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During the conducted studies, it was established that the use of ion modification by irradiation with O and Ar*
ions makes it possible to elevate the degradation resistance of anode materials due to the effect of vacancy defect
creation, the density of which varies with the irradiation fluence. At the same time, the analysis of changes in the
band gap and the optical density value, expressing changes in structural distortions, revealed that ion irradiation
leads to a rise in the stability of the preservation of electronic properties during long-term resource tests, which
are inextricably linked with the degradation of ZnO/CoZn nanostructures due to oxidation processes as a result of
lithiation. During assessment of changes in the parameters of the band gap and optical density of the samples
after resource tests, it was found that the observed growth in these indicators is due to oxidation processes and
partial amorphization due to the formation of oxide inclusions in the structure of nanowires, the presence of
which is due to the interaction of nanostructures with the electrolyte over a long period of time during charging/
discharging, which results in near-surface layer degradation due to the introduction of oxygen, and in the case of
a long service life, to the formation of oxide inclusions that elevate the density of defects and vacancies in the
structure. According to tests of synthesized ZnO/CoZn nanostructures as anode materials, it was found that the
use of O" and Ar" ions not only leads to a growth in the degradation resistance of capacitive characteristics
during long-term tests, but also to the stability maintenance of indicators with a reversible decrease in the
charging rate at charging rate variation.

1. Introduction particles into the irradiated material arise, which are accompanied by

ionization and athermal processes [5,6]. lonization processes, as a rule,

Ionic modification of nanostructured materials used as a basis for
anode materials of lithium-ion batteries is one of the most promising
methods for elevation of the operation efficiency and stability mainte-
nance of the capacitive characteristics of anode materials during long-
term operation of the battery [1-4]. This method is based on the
mechanisms of creation of radiation-induced point and vacancy defects,
the presence of which affects both conductive and structural properties.
In this case, as a rule, the creation of radiation defects is caused by the
interaction of incident particles (heavy ions, electrons, in some cases
neutron radiation is used) with the crystalline structure, as a result of
which processes of dissipation of the energy transferred by incident

cause a redistribution of electron density associated with the detach-
ment of electrons and the formation of holes, the appearance of which
can be accompanied by cascade effects if a large amount of energy is
transferred to the electrons as a result of collisions with an incident
particle [7,8]. Athermal processes caused by irradiation can lead to the
occurrence of thermal annealing effects of structural distortions in the
case of low irradiation fluences, when the metastable regions formed as
a result of athermal processes are isolated from each other (as a rule,
such effects are observed at irradiation fluences of the order of
10'°-10" ion/cm?). In this case, the emergence of metastable (ther-
mally overheated regions) in very short periods of time (on the order of
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101! = 13 5) can be accompanied by processes of structural rearrange-
ment or relaxation, which in the case of synthesized nanostructured
materials (which, regardless of the method of production, contain a
large number of structural defects associated with the processes of for-
mation and nucleation) can have a positive effect on the overall struc-
tural ordering degree, as well as reduce the defective or metastable
inclusion concentration [9-11]. Also, exposure to ionizing radiation, in
the case of small doses, can lead to the creation of barrier effects, the
presence of which can have a positive effect on enhancement of resis-
tance to oxidation and destruction processes that are initiated during
long-term use of batteries and are associated with charging/discharging
processes [12-14]. During long-term use of anode materials, during
charging/discharging, lithium and oxygen are introduced into the
near-surface layer of the anode material, which in turn can result in
accelerated destruction and a decrease in the capacity characteristics of
batteries due to the formation of oxide inclusions that can lead to
amorphization or destructive partial destruction [15,16]. In some cases,
such degradation effects can result in sharp reduction in capacitive
characteristics (more than 30-50 % of the initial values), which signif-
icantly limits the service life of the anode material and the battery as a
whole [17,18]. The use of the ion modification method in this case can
contribute to an elevation in the stability of the material not only due to
the partial relaxation of structural distortions (associated with growth
processes), but also to a rise in the service life due to the creation of
barrier effects resulting in degradation rate reduction [19-21]. In this
case, the resulting effects of anisotropy of the electron density distri-
bution associated with ionization processes of irradiation can have a
significant impact on the charge transfer mechanisms, which will
contribute to a magnification in capacitive characteristics, alongside the
operation stability growth during long-term charging/discharging, and
in the case of an alteration in the charging/discharging rate, contribute
to the capacitive parameter stability maintenance.

