TopaliFbIpOB YHUBEPCUTETIHiH Xa0apIbIChI
FBIJIBIMU KYPHAJIbI

HAYYHBIN )KYPHAJI
Becthuk TopaiirelpoB yHuBepcuTeTA

Topal¥bIpOB YHUBEPCUTETIHIH
XABAPHIBICHI

JHEPreTUKAJIBIK CePHUSICHI
1997 xpu1man OacTan IIbIFaIbl

BECTHHUK
TopalrsipoB yHUBEepCcUTETA

JHepreTuyeckasi cepusi
WNznmaercsa ¢ 1997 rona

ISSN 2710-3420

Ne 4 (2023)
IMABJIOJAP



HAYUYHBIN ) KYPHAJI
BecTtHuk TopaiirelpoB yHHBepcuTeTA

JHepreTuyeckas cepusi
BBIXOZUT 4 pa3a B IO

CBUAETEJILCTBO
0 MOCTAHOBKE Ha MepeyyeT IepHOJUYECKOro eYaTHOTO U3/IaHHus,
WH()OPMALIMOHHOTO areHTCTBa M CETEBOTO M3/IaHHs
Ne 14310-XK
BBIJIAHO
MuHucTepcTBO HHPOPMAIIMH U OOIIIECTBEHHOTO Pa3BUTHS
Pecny6nmkn Kazaxcran

TemaTnyeckasi HANPaBJIeHHOCTh
My ONMHUKanus MaTepPHaIoB B 00JIACTH AJIEKTPOIHEPTETHKH,
ANEKTPOTEXHOJIOTUH, aBTOMATH3aI[UH, aBTOMATH3UPOBAHHBIX U
MHPOPMAIIMOHHBIX CHCTEM, 3JIEKTPOMEXaHUKH U TEIIOIHEPTeTHKH

IMoanucHoli nuaexkc — 76136

https://doi.org/10.48081/SMUR243 1

Bac penakTopnl — r1aBHBI perakTop

Kucnos A. I1.
K.M.H., O0yeHm
3aMecTHTeNb TJIaBHOTO PellaKTOpa Tamunos O. M., dokmop PhD
OTBETCTBEHHBIH CEKpeTaphb Kanraes A.T'., doxmop PhD
Penaxnus ankacel — Peqakmmonnasi KoJuierust
Kneuens M. 41, 0.m.H., npogeccop
HosoxwunoB A. H.,  d0.m.n., npogeccop
Huxutun K. 1., 0.m.H., npopeccop (Poccus)
Huxudopos A. C.,  0.m.H., npogeccop
Hooxwumnos T. A., 0.m.H., npogeccop
Anudepos A.N., 0.m.H., npogpeccop (Poccus)
Komrexos K.T., 0.m.H., npoeccop
[Ipuxonpko E.B., K.M.H., npogheccop
Ocnanosa H. H., K.I.H.,, OOUeHm
Hedrucos A. B., o0okmop PhD
Owmaposa A.P., MexHUYecKull pedaKmop

3a JOCTOBEPHOCTb MATEPUAIOB U PEKIaMbl OTBETCTBEHHOCTb HECYT ABTOPhI H PEKIAMOATENH
Penakuus ocrasisier 3a co0oii IpaBo Ha OTKIOHEHHE MATEPUAIOB
IMpu ncnonb30BaHUH MaTEPUANIOB XKypHana cchblika Ha «Bectnuk TopalirslpoB yHHBEpCHTETa» 00s3aTeIbHA

© TopalreIpOB yHUBEPCUTET



TopaiireipoB yHHBepcuTeTiHIH Xabapibicel. ISSN 2710-3420. Onepeemuxanvik cepusicol. Ne 4. 2023

ORSTI47.13.0

https://doi.org/10.4808 1/YBED5026

*G. Toleutay'? M.Yelubay?, G. Aitkaliyeva*, G.Yelemessova®
43Satbayev University, Republic of Kazakhstan,Almaty,

stanbul University, Turkey, Istanbu;

3Toraighyrov University, Republic of Kazakhstan, Pavlodar.

