNCS, the negative 
effect of FePO4 on the inhibition of electrode reactions 
in steel is significantly less pronounced than in media 
inhibited by 0.5 mM IFKhAN‑92 + 0.5 mM KNCS. 
Despite this, the values of the ik and id parameters 
in the  inhibited media are significantly lower than 
in similar background solutions. The result obtained 
allows us to hope for effective protection of low carbon 
steel with a  mixture of  IFKhAN‑92 and  KNCS 
in H3PO4 solutions containing FePO4.

It should be understood how the presence of mixed 
CIs in an aggressive environment will affect the value 
of DFe(III). The values of DFe(III) observed in the inhibited 
2 M H3PO4, especially in  the  presence of  5 mM 
IFKhAN‑92 + 0.5 mM KNCS, are significantly lower 
than those typical for the background environment with 
the same parameters (Table 2). It should be clarified that, 
unlike 2 M H3PO4 containing FePO4, in the inhibited 
media equation (15) allows us to  calculate not 

the  true values of  DFe(III), but the  effective ones. 
The introduction of minor CI additives (no more than 
5.5 mM) into the acid solution cannot significantly 
change the true value of DFe(III) in it. We see another 
reason for this phenomenon: the inhibitor molecules, 
being adsorbed on the steel surface, form polymolecular 
protective layers. The  composition and  structure 
of polymolecular protective layers formed by a mixed 
inhibitor of  IFKHAN‑92 + KNCS are  discussed 
in [10]. To recover, the Fe(III) cation must overcome 
the protective layer and reach the surface of the steel. 
The  rate of  such a  process will be determined by 
the diffusion of Fe(III) cations in the protective layer 
formed by the CI. It is the values of DFe(III) in the near-
surface protective layer of the inhibitor that largely 
determine the values of effective DFe(III) obtained by 
equation (15).

Our identification of  the  kinetic parameters 
of  the  system under study allows us to  predict 
the  nature of  corrosion of  low carbon steel in  it. 
Corrosion of steel in 2 M H3PO4 containing FePO4 
proceeds through stages characterized by both 
kinetic control and diffusion restrictions. Therefore, 
the nature of steel corrosion in such systems should 

Table 2. Values of constants ik and f in equation (14) at  
E = –0.30 V for the cathode reaction of a steel rotating disk 
electrode in 2 M H3PO4 containing FePO4. Values of ik in 
A/m2, f in А rpm–1/2 m–2, t = 25 °C

СFe(III), М ik f D, µm2/s,
2 M H3PO4

0 10.2 0 -
0.01 10.2 0.50

130±10
0.02 10.2 0.97
0.05 10.2 2.34
0.10 10.2 4.84

2 M H3PO4 + 0.5 mM IFKhAN‑92 + 0.5 mM KNCS
0 0.38 0 -

0.01 0.38 0.0046 0.1
0.02 1.12 0.020 0.3
0.05 2.61 0.042 0.3
0.10 3.85 0.17 0.8

2 M H3PO4 + 5 mM IFKhAN‑92 + 0.5 mM KNCS
0 0.17 0 -

0.01 0.18 0.0010

Less than
0.01

0.02 0.19 0.0013
0.05 0.20 0.0015
0.10 0.22 0.0017
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significantly depend on the nature of the convection 
of an aggressive medium. Effective protection of low 
carbon steel in 2 M H3PO4 containing FePO4 with 
mixed CIs is to be expected, since they effectively slow 
down the partial electrode reactions of steel, including 
the reduction of Fe(III) cations. The higher the content 
of IFKhAN‑92 in the mixed CI, the more significant 
its effect on the partial reactions of steel.

