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Thin electrolytic fine tin sediments were obtained from pyrophosphate electrolyte under dif-
ferent electrolysis conditions and duration. The electrochemical characteristics of tin coatings
as anode materials of lithium-ion batteries are studied using potentiodynamic and galvanosta-
tic cycling methods. The effect of the properties of coatings, in particular their mass, on the
value of specific capacitance and its stability, including during discharge with different cur-
rent densities, has been established. It is shown that the studied tin sediments have high ini-
tial specific capacity that is close to theoretically possible. The maximum stability of the spe-
cific capacity during cycling is characteristic of electrodes with minimal masses of precipita-
tion. The impedance spectra recorded for the studied electrodes in the initial state and after the
first lithiation are analyzed.
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INTRODUCTION. In modern lithium-ion
batteries (LIB), graphite is most widely used as
anode. It is capable of providing more than a
thousand charge/discharge cycles with a relati-
vely low capacity loss. However, carbon anodes
do not meet a number of requirements for mo-
dern LIBs, since they have a low specific capa-
city (372 mA-h-g™), a low discharge rate, and a
relatively narrow operating temperature range
[1]. The development of new anode materials, cha-
racterized by high specific capacitances and den-

sity of discharge currents, is an urgent task. Al-
loy-forming materials are considered as an alter-
native to replacing carbon anodes, among which
the most promising are silicon, tin, and tin-con-
taining composite coatings, in particular alloys of
tin with nickel, cobalt, copper, zinc, antimony [2, 3].

The authors of [4, 5] proposed methods for
increasing the specific characteristics of carbon
materials when used in LIB by producing thin
films of Sn/C nanocomposites on the carbon
surface or by dispersing tin into an electrically

™ This work was carried out in the framework of the target research program of the National Academy
of Sciences of Ukraine ‘*‘New Functional Substances and Materials of Chemical Engineering”, project

No. 7-19, 2019.

© Yu.V. Shmatok, N.I. Globa, V.M. Nikitenko, E.A. Babenkov, V.S. Kublanovsky, 2019

ISSN 0041-6045. YKP . XIM . XXYPH ., 2019, 1. 85, Ne 10

67


mailto:gnl-n@ukr.net�

Yu.V. Shmatok, N.I. Globa, V.M. Nikitenko, E.A. Babenkov, V.S. Kublanovsky

conductive microporous carbon membrane.

One of the simplest and most easily con-
trolled methods for producing coatings with me-
tals and alloys, which makes possible to control
their structure and functional properties, is elec-
trochemical deposition of complex electrolytes
from aqueous solutions [6, 7].

The morphology, structure, and, consequ-
ently, the properties of the resulting coatings are
affected by the electrolysis parameters and the elec-
trolyte composition, in particular, the compositi-
on of electrochemically active complexes (EAC)
directly discharged on the electrode [8, 9]. The
authors of [10-12] substantiated the criteria for
the selection of ligands for complex, including
multiligand, electrolytes and the conditions for
their compatibility in one coordination sphere du-
ring the formation of mixed-ligand complex com-
pounds. This allows one to control the braking
of the electrode process and, therefore, the struc-
ture and functional properties of the resulting
coatings [12, 13].

Earlier [14], we published the results of stu-
dies of thin tin films obtained from complex tar-
trate (KNatart), citrate (Nascitr), and citrate-tri-
lonate (Nascitr/Na,H,edta) electrolytes as LIB ano-
des. It has been shown that the nature of the
ligand determines such electrochemical characte-
ristics as the specific capacitance value and cyc-
ling efficiency. The most stable charge/dischar-
ge characteristics were obtained for tin sedi-
ments deposited from citrate electrolyte [14].

Of scientific interest is the study of elect-
rochemical properties (specific capacity, corrosi-
on resistance, and cycling efficiency in LIB) of
thin tin deposits obtained from pyrophosphate
electrolyte under various electrolysis conditions, as
one of the most promising anode materials for LIB.

The process of electrodeposition of tin(ll)
from a pyrophosphate electrolyte, unlike tartrate,
citrate, and citrate-trilonate electrolytes, is limited
by the previous chemical reaction of dissocia-
tion of the complexes [Sn(HP,0O;)(P.0;)]*> or

Sn(P,07),]%, composition of which is determi-
ned by pH [10]. This allows to control the
breaking of the electrode process and, therefore,
the morphology, structure and properties of the
obtained tin films, in particular their porosity. In
addition, pyrophosphate electrolytes are eco-
nomically more advantageous than, for example,
citrate or tartrate electrolytes.