The aim of this study is to determine the prospects of using the ion
modification method to enhance the efficiency of using ZnO/CoZn
nanostructures as a basis for anode materials and to improve their
capacitive characteristics. The choice of these structures as objects of
study is due to the possibilities of creating new highly efficient materials
capable of replacing traditional silicon and sulfur-containing or nickel
anode materials used in modern batteries with more efficient and
degradation-resistant materials, the enhancement in efficiency of which
is explained by the nanosized grains of which the structures consist,
alonside the combination of their structural, optical and electronic
properties. These nanostructures, in addition to their use as a basis for
anode materials of lithium-ion batteries, also have quite large potential
for application in photocatalysis, when used for the decomposition of
organic dyes, as well as the capture of heavy metals from aqueous media
[22-27]. The use of the ion modification method by exposing structures
to heavy ions with fluences characteristic of creating single defective
areas will make it possible to make changes to the charge distribution, as
well as create additional vacancy defects, the concentration of which
will facilitate charge transfer, and will also enhance degradation resis-
tance during long-term resource testing.

2. Materials and methods

The synthesized cylindrical ZnO/CoZn nanostructures were sub-
jected to heavy ion irradiation in order to conduct studies aimed at study
of the prospects of using ionizing radiation in order to elevate the pro-
ductivity of anode materials for lithium-ion batteries, in particular, to
magnify the capacitive characteristic maintenance stability for a longer
time. To synthesize ZnO/CoZn nanostructures of a given geometry (400
nm in diameter and 10 pm in height), a template synthesis method was
used, in which polymer films based on polyethylene terephthalate with a
pore density of 4 x 107 pores/cm2 were used as template matrices. For
the synthesis of nanostructures, a sulfuric acid solution was used — an
electrolyte prepared wusing the following chemical reagents:
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CoS04-7H,0 (167 g/1), ZnSO4 7H20 (58 g/1), H3BO3 (45 g/1), ascorbic
acid CgHgO (1.5 g/1) [22]. Electrochemical deposition was carried out at
an applied potential difference of 2.5 V, which made it possible to obtain
structures with a phase composition of the ZnO/CoZn type, in which the
cubic phase CosZnj; dominates. The deposition process was monitored
using the chronoamperometry method, the use of which made it possible
to control the change in the geometry of the resulting nanostructures
filling the pores of the polymer template during the synthesis process.

Ionic modification associated with irradiation of the obtained
nanostructures with O", Ar" and Kr' ions with energies of 28, 31.5 and
147 MeV was carried out at the heavy ion accelerator DC-60, located in
the Astana branch of the Institute of Nuclear Physics (Astana,
Kazakhstan). The samples were placed on a special holder that allowed
the sample geometry to be maintained parallel to the ion penetration
depth in the material, which allowed simulating the ion impact pro-
cesses with maximum efficiency (see Fig. 1).

Irradiation was implemented by placing ZnO/CoZn nanostructure
samples synthesized in polymer templates on a target holder in such a
way that passing ions could interact with maximum efficiency. For this
purpose, samples of ZnO/CoZn nanostructures were placed on a target
holder parallel to the ion beam. Irradiation fluences (1 0'°-10' jon/cm?)
were chosen to achieve maximum ion modification efficiency without
the destructive effect that occurs during high-dose irradiation. The
choice of the ion type for modification was determined by the calculated
data on the values of ionization losses of heavy O", Ar" and Kr* ions
with energies of 28, 31.5 and 147 MeV, respectively. The calculations
were performed using the SRIM Pro software code, according to which
the maximum path length of O" and Ar* ions with the selected energies
is about 7-8 pum, and in the case of using Kr" ions, the path length is close
to 10 pm, which corresponds to the length of the ZnO/CoZn nano-
structures used. Calculations of ion path lengths in nanostructures were
performed using the SRIM Pro 2013 software code, which took into
account the sample density values determined experimentally from X-
ray phase analysis data. The ionization loss values were calculated
taking into account the effects of cascade interactions, alongside the
possibility of ion deflection during collisions. The choice was based on
the conditions for creating structural changes in nanostructures associ-
ated with the emergence of point and vacancy defects along the trajec-
tory of ion movement, caused by ionization effects arising as a result of
the interaction of incident ions with the electronic and nuclear structure
of ZnO/CoZn nanostructures. At the same time, the variation of the type
of ions for irradiation causes more pronounced ionization effects that
occur along the trajectory of the ions in the material, while the path
length of the selected ions itself, due to their differences in radius and
mass, does not have large differences. The rejection of lighter ions is due
to the small ion range in CoZn nanostructures, which is less than 6 pm,
which does not allow modification along the entire length of the nano-
structures. The impossibility of changing the properties of nano-
structures along the entire length excludes an objective assessment of
the effect of ionizing radiation on the properties of the structures.
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Fig. 1. Scheme of conducting experiments on irradiation.
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The density of structural defects in the composition of the studied
nanostructures was determined based on changes in optical spectra, as
well as calculations of values such as band gap, refractive index and
optical density, the change of which characterizes the effects of external
influences on defective distortions and related changes. The change in
the band gap (Eg) was estimated by constructing Tauc’ plots, on the basis
of which the values of the fundamental absorption edge were deter-
mined, and as a consequence, for samples subjected to ionic modifica-
tion, changes in the electron density caused by charge redistribution due
to ionization effects, as well as the introduction of new charges during
ion implantation.