e-mail: yelubay.m@tou.edu.kz

POLYAMPHOLYTES AS IONIC POLYMERS
FOR ADVANCED STORAGE SYSTEM

The search for efficient and sustainable energy storage solutions has
led researchers to explore a wide array of materials and technologies.
Among these, polymers have emerged as a promising candidate in the
development of advanced battery systems. This innovative approach
offers several advantages and holds the potential to revolutionize the
way we store and utilize energy. While polymers in battery systems hold
tremendous promise, challenges remain, including optimizing conductivity
and addressing potential issues related to polymer degradation over time.
However, ongoing research and development efforts are actively addressing
these problems, pushing the limits of what is achievable with polymer-based
energy storage technologies. As technology continues to advance and our
understanding of polymer materials deepens, we can anticipate a future
where polymer-based batteries play a significant role in powering our world
with cleaner, safer, and more versatile energy sources. Furthermore, the
family of polymers known as polyampholytes, which contain both positive
and negative charges in a single macromolecule, has a lot of potential
applications in Advanced Battery Technologies. Because of this distinct
quality, polyampholytes can display fascinating electrochemical properties,
which makes them desirable candidates for use as ionic polymers in
batteries. This article delves into the emerging field of polyampholytes
and their promising role as ionic polymers in the realm of advanced
battery technologies. Herin we will explore their potential contributions
to improving battery safety, stability, and overall performance. This study
highlights the innovative possibilities that polyampholytes offer in the
pursuit of next-generation energy storage solutions.
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Introduction

Polyampholytes are macromolecules composed of repeating units that carry
both positive and negative charges [1, 2]. These charges can arise from the presence
of different functional groups, such as amino acids or sulfonic acid groups, within
the polymer structure. The simultaneous presence of positive and negative charges
enables polyampholytes to exhibit a wide range of properties, including the ability
to conduct ions, respond to external stimuli, and enhance overall electrochemical
performance. This unique characteristic distinguishes them from other types of
polymers and imparts fascinating properties and behaviors. These charges can
originate from different functional groups, such as acidic and basic groups or
ionizable amino acids [3—5]. The charge distribution may be random, alternating,
or block-like, depending on the synthesis method and monomer composition. The
presence of charged groups enables polyampholytes to exhibit unique electrostatic
interactions, such as intra-chain and inter-chain coulombic interactions, which
greatly influence their properties. The charge density and overall properties of
polyampholytes are highly dependent on the pH of the surrounding environment.
At specific pH values, the ionizable groups within the polyampholyte can
either become fully charged, partially charged, or neutral. Consequently, the
conformation, solubility, and intermolecular interactions of the polyampholyte
can undergo significant changes. The interesting point is that the Polyampholytes
display also the amphoteric behavior, meaning they can act as both anionic and
cationic polymers depending on the pH and ionic strength of the medium. This
characteristic allows polyampholytes to interact with oppositely charged species,
such as metal ions or other polyions, through electrostatic attraction or repulsion.
The interplay between electrostatic interactions, solvent interactions, and polymer
flexibility influences the conformational behavior of polyampholytes.

Materials and methods

Electrochemical Performance of polyampholytes in Advanced storage system

Polyampholytes can serve as excellent ionic polymers in batteries due to
their high ionic conductivity and compatibility with various electrode materials.
They can function as electrolytes, separators, or binder materials, facilitating ion
transport within the battery system. Their ability to transport both cations and
anions improves charge distribution and helps mitigate issues such as electrode
polarization and capacity fading. Additionally, the presence of charged groups
within the polyampholyte structure can enhance ion adsorption and diffusion,
contributing to faster charging and discharging rates. Here, we delve into the
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electrochemical performance of polyampholytes in batteries and their contributions
to advanced energy storage technologies [6, 7].

One of the key attributes of polyampholytes is their ability to conduct ions
efficiently. Due to the presence of both positive and negative charges within the
polymer chains, polyampholytes offer high ionic conductivity for both cations
and anions. This facilitates the rapid movement of ions between the electrodes,
leading to enhanced charge transport and improved battery performance. The high
ionic conductivity of polyampholytes helps minimize resistive losses and mitigates
issues such as electrode polarization and voltage fading. The charged groups
within polyampholytes promote strong interactions with ions in the electrolyte.
This enables enhanced ion adsorption and diffusion, facilitating faster charging
and discharging rates. Polyampholytes can effectively capture and transport both
positive and negative ions, thereby improving the overall ionic mobility and ion
distribution within the battery system. This characteristic is particularly valuable
in high-power applications where rapid charging and discharging are essential.
Polyampholytes can also form a stable interface with electrode materials, reducing
interfacial resistance and improving the overall electrochemical performance. The
charged groups within the polyampholyte structure facilitate strong interactions
with the electrode surfaces, promoting efficient ion transfer and minimizing
charge transfer resistance. This leads to reduced polarization effects, enhanced
charge and discharge efficiency, and improved power output. These kinds of
polymers possess inherent flexibility, allowing them to adapt to volume changes
that occur during charge-discharge cycles. This flexibility helps accommodate the
stress-induced strain caused by repeated expansion and contraction of electrode
materials, thereby improving the mechanical stability of the battery. By reducing
mechanical stress, polyampholytes contribute to enhanced cycle life, preventing
electrode degradation, and ensuring long-term battery performance.