In this regard, this work is devoted to the
study of the electrochemical properties of thin
tin deposits obtained from pyrophosphate elect-
rolyte under different electrolysis conditions.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Tin precipitates were obtained
on a copper foil substrate with a surface of 2 cm?
from a pyrophosphate electrolyte of the compo-
sition, g-I™: SnCly-2H,0 — 90, K4P,07-3H,0 —
425, NH,Cl — 50, at pH 7.2. Electrolysis was
carried out at current densities of 1-1.5 mA cm™
and temperature of 25 °C for 15-45 min. Pla-
tinum was used as the anode. For the preparati-
on of electrolytes, reagents of the analytical grade
were used.

Before applying precipitation, the surface
of the copper substrate was degreased with soda
and Viennese lime, etched and activated accord-
ing to the procedure [15], washed with distilled
water and dried at a temperature of 60 °C. The
electrolysis parameters were set using a P1-50-1
potentiostat and a PR-8 programmer. The elect-
rolysis was carried out under conditions of na-
tural convection. The mass of tin precipitation
was determined on an analytical balance "ADV-
200M” with an accuracy of +0.01 mg.

Electrochemical studies of the obtained tin
precipitates were carried out in disk cells of size
2016. A 1M solution of lithium bis-(tri-fluoro-
methane) sulfonimide (LiTFSI) in a mixture of
fluoroethylene carbonate and dimethyl carbonate
solvents taken in a mass ratio of 1:3 was used as
an electrolyte. As an auxiliary electrode and a
reference electrode lithium metal was used. Cel-
gard 2400 polypropylene film with thickness of
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25 um was used as a separator. Working elect-
rodes with tin precipitates ( S = 2 cm?) imme-
diately before assembling the cells were dried in
vacuum at a temperature of 100 °C. All operati-
ons related to the preparation of electrodes, elec-
trolytes and cell assembly were carried out in
dry glove boxes.

Current-voltage characteristics were recor-
ded on potentiostat P-30 “Elins” at a sweep speed
of 0.5 mV-s, a temperature of 25+ 2 °C, and
a voltage range of 0.01-1.20 V. For galvanosta-
tic tests Neware Battery Testing System was used
with the appropriate soft-ware. The cycling was
carried out in the voltage range of 0.01-1.1 V at
currents from 100 to 500 pA-cm™.

The impedance curves of the two elect-
rodes cells with tin and lithium electrodes in
initial state and fully discharged (after the first
lithiation) state were obtained at the frequency
range from 0.08 Hz to 50 kHz and amplitude of
applied voltage of 10 mV. The experiment was
carried out after establishing a constant value of
the open circle voltage (OCV) in the cells.

The process of incorporation of lithium in-
to tin proceeds according to the mechanism of
alloy formation and is characterized by multista-
ge processes [16]. The maximum specific capa-
city of the tin electrode in the interaction with
lithium is 994 mA-h-g™, which corresponds to
the formation of an alloy of the composition
Lis4Sn. The mass of tin precipitation obtained
from pyrophosphate electrolyte, and the electro-
lysis parameters are presented in table 1.

A typical cyclic current-voltage curve of a
tin electrode obtained at a sweep speed of 0.5
mV-s™ is shown in fig. 1. There are several ca-
thode and anode peaks on the curve. The ca-
thode peak in the potential region of 0.68 V is
associated with the formation of a solid electro-
lyte interface (SEI) on the tin surface [17], the
formation of which prevents further decompo-
sition of the electrolyte. A large peak at a poten-
tial of ~0.3V corresponds to the formation of

Table 1

Parameters of electrolysis and mass of tin preci-
pitation obtained from pyrophosphate electrolyte

Sam- Electrolysis | Current Mass of | Current
le duration, density, | precipitate, | effici-
P min mA-cm? | mg-cm? | ency, %
1 15 1.0 0.25 44.7
2 15 15 0.27 33.0
3 30 1.0 0.51 45.7
4 30 15 0.53 31.8
5 45 1.0 0.78 46,7
6 45 15 0.87 34.8
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Fig. 1. Typical current-voltage curve of atin
electrode at the potential sweep rate of 0.5 mV-s™,

analloy of lithium with tin. Peaks on the anode
branch of the current-voltage curve at potenti-
als of 0.68, 0.75, and 0.84V are associated with
the reverse process, which is characterized by
the formation of intermetallic compounds of dif-
ferent phase composition [18].