The refractive index (n°"%@) was determined based on the changes
in the fundamental absorption edge values and was estimated using the
expression (1) [28]:

(noptical)z 1 i3
[{(nopn’cal)z + 2}] =1- i’ M

The optical density value was calculated using the Lorentz-Lorenz
formula, which reflects the change in the concentration of defective
inclusions in the material, leading to a change in the optical properties of
nanostructures (2) [28]:

P=1- (nrzmnowires — l) (ngulk + 2)
(n“rzlanuwires + 2) (ngu& - 1) ’

The effect of the ion modification type on maintenance of the sta-
bility of the efficiency of using the selected nanostructures as anode
materials was assessed by determining the capacitive characteristic
degradation kinetics during long-term cycling in the charge/discharge
mode. The applicability of the synthesized nanostructures as anode
materials was assessed using two-electrode CR20 32 cells on a CT-3008
W-5V charge/discharge test bench (Neware). Cycling of the anode
materials was carried out in a galvanostatic mode in the voltage range
from 10 mV to 2 V, in the mode of limiting the charging capacity of 1000
mA h/g. In the anode cycle, the limitation was reaching a voltage of —2
V.

®))

3. Results and discussion

Fig. 2a reveals the assessment results of changes in the band gap (Eg)
for the studied ZnO/CoZn nanostructures depending on the irradiation
fluence and the type of ions used for irradiation. In this case, the data are
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presented considering the observed alterations, expressed in the band
gap reduction for modified ZnO/CoZn nanostructures (in this case, the
differences in the E; values for samples irradiated with ions with
different fluences, as indicated by dotted lines, are meant in comparison
with the initial E; value for unirradiated ZnO/CoZn nanostructures).
According to the data obtained, the observed alteration in the band gap
in the case of ZnO/CoZn nanostructures, in the case of irradiation, can be
explained by the formation in the structure of an exchange sp-
d interaction between localized electrons in d-orbitals and band elec-
trons arising as a result of ionization processes of interaction of incident
ions with the crystal structure. Moreover, the presence of zinc oxide in
the composition of nanowires makes it possible to generate free charge
carriers due to weak chemical bonds, which leads to the formation of
vacancy defects, an increase in the density of which reduces the width of
the forbidden zone. It should be noted that this effect of the E; value
reduction in the case of the irradiation fluence change is most pro-
nounced for Ar " ions, for which the decrease in the Eg value with a
variation in fluence from 10'° to 10! ion/cm? is about 10 % compared
to the initial E; value for unirradiated nanostructures, while when
irradiated with O™ ions, the maximum decrease is no more than 6 %
compared to the initial value. It should be noted that when modified
with Kr™ ions, the observed decrease in the trend of the band gap
reduction with an elevation in the irradiation fluence from 10'° to 10!
ion/cm? may be due to the probability of the formation of effects of
partial overlapping of defective regions, which results in the formation
of non-isolated structural changes, as in the case of modification with
O™, Ar" ions, and to the formation of more complex structural changes,
the presence of which has a restraining effect and causes anisotropic
changes in the electron density, as well as heterogeneity in the charge
distribution in nanostructures. In this case, for Kr'" ions, the energy of
which significantly exceeds the energy of other ions selected for modi-
fication, and also taking into account the size of the ions, the number of
collisions during interaction with the crystal structure will be signifi-
cantly greater, which in turn causes an increase in the values of ioni-
zation losses, and as a consequence, the transferred kinetic energy to the
electronic subsystem, which leads to its large changes. Also, for Kr' ions,
it is necessary to consider the possible effect of kinetic energy trans-
formation into thermal energy, which, in the case of the occurrence of
the overlapping effect due to large diameters of damaged areas (these
dimensions are associated with the values of ionization losses), can lead
to the formation of complex defects [29-32], alongside a rise in the
concentration of structural distortions, which in turn results in desta-
bilization of the crystal structure.