These assumptions were confirmed when studying 
the corrosion of low carbon steel 08PS in a stream of  
2 M H3PO4 containing FePO4 by the mass loss of metal 
samples (Fig. 3, Table 3). Both in the absence of mixed 
CI and in its presence, the corrosion of low carbon 
steel in 2 M H3PO4 containing FePO4 increases with 

increasing СFe(III). In almost all the media studied, 
the response of the corrosion process to the mixing rate 
of the corrosive medium is observed. The experimental 
dependence of the corrosion rate of low carbon steel 
on the rotational speed of a propeller agitator used 
to create forced convection of an aggressive medium 
can be described by the equation
	 k = kst + λ w1/2, 	 (16)
where kst is the corrosion of low carbon steel in a static 
environment, w is the speed of rotation of the propeller 
agitator, λ is an empirical coefficient characterizing 
the intensity of the corrosion rate increment. Equation 
(16) formally corresponds to equation (14), which 
characterizes electrode reactions occurring with 
diffusion control. It should be noted that in 2 M H3PO4, 
both in the absence of CI and in their presence, there 
is a  slight response of  the corrosion process to an 
increase in the flow rate of the corrosive medium, 
which is explained by the presence of dissolved aerial 
oxygen in  the  media under consideration. Since 
the observed effect of oxygen is insignificant, we will 
not take it into account in our further discussions.

In  media inhibited by 5 mM IFKhAN‑92 +  
0.5 mM KNCS, the values of kst and λ are significantly 
lower than those observed in solutions without CI at all 
concentrations of FePO4 (Table 3). Effective protection 
of low carbon steel in a flow of a corrosive medium 
containing FePO4 occurs. A decrease in the content 
of substituted triazole in the IFKhAN‑92 + 0.5 mM 
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Table 3. Values of constants kst (g/(m2 h)) and λ (g rpm–1/2 
m–2 h–1) in equation (16) for corrosion of low carbon steel 
08PS at t = 20±2 °C in a solution of 2 M H3PO4 containing 
FePO4

СFe(III), M
2 M H3PO4

2 M H3PO4 + 5 mM 
IFKhAN‑92

+ 0.5 mM KNCS
kst λ kst λ

0 2.5 0.065 0,17 0,015
0.005 2.6 0.079 0,35 0,010
0.01 2.7 0.14 0,35 0,010
0.02 2.8 0.29 0,35 0,010
0.05 5.2 0.60 0,31 0,009
0.10 9.2 1.1 0,29 0,002
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KNCS mixture leads to a decrease in its protective 
effect (Fig. 4, Table 4). The residual protective effect 
is manifested even at СIFKhAN‑92 = 0.01 mM.

Analysis of experimental data shows that an increase 
in  the  content of  FePO4 in  a  corrosive medium 
accelerates the corrosion of low carbon steel (Table 5). 
The most significant increase in СFe(III) affects the rate 
of corrosion of steel in an environment that does not 
contain inhibitors. Also, in the presence of FePO4 in an 
H3PO4 solution, corrosion of steel accelerates during 
the transition from a static to a dynamic medium. 
On the contrary, in  inhibited media, the response 
of  the  corrosion rate to  an increase in  СFe(III) 
and an acceleration of the flow of aggressive media 
is insignificant. The considered mixed CIs provide 
metal protection in the studied solutions in both static 
and dynamic environments (Table 6).

The result has important theoretical and practical 
significance. It has been shown that by using mixtures 
of  substances capable of  forming polymolecular 
protective layers on the metal surface as corrosion 
retardants, it is possible to provide effective protection 
of steels in the flow of an acid solution containing 
Fe(III) salts. For the first time, a mixed individual 
inhibitor, IFKhAN‑92 + KNCS, capable of protecting 
steel in  the flow of an H3PO4 solution containing 
Fe(III), has been proposed. In  harsh conditions 
of  aggressive medium flow (750 rpm) containing  
0.1 M Fe(III), the addition of 5 mM IFKhAN‑92 + 0.5 
mM KNCS slows down the corrosion of low carbon 
steel by almost 110 times, providing k = 0.35 g/(m2 h).