The presence of charged groups within the polyampholyte structure enables
strong interactions with electrode surfaces, reducing the formation of harmful
dendrites during cycling. Dendrite formation can lead to short circuits and safety
hazards in batteries. By suppressing dendrite growth, polyampholytes enhance the
safety and longevity of the battery system, as well as exhibit a high compatibility
with a wide range of electrode materials, including metals, metal oxides, and sulfur-
based compounds. This compatibility allows for versatile battery chemistries and
enables the utilization of different electrode materials with optimal performance.
Polyampholytes can enhance the stability and reactivity of electrode-electrolyte
interfaces, contributing to improved electrochemical performance across diverse
battery systems. Literature survey shows that the properties of polyampholytes
can be tailored through modifications in the polymer composition, charge density,
molecular weight, and charge distribution. This flexibility enables the design of
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polyampholytes with specific characteristics suited for various battery applications.
By fine-tuning the polymer structure, researchers can optimize properties such
as ionic conductivity, mechanical strength, thermal stability, and electrochemical
performance, enhancing the overall functionality of batteries [8—10].

Self-Healing Polyampholyte Hydrogels for Exceptional Mechanical Strength

T. Long and et al. [ 11] have successfully developed self-healing polyampholyte
hydrogels with exceptional mechanical strength in the Megapascal range, excellent
resilience, improved toughness, and satisfactory conductivity. These hydrogels
were created through a one-step polymerization process, involving positively
charged imidazolium-based ionic liquid monomers containing urea groups and
negatively charged 3-sulfopropyl methacrylate potassium salt monomers, followed
by subsequent dialysis in water.

After three days of dialysis, the initially soft hydrogels transform into
mechanically robust structures with a tensile strength of approximately 1.3 MPa,
a strain at break of about 720 %, and a toughness of around 6.7 MJ*m—3. The
presence of hydrogen-bonding interactions involving urea groups plays a crucial
role in enhancing the mechanical strength and toughness of these hydrogels.
Furthermore, these hydrogels can spontaneously heal from physical cuts at room
temperature, achieving a remarkable healing efficiency of around 91 %, thanks
to the reversibility of electrostatic and hydrogen-bonding interactions. These
mechanically robust hydrogels retain a satisfactory ionic conductivity of about
3 S *m — 1 at room temperature, making them suitable for use as highly flexible
and stretchable conductors with self-healing capabilities. Hydrogels, which are
materials containing significant water content in their three-dimensional structures,
have gained attention for their potential applications in load-bearing materials like
cartilage and tissue engineering scaffolds. However, traditional hydrogels often
suffer from vulnerability to severe stretching, bending, and compression, limiting
their practical utility [11].

Various approaches have been explored to address this challenge, with a focus
on imparting self-healing abilities to hydrogels. Unfortunately, achieving both high
mechanical strength and efficient self-healing has been a challenging balance to
strike. Several authors mention other efforts to create self-healing hydrogels with
varying degrees of success. Some methods resulted in rapid self-healing but with
limited mechanical strength, while others achieved higher mechanical strength
but struggled with effective self-healing. The key challenge in this field has been
reconciling strong and stable crosslinking interactions, which improve mechanical
strength but hinder self-healing, with the need for reversible cleavage and formation
of dynamic covalent bonds or noncovalent interactions to enable efficient healing.
Some authors proposed a novel approach to address this challenge by tailoring the
strength of electrostatic interactions in hydrogels through a dialysis process. This
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process removes some counter ions and introduces hydrogen-bonding interactions
as sacrificial bonds to dissipate energy, resulting in hydrogels with excellent healing
abilities and outstanding mechanical strength. These hydrogels also maintain a
proper number of counter ions, enabling the percolation of conductive pathways
and providing satisfactory electrical conductivity [12].