The decrease in the change trend
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Fig. 2. Results of evaluation of optical and electronic properties of ZnO/CoZn nanostructures: a) Results of changes in the Eg value of the studied ZnO/CoZn
nanostructures before and after ion modification; b) Results of comparative analysis of changes in the linear refractive index for ZnO/CoZn nanostructures depending

on the type of ions and irradiation fluence.
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Fig. 2b demonstrates the results of the linear refractive index eval-
uation, reflecting the changes in the absorption capacity of ZnO/CoZn
nanostructures depending on the degree of structural distortions caused
by irradiation. The change in the value of the linear refractive index is
associated with the accumulation of structural changes caused by irra-
diation, as well as the formation of absorbing centers in the structure,
the concentration of which can be due to the presence of oxygen va-
cancies, as well as structurally deformed inclusions. In this case, the
most pronounced changes are observed for cases of irradiation with Ar"
and Kr' ions, for which in the first case the formation of oxygen va-
cancies is caused by structural changes, alongside the redistribution of
charges as a result of the interaction of ions with the crystal structure,
and in the second case the formation of the effect of overlapping of
structurally isolated damage, which leads to the growth of deformed
inclusions in nanostructures. Moreover, the irradiation fluence variation
during irradiation with Kr' ions results in less significant trend in
changes in the linear refractive index value in comparison with ion
irradiation with O" and Ar" ions.

Fig. 3 illustrates the assessment results of the connection between the
optical density determined using equation (2) and the concentration of
structural defects in ZnO/CoZn nanostructures caused by the interaction
of incident ions with the crystal lattice, as well as transformation pro-
cesses caused by the conversion of transferred kinetic energy into
thermal energy as a result of collisions along the ion trajectory. The data
were calculated based on changes in structural parameters, in particular,
the volume of the crystal lattice of the dominant cubic phase CoyZn;,
the changes of which are due to structural changes caused by irradiation.
The concentration of structural defects (CSD) was calculated using the
expression CSD = 1 — Vi/Vyp, Viry and Vy are the values of the crystal
lattice volume of the cubic phase of CoyZn;; in the irradiated and initial
state. The comparative analysis results indicate a direct correlation be-
tween the concentration of structural defects and optical density, the
change of which in this case is due to the formation of absorption cen-
ters, the presence of which is associated with defective inclusions and
oxygen vacancies. It should be noted that a more pronounced trend in
changes in the concentration of defective inclusions, and as a conse-
quence, optical density, in the case of samples irradiated with Kr" ions
indicates a growth in deformation distortions caused by more intense
ionization processes arising as a result of the interaction of ions with the
crystal structure. In this case, higher radiation doses can result in
destabilization of the crystal structure, which in the case of resource
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Fig. 3. Results of comparative analysis of the connection between the change in

optical density and the concentration of structural defects in ZnO/CoZn nano-
structures caused by heavy ion irradiation at irradiation fluence variation.
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tests can negatively affect the resistance of materials to charge transfer
processes during charging/discharging.

Fig. 4a—c shows the construction of the volt-ampere characteristics
curves in the form of Z’¢ (Z’) diagrams, reflecting changes in the resis-
tance of nanostructures with variations in irradiation conditions
(elevation of the irradiation fluence, alongside alteration in the type of
ions during irradiation), the values of which indicate a positive effect of
ionic modification on reducing the electrical resistance of nano-
structures, which is expressed in a decrease in the circumference of the
curves.