CONCLUSION
1. The corrosion of low carbon steel in a dynamic 

H3PO4 solution containing FePO4 accelerates with 
an increase in the flow rate of the medium and an 
increase in  the concentration of Fe(III) salt in  it. 
The empirical dependence of the corrosion rate of steel 
on the intensity of the flow of the media under study, 
mixed by a propeller agitator, can be represented as 
a linear relationship:
	 k = kst + λ w1/2,
where kst is the rate of corrosion of steel in a static 
medium, w is the speed of rotation of the propeller 
agitator, and λ is the empirical coefficient.

2. Corrosion of low carbon steel in the flow of an 
H3PO4 solution containing FePO4 is realized as a result 
of three partial reactions on the metal: anodic ionization 
of iron and cathodic reduction of protons and Fe(III) 
cations.

3. For the first time, the possibility of inhibitory 
protection of low carbon steel in the flow of an H3PO4 

solution containing FePO4 by additives of a mixture 
of IFKhAN‑92 and KNCS has been shown. Mixed 
CIs provide a significant slowdown in steel corrosion 
in  these environments. The  reason for  the  high 
inhibitory effects of IFKhAN‑92 and KNCS mixtures 
when protecting steel in the flow of an H3PO4 solution 
containing FePO4 is  their effective deceleration 
of partial electrode reactions of  the metal: anodic 
ionization of iron and cathodic reduction of protons 
and Fe(III) cations.
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Fig. 4. Dependence of the corrosion rate of 08PS steel 
on the rotation speed of a propeller agitator in a corrosive 
environment at 20±2 °C in 2 M H3PO4 + 0.1 M FePO4 
(1) with additives 0.01 mM IFKhAN‑92 + 0.5 mM KNCS 
(2), 0.1 mM IFKhAN‑92 + 0.5 mM KNCS (3), 0.5 mM 
IFKhAN‑92 + 0.5 mM KNCS (4), 5 mM IFKhAN‑92 + 
0.5 mM KNCS (5). The duration of the experiments was 
2 hours.

Table 4. Values of constants kst (g/(m2 h)) and λ (g rpm–1/2 
m–2 h–1) in equation (16) for corrosion of low carbon steel 
08PS at t = 20±2 °C in a solution of 2 M H3PO4 containing 
0.1 M FePO4 + 0.5 mM KNCS

СIFKhAN‑92, mM kst λ
0.01 3.0 0.13
0.1 0.34 0.010
0.5 0.30 0.008
5 0.29 0.002
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Table 5. Corrosion rate (k), corrosion loss increment (Δk) and corrosion acceleration coefficient (γ -1) of 08PS steel in  
2 M H3PO4 solutions containing Fe(III). k and Δk in g/(m2 h). The duration of the experiments was 2 hours, t = 20±2 °C

СFe(III), M
Static medium Dynamic medium

(750 rpm) ∆kdyn** γdyn
‑1**

k ∆kFe(III)* γFe(III)
-1* k ∆kFe(III)* γFe(III)

-1*
2 M H3PO4

0 2.5 - - 4.2 - - 1.7 1.7
0.005 2.6 0.1 1.0 4.4 0.2 1.0 1.8 1.7
0.01 2.6 0.1 1.0 6.2 2.0 1.5 3.6 2.4
0.02 2.8 0.3 1.1 11 6.6 2.6 8.0 3.9
0.05 5.2 2.7 2.1 23 19 5.5 18 4.4
0.10 9.2 6.7 3.7 39 30 9.3 30 4.2

2 M H3PO4 + 0.01 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 3.0 - - 6.5 - - 3.5 2.2

2 M H3PO4 + 0.1 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 0.34 - - 0.62 - - 0.28 1.8

2 M H3PO4 + 0.5 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 0.30 - - 0.56 - - 0.26 1.9

2 M H3PO4 + 5 mM IFKhAN‑92 + 0.5 mM KNCS
0 0.17 - - 0.60 - - 0.43 3.5

0.005 0.35 0.18 2.1 0.64 0.04 1.1 0.29 1.8
0.01 0.35 0.18 2.1 0.64 0.04 1.1 0.29 1.8
0.02 0.35 0.18 2.1 0.64 0.04 1.1 0.29 1.8
0.05 0.31 0.14 1,8 0.56 -0.04 0.93 0.25 1.8
0.10 0.29 0.12 1,7 0.35 -0.29 0.58 0.06 1.2

* – Change in value as a result of the presence of Fe(III) in the solution at the same flow rate of the solution.
** – Change in value as a result of acceleration of the solution flow at a constant content of Fe(III) in it.