The galvanostatic charge/discharge curves
of Sn electrodes with a mass of 0.25-0.87 mg-
cm™?, obtained in the first cycle, are shown in
fig. 2. For efficient cycling, the range of charge/
discharge voltages, in accordance with the volt-
ammetry data, was set in the range from 0.01 to
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Fig. 2. Discharge/charge curves of the first cycle
at the cycling current density of 100 pA cm™ for
Sn-electrodes. The numbers on the curves cor-
respond to the numbers of the samples in table 1
(the same is presented in fig. 4,5).

1.1 V. This allows to reduce the ireversible loss
of capacity during the introduce-tion/extraction
of lithium, which occurs at a vol-tage above 1.5
V [19]. According to published data [20], fusion
of lithium with tin proceeds with the formation
of seven intermediate phases, the theoretically
calculated potentials of which, depending on
the phase composition, are in the range of 0.76-
0.38 V. However, the real potentials correspon-
ding to phase transitions are determined not only
by thermodynamics, but also by kinetic cons-
taints, depending on the conditions for obtaining
precipitation and the conditions of the cathodic
process. The voltage of the site on the presented
cathode curves corresponds to 0.4-0.45 V, and
its length is in the range from ~200 to ~500 mA
h-g and depends on the weight of the preci-
pitate and electrolysis conditions. The further pro-
cess of alloy formation is characterized by a gent-
le curve. The anode curves are more complex
and have several kinks at voltages of 0.58, 0.71
and 0.78 V, which are close in magnitude to the
potentials of the anode process (fig. 1).

The corresponding values of the specific

Table 2

Specific capacities and coulombic efficiency of Sn-
electrodes at the first cycle

Quischarge * Qcharge ™ Coulombic
Sample ) ioi 0
mA h-g efficiency, %

1 860 602 70

2 1029 733 71

3 928 588 63

4 1151 802 70

5 1087 737 68

6 1158 830 72

* Q, mA-h-g™ — specific capacity of tin films on
the first cycle.

capacities of the discharge and charge, as well as
the coulombic efficiency in the first cycle for the
studied electrodes are presented in table 2. The
obtained values of the discharge specific capa-
city are in the range of 860-1158 mA-h-g*, and
their analysis indicates an increase in specific
capacity with increasing mass of sediment. Cor-
responding charging capacities range from 602
to 830 mA-h-g—. The relatively low value of
coulombic efficiency (63-72 %) in the first cyc-
le of lithium incorporation and extraction is as-
sociated with side processes caused by the for-
mation of SEI and the decomposition of elect-
rolyte [5]. However, already from the second cy-
cle, the coulombic efficiency increases to 90 %.
Fig. 3 shows the dependence of the spe-
cific capacity of tin precipitates obtained at elec-
trolysis currents of 1.0 and 1.5 mA-cm™ during
the first lithiation on their mass. The obtained de-
pendences in both cases are not linear, which im-
plies a decrease in the utilization coefficient of the
tin precipitate when a certain mass (thickness) is
reached at different cyclic current densities.
The results of galvanostatic cycling of tin
electrodes (samples 1-4) at differen t discharge
current densities are presented in fig. 4. The mi-
nimum loss of specific capacity both within one
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Fig. 4. Cycling performance of Sn-electrodes at

different discharge currents (charge current— 100
pA-cm?).

discharge current and with its increase from 100
to 500 pA-cm™ was obtained for sample 1,
which is characterized by a minimum sediment
mass of 0.25 mg-cm™2. Sample 2 with almost the
same mass of the tin film (0.27 mg/cm?), as
follows from fig. 4, is characterized by a signifi-
cantly larger loss of specific capacity during pro-
longed cycling. This is apparently due to the dif-
ferent morphology, structure and properties of
tin films, primarily their porosity, obtained at
two different polarizing current densities. With
increasing deposition current density (sample 2),
the porosity of the tin film and its stability du-
ring long-term cycling decrease. For the remai-
ning samples, an increase in the rate of decrease
in specific capacity with an increase in the mass
of precipitation is observed. At the same time, in
all cases, at later stages of cycling, relative sta-
bilization of the specific capacity is observed,
which after the 60 cycles is in the range from
470 to 710 mA-h-g ™. The corresponding dischar-
ge/charge curves of the final cycles are pre-
sented in fig. 5.