Fig. 5a—c reveals the results of resource cyclic tests of the synthesized
ZnO/CoZn nanostructures when testing them as anode materials in
order to establish the potential for the applicability of ion irradiation to
enhance resistance to degradation resulting from lithiation processes, as
well as the associated corrosion oxidation processes, which were clearly
demonstrated in the work [32]. The established effects of changes in the
electrical parameters of nanostructures associated with the impact of ion
irradiation on materials are in good agreement with a number of literary
data [33-37], in which the use of various types of ionizing radiation was
considered as one of the promising methods for elevation of the con-
ductivity of nanostructures, and magnification of their degradation
resistance by creating a hardening defect layer in nanomaterials that
prevents corrosion processes. In this case, a rise in the conductivity of
the studied nanostructures subjected to ionic modification can be
explained by the fact that when ionizing radiation affects the material,
an anisotropic distortion of the electron density occurs, which in turn
can reduce the resistance due to such effects. It should also be noted that
the main changes in the structure of nanowires associated with the
transformation of kinetic energy into thermal energy and the resulting
athermal effects as a result of such transformations occur in a fairly small
volume limited by the diameter of the nanowires, which results in more
intense structural alterations (see data in Fig. 2, reflecting the rela-
tionship between changes in defect concentration and optical density).
However, in this case, one should also take into account the factor of the
magnitude of ionization losses, which characterizes the sizes of isolated
structurally altered regions that arise along the trajectory of ion move-
ment in the material. At the same time, the largest sizes will be observed
for Kr' ions, as a result of which, with an elevation in fluence, an effect
of overlapping of these structurally altered areas may arise, which in
turn will result in modification effect reduction, due to the destructive
effect of irradiation, which has been reported in a number of works [38,
39]. In turn, the reduction in resistance in ZnO/CoZn nanostructures can
contribute to an increase in the efficiency of charge transfer during the
lithiation process, and can also be used for other practical applications.

During the conducted studies it was established that ion modification
using O" and Ar" ions results in capacitive characteristic retention
stability growth in comparison with unmodified ZnO/CoZn nano-
structures, for which a decline in charging capacity is observed after 200
consecutive charge/discharge cycles, and reaching a critical point (a
decrease in charging capacity below 80 % of the initial value) occurs
after 260 cycles. In the case of modified ZnO/CoZn nanostructures,
irradiation with O ions with fluences of 10'°-10'! jion/cm? leads to a
rise in the degradation resistance of the anode material, and the main-
tenance of the value of the charging capacity within the permissible
errors (deviation of no more than 3 %) is observed for 400-430
consecutive cycles, which indicates a higher stability of the modified
nanostructures in comparison with unmodified ones. At the same time,
fluence growth during irradiation with O" ions does not result in sig-
nificant changes in the stability indicators and charging capacity sta-
bility maintenance. In the case of irradiation of nanostructures with Ar™
ions, a change in the irradiation fluence from 10'° to 10! has the
opposite effect, indicating that structural defects are formed in samples
irradiated with a fluence of 10'! ion/cm? which accelerate the
destruction processes of the anode material during lithiation, resulting
in its destabilization and a reduction in capacitive parameters. However,
irradiation with Ar * ions with a fluence of 10'° jon/cm? leads to an
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enhancement in the preservation of the stability of the anode material’s
performance while maintaining the charging capacity within the error
limits for 530-550 cycles, upon reaching which a slow decrease in the
charging capacity indicators is observed, and the critical mark is
exceeded after 740 cycles. In the case of modification with Kr" ions, the
efficiency of using nanostructures as anode materials in comparison
with the initial unmodified nanostructures increases by approximately
1.5-2 times contingent upon the irradiation fluence, while the
decreasing trends are more pronounced than in the case of nano-
structures modified with Ar" ions. This difference in the trends of
accelerated degradation of the anode material with an increase in the
number of cycles of resource tests of charging/discharging indicates an
acceleration of oxidation processes, alongside differences in the mech-
anisms of containment of these processes due to ion modification of
nanostructures.