Table 6. Corrosion inhibition coefficients (γ) of 08PS steel in 2 M H3PO4 solutions containing Fe(III) with IFKhAN‑92 + 
KNCS additives. The duration of the experiments was 2 hours, t = 20±2 °C

СFe(III), M Static medium Dynamic medium (750 rpm)
5 mM IFKhAN‑92 + 0.5 mM KNCS

0 15 7.0
0.005 7.4 6.9
0.01 7.4 9.7
0.02 8.0 17
0.05 17 41
0.10 32 110

0.5 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 30 70

0.1 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 27 63

0.01 mM IFKhAN‑92 + 0.5 mM KNCS
0.10 3.1 6.0
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Abstract. The influence of addition of citric acid monohydrate on anodic dissolution and corrosion rate of 
aluminum in KOH solutions in 90% ethanol containing additives of gallium and indium compounds has been 
considered. It is shown that the introduction of citric acid monohydrate into the solution allows to reduce the 
magnitude of aluminum corrosion current without reducing the rate of its anodic dissolution. The inhibition 
efficiency of citric acid monohydrate when introduced into the solution at a concentration of 5∙10–4 M is 
58%. The discharge galvanostatic curves in the above electrolyte show a discharge plateau up to a discharge 
current density of 16 mA/cm2.
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INTRODUCTION
Aluminum, due to its high volumetric specific 

capacity (8.04 mA h/cm3) and the value of the 
standard electrode potential (–1.66 V), is a promising 
anode material for creating energy-intensive current 
sources. These features of aluminum and its widespread 
occurrence in the Earth’s crust have long attracted the 
attention of researchers working in the field of chemical 
power sources. An element with an aluminum anode in 
a solution of nitric acid as an electrolyte was proposed 
by Buff as early as 1897. The EMF of this current source 
is 1.377 V [1]. Later, various salt, acid, and alkaline 
water-based electrolytes were considered in the works 
on creating current sources with an aluminum anode 
[2–4].

A  significant limitation of the use of aluminum 
as an anode in current sources with an aqueous 
electrolyte is due to the significant self-dissolution of 
aluminum caused by the active release of hydrogen. To 
overcome this complication, many researchers have 
switched to using non-aqueous electrolytes [5–9]. The 
electrochemical behavior of aluminum depends not only 
on the electrolyte used, but also on the pretreatment of 
its surface. The use of aluminum as an anode in non-
aqueous electrolytes requires the use of labor-intensive 
pretreatment necessary to remove the oxide film on the 
electrode [7, 9]. This complicates the practical use of 
aluminum as an anode in current sources.