Enhancing Electrolyte Performance with Polyampholyte Doping

Wei J. et al. [7] collaborated to design and enhance the performance
of electrolytes using «hot ice» alignment and polyampholyte doping. These
improvements resulted in significantly higher ionic conductivity thanks to the
formation of vertical liquid ion channels. In the case of aligned-PA gel-based
supercapacitors, they achieved an ultrahigh discharge capacitance of 201.5 F*g!' at
0.1 A*g!, which is approximately twice that of the non-aligned counterparts. This
improvement can be attributed to the optimized adhesion of polyampholyte-doped
electrolytes during charging, leading to reduced interface resistance. Impressively,
even after undergoing 10,000 charge-discharge cycles, the steady capacitance
remained at about 101.1 %. Consequently, these electrolyte materials, with their
enhanced ionic mobility and mechanical strength, hold great promise for use as
integrated electrolytes and separators in flexible and wearable electronic devices.

In a related study, Hastings et al. [13] delved into the transition from self-
coacervation to complex coacervation of various charge-balanced polyampholyte
(PA) and polyelectrolyte (PE) pairs. Their focus was on copolymers of methacrylic
acid and N-(3-aminopropyl) methacrylamide hydrochloride, with a particular
emphasis on how the distribution of charges affects coacervate properties. To
assess the response of different charge-balanced coacervates to pH changes, they
employed turbidimetric pH titration. The study revealed that as molecular weight
increased, coacervates’ resistance to stimuli like ionic strength and pH grew,
progressing from liquid self-coacervates formed by stoichiometric PA to complex
coacervates formed by complementary nonstoichiometric PAs, and finally to less
hydrated coacervates or precipitates formed from two PE homopolymers. Optical
microscopy was used to map the compositional regions corresponding to liquid-
liquid and liquid-solid phase separations. The researchers found that coacervates
exhibited thermal responsiveness and lower critical solution temperatures
dependent on composition and ionic strength. Isothermal titration calorimetry
(ITC) confirmed that complexation was primarily driven by entropy. Moreover,
coacervate droplets were shown to reversibly bind ionic dyes, suggesting their
potential use in drug release systems. Genipin could also be employed to create
cross-linked coacervate microgels. These synthetic coacervates, accessible through
free-radical copolymerization, served as valuable models for studying phase
separation in natural polyampholytes [13].
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Another study focused on obtaining an ionic complex composed of anionic
and cationic monomers by protonating (N,N-diethylamino)ethylmethacrylate
(DEA) with acrylic acid (AAc). Through free radical copolymerization of this ionic
complex and acrylamide (AAm), the researchers generated ionically crosslinked
polyampholytic gel electrolytes known as poly(AAc-DEA—AAm), abbreviated as
PADA. Two types of organic solvents containing a lithium salt were used in the
process. DSC thermograms demonstrated the good thermal stability of the resulting
PADA gel electrolyte. Impedance analysis conducted at various temperatures from
-30 to 75 °C revealed that the ionic conductivities of PADA gel electrolytes closely
approached those of liquid electrolytes. The temperature-dependent behavior of
ionic conductivities aligned with the Arrhenius equation. Moreover, increasing
the molar ratios of cationic to anionic monomers boosted the ionic conductivities
of PADA gel electrolytes. PADA gels prepared in solvent mixtures of propylene
carbonate, ethyl methyl ether, and dioxolane exhibited higher ionic conductivities
compared to those prepared solely in propylene carbonate. Impressively, even at
-30 °C, the ionic conductivities of both types of PADA gel electrolytes remained
in the range of 102 to 10* S *cm-1. Cyclic voltammetry measurements showed
that the electrochemical windows of PADA gel electrolytes ranged from -1 V to
4.5 V. These gel-type electrolytes garnered significant attention due to their high-
energy density, flexibility, and safety, offering potential applications in various
electronic devices. Traditional polymer electrolytes often require plasticizers to
achieve reasonable ionic conductivity, but these plasticized systems can suffer
from instability and reduced mechanical properties due to plasticizer transfer and
volatilization. Ionically crosslinked gels, on the other hand, offer stability and
improved ionic conductivity, making them a promising alternative for various
applications, including high-load-bearing hydrogels, drug delivery vehicles, and
bio-adhesives [14].