Fig. 6 illustrates the results of a comparative analysis of the evalu-
ation of the values of the number of resource test cycles, upon reaching
which a decrease in capacity below 80 % of the nominal value is
observed. The presented data on the number of resource test cycles at
which the capacity value is more than 80 % were determined on the
basis of the obtained dependencies presented in Fig. 6. The values of the
number of cycles were selected for cases when the capacity value is more
than 80 % of the nominal value. The results shown in the diagram
characterize the efficiency of using ion irradiation to increase the sta-
bility of using ZnO/CoZn nanostructures as anode materials.

As is evident from the data presented, the use of O" ions leads to an
enhancement in the efficiency of the operation of ZnO/CoZn nano-
structures as anode materials by approximately 0.5-0.7 times in com-
parison with non-irradiated nanostructures, while the nature of the drop
in capacitive characteristics to a critical point of 80 % of the capacity
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Fig. 6. Comparative diagram reflecting the number of cycles of resource tests
of ZnO/CoZn nanostructures as anode materials, after which a decrease in ca-
pacity below 80 % of the nominal value is observed, the value of which is the
limit of the operating mode (the dotted lines reflect the values of the increase in
the number of test cycles for modified nanostructures in comparison with un-
modified ZnO/CoZn nanostructures).

from the nominal value occurs quite quickly, which indicates an accel-
eration of the degradation rate of the anode material due to the effect of
accumulation of inclusions in the anode material. The use of Ar' ions to
modify nanostructures leads to an elevation in the number of cycles



A.M. Zikirina et al.

during which the capacitive characteristics are maintained above the
critical value by more than 2.9-3.5 times, depending on the irradiation
fluence, which indicates a fairly high efficiency due to the processes of
structural changes caused by irradiation. For samples irradiated with
Kr" ions, the irradiation fluence growth from 10'° to 10! ion/cm? leads
to a reduction in the trend of the efficiency of anode material degrada-
tion resistance magnification, from which it can be concluded that the
possible formation of overlapping areas of defective inclusions caused
by the interaction of ions with the crystal structure along the trajectory
of ion movement in the material, under prolonged external influence
associated with charging/discharging processes leads to a more pro-
nounced destabilization of the anode material, which leads to a reduc-
tion in the number of resource test cycles. Small changes in the efficiency
of increasing stability in the case of irradiation with Kr ions in com-
parison with other types of ions are due to the effect of large values of
ionization losses, which leads to more pronounced changes in the dis-
tribution of electron density, and as a consequence, more pronounced
structural changes, which, with an increase in irradiation fluence, have a
negative effect on the stability of nanostructures to lithiation processes.

Fig. 7 reveals the assessment results of the change in capacity with
variation in the charging rate (C = 250 mA x g1), the change of which
results in the battery charging time reduction with a decrease in ca-
pacity. In this case, the variation in the charging rate is carried out in
order to determine the reversibility of materials in the case of tests for a
rate growth and a reverse decrease. The general appearance of the
presented dependencies indicates that an elevation in the charging rate
leads to a decrease in the capacitive characteristics, while in the case of a
tenfold increase in the rate for unmodified samples with a rise in the
number of test cycles, a destructive change is observed, leading to a
decrease in capacity. The reversibility of the process with the preser-
vation of the values of the capacitive characteristics is observed for
modified nanostructures in the case of modification with O™ and Ar"
ions, while for samples modified with Kr' ions, the reversibility of the
restoration of the capacitive characteristics is significantly less, which
can be explained by the structural disorder degree. The reduction in
capacitive parameters is due to effects associated with changes in the
charge/discharge rate, the variation of which results in acceleration of
degradation processes, which in turn leads to a decrease in capacitive
characteristics. At the same time, as is evident from the data presented in
Fig. 6, in the case of samples irradiated with ions, the variation in the
charge/discharge rate does not lead to a significant decrease in capac-
itive parameters, which indicates sufficiently high indicators of the
stability of nanostructures to accelerated lithiation processes.

Fig. 8 reveals the measurement results of the current-voltage char-
acteristics of ZnO/CoZn nanostructures in the form of Z’* (") diagrams,
reflecting the structure degradation effect after testing in the case of
resource cyclic tests carried out to determine the effectiveness of using
ionic modification to magnify the degradation resistance of anode
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materials associated with oxidation. These diagrams are presented in
comparison with the results of changes in Z*¢ (Z') before and after life
tests in order to clearly demonstrate the conductivity degradation and
the resistance growth, which is caused by corrosion and oxidation pro-
cesses. A comparative analysis of the observed alterations indicates that
the destructive distortion of the structure associated with oxidation
processes leads to a reduction in conductive properties and a steep rise in
resistance, as evidenced by the data of the Z*¢ (Z) diagrams of the initial
samples after resource tests in comparison with the initial ones. At the
same time, ionic modification, as is evident from the presented Z’* (Z')
dependencies, results in less pronounced changes in the Z’* (Z’) de-
pendencies, which indicates a positive effect associated with an eleva-
tion in efficiency and an elevation in degradation resistance of anode
materials during the lithiation process during resource tests.