The use of alkaline water-alcohol solutions [10–16]  
makes it possible to overcome this complication, since 
the destruction of the insulating oxide layer on the 
electrode occurs directly upon contact of aluminum with 
the working electrolyte. The electrochemical activity 
of the aluminum electrode in these solutions depends 
on the water content in the electrolyte, increasing with 
increasing concentration [11, 12, 15]. Simultaneously 
with an increase in the activity of aluminum, an increase 
in the water content leads to an increase in the rate of 
its corrosion. A number of corrosion inhibitors used in 
aqueous solutions have also proved effective in aqueous 
alcohol electrolytes. In [13], the effect of Na2SnO3 on 
the anodic behavior of aluminum and the rate of its 
corrosion in a 4 M KOH solution in a mixed solvent 
methanol/water (volume ratio 4/1) was studied. The 
introduction of sodium stannate significantly slows 
down the corrosion of aluminum due to the deposition 
of tin on its surface. The authors of [13] found that with 
a significant increase in the concentration of sodium 
stannate in the electrolyte, the tin precipitate on the 
surface of the aluminum electrode cracks, leading to 
a decrease in the inhibitory effect of the stannate. The 
introduction of Na2SnO3 simultaneously improves the 
discharge characteristics of aluminum by inhibiting 
the formation of a dense deposit of reaction products 
on the electrode surface. This effect increases with 
increasing stannate concentration in the electrolyte. 
At a sodium stannate concentration of 10.0 mM/l, 
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galvanostatic curves with a discharge current density 
up to 20 mA/cm2 demonstrate a discharge plateau. 
At the same current density, the discharge curves in 
solutions containing stannate are shifted towards 
negative potential values compared to the curves 
obtained in solutions without an inhibitor. In [17], 
a hybrid inhibitor was proposed for aluminum-air 
current sources, including sodium stannate and 
casein. The introduction of 0.05 M Na2SnO3 and 
0.6 g/l casein into a 4 M NaOH solution reduces the 
rate of aluminum corrosion by an order of magnitude 
and increases the discharge capacity of the current 
source by 89.3%. The presence of ethylene glycol in 
the hybrid Na2SnO3/ ethylene glycol inhibitor [18] 
promotes a more uniform and dense deposition of tin 
on the surface of the aluminum electrode, which makes 
it possible to enhance the inhibitory effect of sodium 
stannate. At the same time, the discharge characteristics 
of the anode are improved. The best results are achieved 
by using 10% ethylene glycol (mass fraction) and 0.05 M  
Na2SnO3. In [18], a study of the corrosion behavior 
of the 1060 Al alloy in a 4 M aqueous NaOH solution 
showed that the use of the above hybrid inhibitor makes 
it possible to increase the use of the anode from 16% 
to 43%, and the specific energy density from 543 to 
1577 Wh/kg. Zinc oxide is known to be an effective 
inhibitor of aluminum corrosion in alkaline electrolytes. 
The effectiveness of aluminum corrosion inhibition in 
KOH solutions depends on both the concentration of 
ZnO and the concentration of KOH [19]. The authors 
of [19] established that in KOH solutions saturated with 
zinc oxide, a dense zinc film forms on the aluminum 
surface, which has strong adhesion and maximum 
protective properties. The open-circuit potential of 
the aluminum electrode shifts towards positive values 
when ZnO is introduced. In a 55% KOH solution 
saturated with ZnO, this displacement is ~200 mV. 
With anodic polarization, the discrepancy between 
the polarization curves in a pure KOH solution and in 
the presence of ZnO additives decreases. The rate of 
aluminum corrosion in the above electrolyte decreases 
by 2 orders of magnitude compared to what is observed 
in the absence of ZnO additives.

A number of researchers have proposed hybrid 
inhibitors based on the combined use of zinc oxide and 
specially selected organic compounds. The effect of ZnO 
additives on the corrosion behavior of aluminum in a 4 
KOH solution in a mixed methanol/water solvent (3/2 
by volume ratio) was considered in [14]. The corrosion 
rate of aluminum in this solution (6.46 mA/cm2)  
is significantly lower than in the corresponding 4 M 
aqueous KOH solution. The addition of ZnO to the 
electrolyte makes it possible to further reduce the rate of 
aluminum corrosion, and this effect can be enhanced by 