Flexible and Self-Healing Supercapacitors with Polyampholyte Hydrogel
Electrolytes

Flexible and multifunctional zinc-ion batteries (ZIBs) are crucial components
in the realm of flexible and wearable electronics. Yet, traditional gel electrolytes
based on polyvinyl alcohol have intrinsic limitations in terms of their ability
to self-heal and stretch, which fall short of meeting the demands for flexible,
self-healing, and multifunctional ZIBs. In response to this challenge, in [15]
embarked on a project to synthesize polyampholyte nanocomposite hydrogels.
These hydrogels exhibited remarkable mechanical strength, impressive ionic
conductivity (measuring at 27.3 Ms*cm ™), and outstanding self-healing properties.
These attributes arose from the presence of inorganic crosslinkers, namely
Laponite and GO, along with zwitterionic monomers. The team utilized these
polyampholyte hydrogel electrolytes to assemble ZIBs, incorporating carbon
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nanotubes (CNTs)/vanadium disulfide as cathodes and CNTs/Zn as anodes.
The resulting ZIBs demonstrated exceptional electrochemical performance,
boasting a discharge capacity of 245 F g™ at 0.05 A g'. Most notably, these ZIBs
possessed multifunctional healability under various conditions, including ambient
temperature, near-infrared light at 808 nm, and heating. Impressively, even after
undergoing five and six cycles of being broken and healed, they retained 80% and
54 % of their initial capacity, respectively[15].
Biochar-Reduced-Graphene-Oxide Electrodes for Aqueous Supercapacitors
Li et al. [16] have developed a unique type of electrode known as biochar-
reduced-graphene-oxide (BC-RGO) electrodes by incorporating reduced
graphene oxide into biochar. These electrodes play a crucial role in the creation
of supercapacitors. The resulting supercapacitor exhibits an impressive energy
density of 30 Wh/kg, with approximately 90 % capacitance retention after 5000
charge-discharge cycles at room temperature and a power density of 50 W/kg. Even
at a frigid temperature of -30 °C, this supercapacitor maintains an energy density
of 10.5 Wh/kg when operating at a power density of 500 W/kg. The outstanding
low-temperature performance is attributed to the concept of non-freezable water
near the hydrophilic polymer chains, opening up new possibilities for research into
water phase behavior in the vicinity of polyampholyte chains. The combination of
BC-RGO electrodes and polyampholyte hydrogel electrolytes holds great promise
for supercapacitors in flexible electronics and low-temperature environments [ 16].
Enhancing the performance of electrochemical storage devices at low
temperatures is critical for applications in automobiles, wearable devices, and
energy grids in cold climates. Traditional challenges at low temperatures include
reduced ion transport due to increased viscosity and the brittleness of polymeric
binder components. While supercapacitors can operate at low temperatures down
to -40 °C using organic solvents or ionic liquids, these liquids have their own
drawbacks, such as humidity-dependent conductivity, toxicity, and environmental
contamination risks. Gel polymer electrolytes, however, offer a promising solution,
providing a balance between solid and liquid electrolytes. Polyampholyte hydrogel
electrolytes stand out due to their unique mechanical properties, self-healing
ability, and resistance to crack propagation. Biochar, derived from low-temperature
pyrolysis of biological waste, has garnered attention for various applications,
including energy storage. However, pure biochar lacks the necessary specific
capacitance, structural integrity, and electrical conductivity for use as an electrode
material. To overcome these limitations, BC-RGO electrodes were developed,
incorporating reduced graphene oxide into biochar. These electrodes offer a cost-
effective solution with improved performance compared to traditional alternatives.
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Intending the properties of Polyampholytes for Specific battery Applications

The flexibility of polyampholytes enables researchers to tailor their properties
for specific battery applications. By adjusting the polymer composition, molecular
weight, or charge distribution, it is possible to optimize ionic conductivity,
mechanical strength, thermal stability, and other relevant parameters. For
instance, the incorporation of hydrophobic segments can enhance the stability of
polyampholytes in aqueous electrolytes, making them suitable for aqueous battery
systems. Such tunability provides a pathway for designing polyampholytes that
meet the requirements of different battery chemistries and device configurations.
The ionic conductivity of polyampholytes can be adjusted to meet the requirements
of different battery chemistries and operating conditions. By carefully selecting the
monomer composition and charge density, researchers can enhance the mobility
of ions within the polymer matrix, leading to improved charge transport and faster
kinetics. Increasing the charge density or incorporating ion-conductive moieties
can boost the ionic conductivity of polyampholytes, making them suitable for
high-power applications or batteries operating at low temperatures.