Fig. 9a-b demonstrates the results of alterations in the Eg values and
optical density for ZnO/CoZn nanostructures in comparison before and
after resource cyclic tests as anode materials, the changes of which
reflect the degradation of the properties of the nanostructure due to
oxidation and corrosion processes, alongside the associated changes in
the concentration of charge carriers and degradation.

The general trend of changes in the Eg and optical density values
indicates the accumulation of structural distortions in ZnO/CoZn
nanostructures caused by lithiation processes and subsequent oxidation
due to interaction processes with the electrolyte. At the same time, a rise
in the band gap indicates a negative impact of degradation processes on
the distribution of electron density, and the accumulation of structural
distortions, the alteration in concentration of which is indicated by these
changes in optical density. It should be noted that ionic modification in
this case leads to the inhibition of processes of changes in the values of
the band gap and optical density, from which one can conclude about
the positive effect of ionic modification on the destructive deterioration
of the properties of nanostructures. This effect in this case can be
explained by structural changes caused by irradiation, the density of
which, as well as the isolation of areas of structural changes arising
along the trajectory of ion movement, leads to the creation of additional
barriers that prevent oxidation processes associated with the introduc-
tion and subsequent migration of oxygen into the structure. In this case,
the presence of isolated structural regions that stand in the way of
migrating oxygen restrains its penetration into the depths, thereby
preventing the acceleration of the degradation process due to the for-
mation of oxide inclusions, the presence of which is due to lithiation
processes during long-term resource tests, as was shown in the works
[37,38,40,41].

4. Conclusion

The results of the conducted studies revealed that the use of irradi-
ation with O" and Ar™ ions for the targeted modification of ZnO/CoZn
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Fig. 7. Results of tests of ZnO/CoZn nanostructures as anode materials at charging rate variation: a) in case of modification of ZnO/CoZn nanostructures by O ions;
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nanostructures used as anode materials allows magnification of the
resistance to destructive oxidation of anode materials and maintenance
of capacitive characteristics by more than 2—4 times higher compared to
unmodified nanostructures used as anode materials. At the same time,
ionic modification also allows enhancement of the resistance to
reversibility of capacitive characteristic maintenance when changing
the charging rate, the variation of which results in accelerated degra-
dation of the capacitive characteristics of batteries due to rapid lith-
iation processes. Determination of degradation resistance based on
alterations in the values of the band gap and optical density showed that
the most resistant to degradation of electronic properties, the change of
which is caused by oxidation processes and the associated change in
charge distribution, are nanostructures modified with O" and Ar™" ions
with a fluence of 10! jon/cm?, for which the degradation of these
values is minimal compared to the initial values. At the same time, the
analysis of Z’¢ (Z’) diagrams showed that minimal changes in resistance
are also observed for nanostructures irradiated under these conditions.
Such an effect is due to the creation of isolated defects in the structure of
nanowires, which have a restraining effect on oxidation processes
occurring during lithiation, and also reduce the degradation rate.

The presented assessment results of the applicability of ionizing ra-
diation used to enhance resistance to degradation caused by lithiation
processes of anode materials based on ZnO/CoZn nanostructures can be

further used to create process lines associated with enhancement of the
efficiency of anode materials, alongside their cost reduction by
increasing their service life. In this case, the use of ion modification
technology, despite the rather high cost of carrying out such modifica-
tions, allows prolongation of the service life of anode materials by more
than 2.5-3.5 times, which allows reduction of the costs of their
replacement or the manufacture of new anode materials.

Further prospects for the use of these nanostructures include
expanding the potential of their application not only as anode materials,
but also as photocatalysts, as well as assessing the possibility of using
ionizing radiation for targeted modification of other types of nano-
structures, taking into account the obtained dependencies.
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