The profile of charge/discharge curves chan-
ges significantly in comparison with the curves
of the first cycle (fig.2). The kinks observed on

U
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Fig. 5. Discharge/charge curves of the 60" cycle
at the cycling current density of 100 pA cm™ for
Sn-electrodes.
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the corresponding curves of the first cycle at the
end of the cycle are smoothed. These differences
are associated with a change in the structure of
tin deposits and the release of the electrode to a
more stable cycling mode. This is confirmed by
a decrease in capacity loss during cycling in la-
ter charge/discharge cycles.

Comparison of the obtained results with the
data of [14] indicates that the specific capacity
of tin films obtained from pyrophosphate elec-
trolyte is significantly higher compared to the ca-
pacity of tin films obtained from citrate-trilonate
(750 mA-h-g™), citrate ( 500 mA-h-g™) and tar-
trate (400 mA-h-g™) electrolytes. Higher specific
characteristics of tin precipitation during lithium
incorporation and extraction may be due to the
difference in the mechanism of their electrolytic
production. The process of electrodeposition of tin
(I from a pyrophosphate electrolyte is limited by
the previous chemical reaction of dissociation of
the unprotonated complex [Sn(P,0-),]%" [10]:

[Sn(P207)2]> «> [SnP,07]> + P,0O;",

that allows you to control the morphology, struc-
ture and quality of the obtained tin sediments,
especially their thickness and porosity.

The influence of electrolysis conditions on
the effective resistance of tin electrodes is deter-
mined. For studies, we used cells with the initial
(unlithiated) Sn electrodes and cells after the
first cycle of lithium intercalation (lithiation) to
a voltage of 0.01V.

The impedance spectra of the original cells
in the Nyquist coordinates Z" —Z"", where Z’
and Z"" are the real and imaginary components
of the impedance, respectively, are shown in fig.
6, a. The presented curves are characterized by
two sections: the first is in the high-frequency
region (from 50 kHz to 1 Hz), and the second in
the frequency range from 1 to 0.08 Hz. The
initial resistance value obtained by extrapolating
the hodograph to the real Z* axis at a frequency
of 50 kHz is responsible for the resistance of the
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Fig. 6. Impedance spectra of the Li-Sn system in
Nyquist coordinates before cycling (a) and after the
first discharge (b).

electrolyte layer (Rel) in the interelectrode spa-
ce and the separator. The value of this resistance
for all the studied electrodes is quite close and is
about 2 Ohm. Using the well-known equation
k = I/S'R, where k is the conductivity, | is the
thickness of the electrolyte layer (corresponds to
the thickness of the separator —2.5:107 cm), S is
the electrode surface (2 cm?), and R = Rq, the
conductivity of the electrolyte layer was calcu-
lated, which is ~0,6:107> mS-cm™, which is clo-
se to the conductivity of the electrolyte in the
layer of the Celgard 2400 separator [21].

The dependences obtained in the high-
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frequency region can be considered as a curve in
the form of an incomplete arc. At low frequ-
encies, this curve turns into a straight line with
tilt angles of 48° and 41°, respectively, for pre-
cipitation with a tin mass of 0.25 and 0.27 mg
cm (curves 1 and 2). This tilt angle may be due
to the presence of slight diffusion limitations.
An increase in the mass of tin sediment leads to
an increase in tilt angles that are 69—-73°, which
indicates the presence of polarization phenome-
na associated with the accumulation or adsorp-
tion of charged particles on the surface of the ele-
ctrode. This type of impedance curve is charac-
teristic for ionistors in which the main electro-
chemical processes occur due to adsorption-de-

Table 3

sorption of charged particles and the absence of
Faraday processes [21]. It should be noted that
the source electrodes have sufficiently large re-
sistances, which reaches several thousand Ohm.
This can be caused by the presence of an oxide
film formed on the surface of tin sediments after
their obtaining, dry ing and storage.