simultaneous administration of hydroxytryptamine into 
the solution. The introduction of 0.2 M ZnO and 1.0 
ml/l hydroxytryptamine into the solution reduces the 
corrosion current of aluminum by 82 times, reducing 
it from 6.46 to 0.079 mA/cm2. At the same time, the 
presence of zincate in the solution leads to a shift in 
the open-circuit potential of the aluminum electrode 
by 300 mV towards positive values. In [20], the effect 
of the combined use of zinc oxide and polyethylene 
glycol (PEG) on the electrochemical behavior and 
corrosion rate of aluminum in a 4 M KOH solution was 
considered. The authors [20] note that in the absence 
of PEG, the zinc precipitate on the aluminum surface 
has a loose, spongy structure and weak adhesion. In 
this case, it cannot be ensured that aluminum corrosion 
is inhibited for a long time. The introduction of PEG 
makes it possible to improve the characteristics of the 
zinc precipitate. The effectiveness of PEG depends 
on its concentration in the solution. The maximum 
effectiveness of this inhibitor is achieved by introducing 
0.2 M ZnO and 2 mM PEG into the solution. The 
introduction of an inhibitor makes it possible to 
significantly reduce the rate of aluminum corrosion, 
at the same time, the conductivity of aluminum shifts 
by about +0.5 V. relative to that in the absence of an 
inhibitor. Accordingly, the discharge curves proceed 
at relatively low values of the electrode potential. The 
authors of [21] proposed a hybrid inhibitor including 
ZnO and α, ω-Bis (2‑carboxymethyl) polyethylene 
glycol (PEG-diacid). The introduction of PEG-diacid 
affects the morphology of the zinc layer formed on the 
surface of aluminum, increasing its density and reducing 
porosity. The ZnO/PEG diacid inhibitor impedes the 
corrosion of aluminum in alkaline solutions by reducing 
the rate of the cathode reaction. Its use provides effective 
protection of the aluminum electrode from corrosion 
without affecting its discharge characteristics. During 
the discharge of the aluminum anode, the protective 
layer formed in the presence of an inhibitor is quickly 
removed from the surface of the aluminum anode, 
ensuring its effective discharge. Upon termination 
of the discharge, the protective layer of ZnO/PEG-
diacid is restored, resuming protection of the anode 
from corrosion in the time intervals between discharges. 
The effectiveness of this inhibitor depends on both the 
amount of ZnO in the solution and the concentration 
of PEG-diacid. The optimal effect is achieved 
by introducing 5000 ppm PEG diacid and 16 g/l  
of ZnO into the solution.

The effect of calcium oxide and sodium and 
potassium citrate additives on the corrosion and anodic 
behavior of aluminum Al‑2S in 4 M aqueous solutions 
of sodium and potassium hydroxide was studied in [22]. 
The authors of [22] suggest that aluminum in an alkaline 
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solution in the form of aluminate ions, interacting with 
Са2+ ions, forms calcium aluminate, which precipitates 
as a thin film on the surface of aluminum, preventing its 
corrosion. At the same time, A13+ ions, reacting with an 
excess of citrates, form aluminum citrate. Thus, calcium 
and aluminum citrates can also have an inhibitory effect 
on aluminum corrosion. It has been shown that the 
effectiveness of inhibition increases with increasing 
concentrations of both calcium oxide and sodium and 
potassium citrates. The inhibition efficiency in these 
solutions reaches 93%.

A study of the effect of calcium ions and tartrate 
ions on the behavior of aluminum in a 4 M aqueous 
KOH solution [23] showed that tartrate ions themselves 
have a slight inhibitory effect, but significantly enhance 
the inhibitory effect of calcium ions. The inhibition 
efficiency is 85%. The combined effect may be 
associated, according to the authors, with the formation 
of complexes leading to an increase in the solubility 
of Ca(OH)2. In [24], the inhibitory effect of urea and 
thiourea on the corrosion behavior of the Al-Mg-In-Mn 
alloy in a 5 M aqueous KOH solution was investigated. 
It has been shown that the introduction of the above 
corrosion inhibitors into a solution in an amount of  
25 mM makes it possible to reduce the corrosion current 
density of the alloy from 26 mA/cm2 in a solution 
containing no inhibitors to 12.6 and 11.2 mA/cm2 in 
the case of urea and thiourea additives, respectively. 
The effectiveness of the effect of urea and thiourea on 
the corrosion current grows with an increase in their 
concentration in solution.