Polyampholytes can be designed to possess the desired mechanical properties,
including strength, flexibility, and elasticity. Modulating the molecular weight and
cross-linking density allows researchers to optimize the mechanical stability and
toughness of polyampholytes. This is particularly crucial in applications where the
battery undergoes mechanical stresses during operation, such as in portable devices
or electric vehicles. By tailoring the mechanical properties of polyampholytes,
researchers can enhance the durability and cycling performance of batteries. The
ability to tailor the properties of polyampholytes allows researchers to optimize
their performance for specific battery applications. By carefully adjusting the
polymer composition, molecular structure, and charge distribution, researchers can
achieve improved ionic conductivity, mechanical strength, thermal stability, solvent
compatibility, environmental sensitivity, and electrode material compatibility. This
customization of polyampholytes contributes to the advancement of tailored energy
storage technologies and paves the way for the development of high-performance
and efficiency. lonic conductivity is a critical property of polyampholytes that
directly influences their performance in energy storage applications. It refers to the
ability of the polymer to facilitate the movement of ions, both cations and anions,
within its structure. The ionic conductivity of polyampholytes plays a crucial role
in determining the efficiency and kinetics of ion transport, which in turn impacts
the overall electrochemical performance of batteries[10, 17, 18].

The presence of charged groups within the polymer chain is fundamental
to the ionic conductivity of polyampholytes. A higher charge density leads to a
greater number of charge carriers available for ion transport, resulting in enhanced
conductivity. Increasing the charge density can be achieved by incorporating more
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ionizable groups or adjusting the polymer composition to include monomers with
higher charge densities. Polymer morphology, including chain conformation and
polymer-solvent interactions, affects the mobility of ions within the polyampholyte
matrix. For example, an extended or open-chain conformation provides more
space for ion movement, facilitating higher ionic conductivity. The strength and
nature of the interactions between ions and polyampholyte chains significantly
impact the ionic conductivity. The electrostatic interactions between the charged
groups in the polymer and the surrounding ions influence the ion transport kinetics.
Strong ion-polymer interactions promote effective ion solvation and enhance ion
mobility, leading to improved conductivity.

Results and discussion

Overcoming Challenges of integration of polyampholytes into commercial
batteries

Polyampholytes, the versatile ionic polymers that have been making waves
in the world of advanced energy storage technologies, hold enormous promise
for the future of batteries. These polymers exhibit exceptional stability and safety
attributes, offering significant advantages over traditional electrolytes. However,
despite their numerous strengths, there are still some challenges to overcome and
exciting prospects on the horizon as we strive to integrate polyampholytes into
commercial batteries [8, 19].

One of the foremost challenges on the path to realizing the full potential of
polyampholytes in batteries is the need to improve their overall ionic conductivity,
particularly at low temperatures. Ionic conductivity is a pivotal parameter that
directly influences battery performance, and achieving optimal performance even
in cold climates is essential. To address this challenge, researchers are actively
exploring various strategies. Among these strategies, nanocomposite formation,
copolymerization, and cross-linking techniques stand out as promising avenues.
Another pivotal aspect in advancing polyampholytes for battery applications is
understanding the degradation mechanisms that these polymers may undergo. To
ensure their practical implementation in commercial batteries, researchers must delve
into the intricacies of how polyampholytes interact with battery components over time.

Designing stable polyampholytes with extended cycle life is a fundamental
goal in overcoming the challenges of degradation. Researchers are actively engaged
in studying the effects of prolonged charge-discharge cycles on polyampholyte
materials. Insights gained from these.

The journey of polyampholytes in the world of batteries is still in its early
stages, but the potential is undeniable. With concerted efforts to enhance ionic
conductivity, a thorough understanding of degradation mechanisms, and the design
of stable, long-lasting polyampholyte materials, we are poised to unlock even
more of the tremendous promise they hold. The future envisions batteries that are
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not only safer and more stable but also highly efficient and adaptable to various
operating conditions. Whether it’s powering electric vehicles, revolutionizing
portable electronics, or enabling grid-scale energy storage, polyampholytes have
the potential to play a pivotal role in shaping the next generation of energy storage
technologies.
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Conclusions

In conclusion, polyampholytes represent a remarkable breakthrough in the
realm of energy storage materials, offering a host of attributes that are propelling
them to the forefront of innovation in this field. Their unique combination of
positively and negatively charged groups, coupled with their impressive ionic
conductivity and superior ion adsorption and diffusion properties, has unlocked a
wealth of opportunities for designing advanced energy storage systems.

Furthermore, the inherent benefits of reduced interfacial resistance, flexibility,
and compatibility with a wide range of electrode materials make polyampholytes a
good choice for various energy storage applications. These attributes collectively
contribute to not only efficient charge transport but also to heightened power output
and prolonged cycle life, addressing critical challenges in the energy storage sector.