The impedance spectra of electrochemical
cells after the first cycle of lithiation of Sn-elec-
trodes are significantly different from the initial
ones, both in nature and in the resistance of the
active and reactive parts of the impedance curve
(fig.6, b). They consist of semicircles capturing
a high frequency region, turning into samples 4
and 6, the impedance curves inthe low frequ-

Resistance of the active and reactive parts of the impedance of the studied electrolytic

precipitations of tin

Initial sample (OCV-2.2 V)

Sample after 1% discharge to 0.01 V*

sample f, Hz 7,0 -2, Q f, Hz AN -2, Q
1 50 000 2.23 3.14 50 000 8.48 2.65
1 1053 793 10 47.17 1.891
0.08 2965 3000 0.1 58.6 32.42
2 50 000 4.87 4.39 50 000 9.47 9.48
1 2068 1485 10 94 4
0.08 5305 4419 0.1 110 34.9
3 50 000 2.3 1.55 50 000 5.21 3.1
1 1645 2920 10 42.4 1.71
0.08 6963 21640 0.1 50.64 24.38
4 50 000 2.32 1.91 50 000 75 7.72
1 2314 3433 10 61.36 3.15
0.08 9691 22500 0.1 73.4 15.86
5 50 000 2.29 7.7 50 000 4.94 3.56
1 1763 2960 10 42,6 1.28
0.08 7344 21080 0.1 48.96 10.7
6 50 000 2.31 1.88 50 000 6.65 8.24
1 1798 2472 10 82.8 6.09
0.08 6702 17000 0.1 100 12.04

* The values of OCV of discharged cells: 1-0.315V, 2-0.347, 3-0.487, 4-0.441,5-

0.396, 6 -0.391 V.
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ency region have an additional section in the
form of a small semicircle. The semicircle in the
high-frequency region is characteristic for many
lithium systems in which a passive film is for-
med on the lithium electrode, the nature and cha-
racter of which depend on the composition of the
electrolyte and the state of the electrodes [22, 23].
Such character of the impedance spectra,
according to the authors of [24], allows to sepa-
rate the stages of electrochemical processes, the
first of which corresponds to the transfer of lithi-
um cations across the electrode/electrolyte inter-
face taking into account the formed SEI, and the
second stage of the process is the diffusion of lithi-
um incorporated into the Li,Sn alloy. The pre-
sence of a second semicircle in the impedance cur-
ves for electrodes with maximum tin deposit
mass indicates the formation of an additional so-
lid electrolyte layer on their surface. As a result,
the resistance of such electrodes increases in
both the high and low frequencies. The angle of
inclination of the straight line at low frequencies
is greater than 45°. The authors of [25], who stu-
died the impedance spectroscopy of thin tin de-
posits during the incorporation and extraction of
lithium, showed that an inclination angle of 45°,
corresponding to the limiting stage of diffusion,
is characteristic only at a voltage of 0.65 V. At mo-
re positive potentials, other processes including
the accumulation of charge, which causes the de-
viation of the slope of the curve in the low-fre-
quency region from 45°, limit lithium diffusion
in the tin structure.
Table 3 shows the values of the resistances
Z" and Z"* depending on the frequency for the stu-
died Sn electrodes. The electrodes obtained at a
current density of 1 mA-cm™ (1, 3, 5) are charac-
terized by lower resistance of the active part of
the impedance than the electrodes obtained at a
current density of 1.5 mA-cm™, with almost the
same mass of tin precipitation. All the studied
electrodes after the first lithiation cycle are cha-
racterized by an increase in resistance at a frequ-

ency of 50 kHz, which may be due to a change
in the porosity and thickness of the deposit be-
cause of the introduction of lithium. This is in go-
od agreement with the fact that with the introduc-
tion of lithium into tin and the formation of the
Lis4Sn alloy its volume increases to ~ 300 % [26].

CONCLUSIONS. Thin electrolytic fine se-
diments were obtained from pyrophosphate elect-
rolyte under different electrolysis conditions and
its duration. Electrochemical tests of the obtai-
ned tin deposits as the anode material for LIB
showed that the samples under study have a high
initial specific capacity ranging from 860 to
1158 mAh-g™ and are characterized by different
stability during long-term cycling. Tin deposits with
a minimum mass deposited at a current density
of 1.0 mA-cm™ demonstrate the best stability of
the specific capacity during long-term cycling,
including when discharged by different current
densities. For the remaining samples, the loss in
specific capacity increases with increasing mass
of tin sediment.