Many of these inhibitors could not be used by us 
due to their low solubility in ethanol. Citric acid is one 
of the most effective corrosion inhibitors of aluminum 
and its alloys in an aqueous alkaline environment [25], 
however, it is highly soluble in both water and ethanol. 

These properties of citric acid led to its choice as an 
inhibitor in this work.

Earlier [15], we examined the effect of additives of 
gallium and indium compounds on the electrochemical 
activity of Al in a 2 KOH solution in 96% ethanol. It 
has been shown that the activating effect of gallium ions 
is most effective when their content in solution ranges 
from 10–5 to 10–4 M. Discharge galvanostatic curves in 
KOH solutions in 96% ethanol with additives of gallium 
and indium compounds at concentrations of 10–4 M 
and 10–3 M, respectively, make it possible to obtain 
a discharge plateau at current densities up to 4 mA/cm2.

The purpose of this study is to search for the 
composition of an electrolyte based on a  mixed 
aqueous-ethanol solvent that provides the maximum 
possible current of anodic dissolution of aluminum with 
a minimum current of its corrosion.

EXPERIMENTAL METHODS
Al electrodes were obtained from aluminum sheet 

of 99.999% purity. To carry out electrochemical 
measurements, smooth sheets 0.5 mm thick were 
cut into 5 x 10 mm rectangles with a tap for electrical 
contact. The surface of the Al electrode was treated with 
P 400 grit sandpaper and degreased with ethyl alcohol 
before measurement. All measurements were carried 
out in a 2 M KOH solution in 90% ethanol containing 
Ga(NO3)3 and In(NO3)3 additives. Electrolyte solutions 
were obtained using chemically pure reagents. 90% 
ethanol was used as a solvent.

The measurements were carried out in a small (15 cm3)  
glass three-electrode cell. All measurements were carried 
out after preliminary exposure of the Al electrode in 
the working solution for 1 h. The reference electrode 
was a silver chloride electrode. The auxiliary electrode 
is made of platinum. Galvanostatic measurements at 
current densities of 4.8 and 16 mA/cm2 were performed 
using an IPC2000 Pro potentiostat (EKONIKS, 
Russia). All measurements were performed at 
a temperature of 25 °C.

The traditional method of measuring the rate of gas 
release on aluminum in the working electrolyte was used. 
A small sample of the aluminum sheet used to make the 
electrodes was placed in a vessel with the test solution. 
The gas released on the aluminum sample was fed into 
an upside-down burette filled with water to measure the 
volume of released gas by the volume of displaced water. 
The volume of the released gas was brought to normal 
conditions by applying the ratio V=Vm ·273·(P-Pw)/
(760·(273+t)). Here V is the volume of gas brought to 
normal conditions, Vm is the measured volume of the 
released gas, P is atmospheric pressure, Pw is the partial 
pressure of water vapor under experimental conditions, 
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Fig. 1. Galvanostatic discharge curves on an Al electrode 
in a 2 M KOH solution in 90% ethanol containing 10–4 M  
Ga3+ and 10–3 M In3+ at various values of current density.
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t is the temperature in oC. The amount of electricity (Q) 
spent on hydrogen reduction and the volume of hydrogen 
released, related to the surface unit of the aluminum 
sample under study, are related by the ratio Q= 2FV/
Vo, where F is the Faraday number, V is the volume of 
released gas reduced to normal conditions, and Vo is the 
volume of one mole of gas under normal conditions. 
The density of the corrosion current caused by hydrogen 
release (icor = dQ/dt) can be easily determined by 
differentiating the dependence of Q on t, where t is the 
residence time of the aluminum sample in solution.

The effectiveness of the inhibitor (citric acid 
monohydrate) was determined by its effect on the rate 
of hydrogen release on aluminum. All measurements 
were carried out in a 2 M KOH solution in 90% ethanol 
containing additives Ga(NO3)3, In(NO3)3 and various 
concentrations of citric acid monohydrate.