As research and development efforts in polyampholyte-based energy storage
technologies progress, we are witnessing the continued expansion of the horizons
of materials science. This relentless pursuit of innovation is paving the way for
groundbreaking advancements in the field.
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JKETLIIIPLITEH CAKTAY )KYWECIHE APHAJIFAH MOH]IBIK
INOJIMMEPJIEP PETIHAEI'T HOJIMAM®OJIUTTEP

OHepeusinbl cakmayovly muimoi JcoHe mypaKmol wieumimoepin
i30ey 3epmmeywiiepdi mamepuaioap MeH mMexHoN0UALAPObIH KeH
aykuimuin 3epmmeyee umepmeneoi. Onapowiy iwinde noaumepiep 03bik
AKKYMYISAMOPILIK HCYyllienepOi 93ipieyoe Nepcnekmusabl yMimkep peminoe
natioa 6010bi. Byn unnogayusnblK mocin OipHewe apmulKUbLIbIKMAPObL
YCBIHAObI JHCOHE IHEPSUSHBL CAKMAY HCOHE NAUIOAIAHY MOCIIIMIZ0e MOHKepic
Jrcacayaa MymKiHOIK Oepedi. AKKyMYIsImopavlK Jcyiienepoe2i noaumepiep
YIKeH yMImKe e O02AHbIMEH, OMKIZ2IUMIKME OHMAIAHObIPY HCOHE YAKbIM
eme Kelle NOaUMep 0e2padayusiCbiHa KAmvlCmovl bIKIMUMAT Mocereepoi
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wewyoi Koca anzanoa, KUblHObIKkmap oii oe oap. [ezenmen, scypeizinin
AHCAMKAH 2bIILIMU-3EPIIMEY IHCOHE MONCIPUOENIK-KOHCMPYKMOPJIbIK
Kywi-oicieep ocvl npobiemanaposi OeiceHdi mypoe weutyoe, noiumep
He2i3iHOe2i dHep2UsAHbl CAKMAy MEXHOIO02USNAPbIMEH KON JHCemKizyze
bonamvin wexkmeynepoi umepmeneidi. TexHono2usiHblY anza HCbLIHCY b
JICOHE NOUMEPIIIK MAMEPUATOap mypasivbl MyCIHI2IMI3 MEPeHOe2eH CaliblH,
013 nonumep Heeizindezi bamapesiap sreMimizoi masa, KAYINci3 HeoHe HeaH-
JHCAKMbL Kyam Ke30epiMeH Kyammanoblpyoa Manbl30bl POJi AMKAPAMbIH
bonawaxmol boncati aramwiz. Convimen Kamap, Oip MakpoMoeKy1aoa oy
JiCOHe mepic 3aps0mapobl KAMMUMblH NOIUAM@OIUmMmMeEpP 0en amaiamolh
nonumepnep moowvinvly Advanced Battery Technologies-me xenmezen
aneyemmi Kondanbanapvl 6ap. OcvlnOall epekuie canaza OAUIAHbICbL
noauam@onummep Kepemem eKmpOXUMUsLIbIK Kacuemmepoi Kopceme
anaosi, 6y onapovl bamapesnapoa UOHOLLK Nnojumepep peminoe
nanuodanany ywin Koiauivl KaHouoammap emeoi. byn maxanaoa
nouam@orummepoiy, OAMuln Kejie HCAMKAH CALACbL HCOHE OJLAPObLH
anobiyabl KAmapiavl aKKYyMYASAmMOpablK MEXHOI02UALAP CALACbIHOA2bl
UOHOBIK, NOJUMeEPIep peminoe2i NepCReKMUBANIbIK POl KapacmulpblLidobl.
Mynoa 6i3 onapoviy 6amapest KayincizoiiH, mypaKmulibl2blH HCOHE HCANNbL
OHIMOINIZIH apmmblpyOazbl olkeyemmi yiecmepin sepmmetimiz. byn sepmmey
KeJleci ypnak sHepeusi cakmay uiewiimoepin izoeyoe noauam@oiummep
YCOIHAMbIH UHHOBAYUSIBIK MYMKIHOIKmMepOi KopcemeoL.

Kinmmi ceszdep: Ioruam@onummep, uoHObIK noaumepiep,
Keyeumineen caxmay cyuienepi, d1eKmpoXumMusivlK Kopcemxiwmep,
IHepeusi cakmay sHcylenepi.

I Toreymaii'?, M. Eny6aii’, I’ Atuimkanuesa’, I Enemecoea’
45CarmaeB y HuBepcureT, AiMarsl, Pecriyonuka Kaszaxcraw,
2CramOynbekuit yausepeutet, CtamOyi, Typuus,

3 TopaiireipoB Yausepcurert, [1aBnonap, Kasaxcran
IIpunsaro k uzganuro 28.11.23.

IHOTMAM®OJINTBI KAK HOHHBIE ITOJINMMEPBI
JJIA COBPEMEHHBIX CUCTEM XPAHEHUSA

Touck s¢pghexmugHbix u ycmougblx peueHutl Oist XpaHeHusi SHep2uu
no6youn uccredosameneti U3yYUmMs WUPOKULL CHEKMP MAmMepuaios u
mexuonocuii. Cpedu HUX noaumepvl OKA3AIUCL MHO2000euaouum
KAHOUOAmom npu paspabomke cOBPEMEHHbIX AKKYMYISAMOPHbIX CUCTEM.
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DOmom uHHOBAYUOHHBLI NOOX00 npediazaem psiod NPeuUMyuecme u
NOMEHYUATLHO MOICEM NPOUBECIU PEBOTIIOYUI) 8 CHOCODAX XPAHEHUS U
UCNONL308aHUSA IHepeul. Xoms NOIUMEPLL 8 AKKYMYIAMOPHBIX CUCTNEMAX
OMKPBIBAIOM 0ZPOMHbBLE NEPCNEKMUBYL, OCIAMCSL NPOOIEMbL, GKIIOUAS
ONMUMUZAYUIO NPOBOOUMOCIIU U PeuleHle NOMEHYUATbHbIX NpooIeM,
C8A3aHHbIX ¢ Oecpadayuell noaumepa ¢ mevenuem spemenu. OOHAKO
meKyujue uccie008anust U paspabomKu AkmueHoO Pewarom 3mu npooemvl,
Ppacuwupss epanuybl OOCUNCUMBIX MEXHOLO02UL XPAHEHUs IHEPSUU HA
0CHO6e nonumepos. I10CKoNbKY MexHON0UU NPOOOINCAIOM PA3GUBAMBCS,
a Hauie NOHUMAHUE NOTUMEPHBIX MAMEPUANO8 YeIyOIAemcsl, Mbl MOJCEM
npedgudemsv Oyoyujee, 8 KOMopom bamapeu HaA OCHO8e NOIUMEPOB
0y0ym uepamov 3HAYUMENLHYIO POb 8 0becneyeHuu Haue2o mupa 6osee
yucmulMu, 6€30NACHBIMU U YHUBEPCATbHLIMU UCIMOYHUKAMU IHEP2ULL.
Kpome moco, cemeticmgo nonumepos, uzeecmuuix Kak noauamoirumel,
KOmopble cooepaicam Kax NONONCUMeNbHble, MAK U OMPUYAMenbHbLe
3apsiobl 8 0OHOU MAKPOMOJCKYJe, UMeen MHONCECE0 NOMEHYUATbHBIX
nPUMeHeHUtl 8 NePedosbiX AKKYMYIAMOPHbIX mexHono2usx. H3-3a smoeo
0000020 Kauwecmea NOTUAMPOIUMBL MOSYI NPOSGIANb HOMPACARUUE
INEKMPOXUMUYECKUE CEOUCMEA, YMO O0eldem UX JHCeLamelbHbLMU
KaHOUOamamu 015 UCHONb308AHUSL 8 KAUECMEe UOHHBIX NOIUMEPOS 8
bamapesx. B amoui cmamve paccmampusaemces pazgusaruaacs 0onacmo
ROAUAMPOIUMOS U UX MHO2000ewarowds poib 8 Kauecmee UOHHbIX
noOnUMepo8 6 chepe nepedosbix aKKyMyIAMOPHLIX MexHoIo2ull. 30ech
MbL PACCMOMPUM UX NOMEHYUATbHBIL 6KILAO 8 NOGblULEHUE De30NACHOCTU,
cmaburbHoCcmu U 0bweli nPou38OOUMENbHOCIU AKKYMYIAMopos. Imo
uccie008anue nOOUEPKUBAem UHHOBAYUOHHBIE B03MONICHOCHIL, KOMOPbLe
ROIUAMGONUNBI NPEONA2ArOM 8 NOUCKAX PEWeHUll OISl XPAHEeHUs IHepeUl
Credyrue2o NOKOMCHUS.

Knroueevie cnosa: nonuamgonumoi, UOHHbLE ROTUMEDDI, COBDEMEHHDLE
cucmembvl XPaHeHus, IeKMPOXUMULECKUE XAPAKMEPUCTIUKY, CUCHIEeMbL
XpaHeHus SHepeUu.
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