RESULTS AND THEIR DISCUSSION
Fig. 1 shows chronopotentiograms of galvanostatic 

discharge obtained on an aluminum electrode in a 2 M 
KOH solution in 90% ethanol containing 10–4 M Ga3+ 
and 10–3 M In3+.

The displacement of the electrode potential 
towards positive values from the steady-state value of 
the open circuit potential at an anode current density 
of 4 mA/cm2 does not exceed 50 mV. The stability 
of the potential value of the Al electrode during the 
discharge process should be noted. An increase in the 
water content in a mixed aqueous-ethanol solution from  
4 to 10% leads to a fourfold increase in the achievable 
value of the discharge current density compared to 
what was previously obtained in a similar electrolyte 
containing 96% ethanol [15]. Fig. 2a shows the curves 

of the dependence of the amount of electricity spent 
on the release of hydrogen on aluminum, determined 
by the volume of the released gas, on the residence 
time of the Al sample in a solution containing various 
concentrations of the inhibitor. By differentiating the 
dependence of the amount of electricity Q on time t, 
the dependences of the corrosion current of aluminum 
icor on the time it was in the solution are obtained 
(Fig. 2b). As follows from Fig. 2b, the addition of citric 
acid monohydrate, depending on its concentration in 
the solution, leads to both a decrease and an increase 
in the density of the corrosive current. Citric acid 
monohydrate has the maximum inhibitory effect at 
a concentration of 5‧10–4 M in solution.

With higher and lower concentrations of citric acid 
monohydrate, the density of the corrosive current 
increases.

The corrosion current of aluminum, as can be seen 
from the data shown in Fig. 2, depends on the time 
it is in solution. The effectiveness of the inhibitor was 
evaluated using a steady-state value of the corrosion 
current. The corrosion inhibition efficiency η was 
calculated using the ratio η =[(ioc – ic) / ioc] ∙100, where 
ioc and ic are the corrosion currents in the absence of 
the inhibitor and when it is in solution, respectively. At 
a concentration of citric acid monohydrate 5∙10–4 M,  
the inhibition efficiency calculated after a six-hour 
exposure of the aluminum sample in solution is 58%. 
The steady-state value of the corrosion current density 
is 1.7 mA/cm2.

Fig. 3 shows chronopotentiograms of galvanostatic 
discharge of Al in a 2 M KOH solution in 90% ethanol 
containing additives of 10–4 М Ga3+, 10–3 М In3+ 

and 5∙10–4 M citric acid monohydrate. A comparison 
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Fig. 2. Dependences: (a) of the amount of electricity spent on hydrogen release on Al, (b) of the current density of Al corrosion 
on the time it was in a 2 M KOH solution in 90% ethanol containing 10–4 М Ga3+ and 10–3 М In3+ and additives of citric acid 
monohydrate.
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of the data shown in Fig. 1 and 3 shows that the 
introduction of citric acid monohydrate into the 
solution at a  concentration of 5·10–4 M does not 
impair the discharge characteristics of the aluminum 
electrode. Just as in the absence of an inhibitor, curves 
with a discharge current density of up to 16 mA/cm2 
demonstrate a stable discharge plateau.

CONCLUSION
1. An increase in the water content in a 2 M KOH 

solution in ethanol containing additives of gallium and 
indium compounds from 4 to 10% leads to a fourfold 
increase in the achievable value of the discharge current 
density.

2. Discharge galvanostatic curves in a 2 M KOH 
solution in 90% ethanol containing 10–4 М  Ga3+ 
and 10–3 М In3- at current densities up to 16 mA/cm2 
demonstrate a discharge plateau. 

3. The introduction of citric acid monohydrate 
into the above solution at a concentration of 5∙10–4 
M reduces the current density of aluminum corrosion 
to 1.7 mA/cm2. The inhibition efficiency of citric acid 
monohydrate is 58%.

4. The introduction of citric acid monohydrate 
into the solution reduces the amount of aluminum 
corrosion current without reducing the rate of its anodic 
dissolution.
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