The impedance spectra recorded for the ini-
tial Sn electrodes and after the first lithiation
have different shapes and values of the corres-
ponding resistances, which indicates differences
in the passage of the main processes in a system
with a tin electrode depending on the mass of
the coating.
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MertonamMi TMOTEHIIOAMHAMIYHOTO Ta TalbBa-
HOCTaTHYHOTO ITMKIyBaHHSI B 1M ¢TopeTminenkap-
OOHAT-TUMETHIIKapOOHATHOMY pO34MHI  Oic-(TpH-
¢ropmeran)cynbdoniminy mitito (LiTFSI) B eme-
MEHTaX TUCKOBOI KOHCTPYKILii 3 rabapuramu 2016
JOCIIDKEHO eJIeKTPOXIMiYHI XapaKTepUCTUKU (TIH-
TOMa €MHICTh, TYCTHHA 3apsA-pO3PSTHOTO CTPYMY,
KOpO3iifHa CTIHKICTh, €(DEKTUBHICTH IIUKITYBAaHHS) OJIO-
B’SHUX TOKPUTTIB SK aHOJHHX MaTepiaiiB JIiTii-
ioranx akymynaropiB (JIIA). EmekrpomniTiuHi TOHKI
IUTIBKK OJIOBAa OTPHMAaHO Ha MIiTHIA MigKmam 3
nipodocdarnoro enekrponity npu pH 7.2, pizHHX
pPEKUMax eNeKTpOJi3y Ta Horo TpupajocTi. Bcera-
HOBJIEHO BIUIUB BJIACTHBOCTEH IMOKPHUTTIB, 30KpeMa
iXx Macw, Ha BENIMYMHY HHUTOMOi €MHOCTI Ta ii cra-
OLITBHICTB, Yy TOMY YHCII TPU PO3PAIl PI3ZHOIO TYCTH-
HOo cTpyMmy. [lokazaHo, mio mporec iHTepKaysLii-
JICIHTEPKAJIAIIT JITiI0 BiIOYBAa€ThCA HE HA MOBEPX-
HI eJIeKTpoja, a Mo BCid TOBUIMHI IUIiBKU. Jlocmiz-
KyBaHI IUIIBKH OJIOBA MAalOTh BHCOKY ITOYaTKOBY
MUTOMY €MHICTb, OJIM3bKY O TEOPETUYHO MOXKIMBOT
(994 MA 4T, i 3maTHi Ge3 MexaHidHOrO pyifHy-
BaHHs 3a0e3meuyBaTH BHCOKY TYCTHHY 3apsa-po3-
psamHOrO cTpyMy. MakcuMmanbHa CTaOibHICTh TIH-
TOMOT €MHOCTI MpH LWKIyBaHHI XapakTepHa s
OJIOB'SSHUX €JIEKTPO/IiB 3 MiHIMAJIbBHUMHA MacaMH Oca-
niB. KynoniBcbka e(eKTHBHICTH Sn-eleKTpOoIiB Ha
NEepIIOMY LHKJII MPAaKTUYHO HE 3aJeXKHUTh BiJ TOB-
IIMHA TUTIBKM oyioBa | ctaHoBuTh 70 %, Hamami
nigBuinyeTrbes 10 90 % . I[IpoaHani3oBaHO CHEKTPH
IMIIEAAHCYy, 3HATI Ui JTOCTIKYBaHHX EJIEKTPOIiB
y TOYaTKOBOMY CTaHI Ta IICJIA TEPIIOTO ITUKITY-
BaHHS (JiTyBaHH:). CIIEKTpU IMIIeTaHCy, 3HATI I
MOYATKOBUX SN-eNEKTPOMIB 1 MICIA MepIIoTo JTy-
BaHHs, MalOTh pi3HY (GOpMy Ta 3Ha4YEeHHS BiAmoO-
BIJTHMX OMNOpIB, IO BKa3y€ Ha BIIMIHHOCTI B TpO-
XOJDKEHHI OCHOBHHMX MPOIIECIB Y CHCTEMI 3 OJIOB'S-
HUM EJIEKTPOJOM 3aJIEKHO BiJ Macu NOKPUTTS.

Kno4oBi ¢ 10 B a: eneKTpoocaKeHHs, IIi-
podocdaTHi eneKTpoIiTH, IUIBKKA OJIOBA, MMHTOMA
€MHICTb, OOOPOTHICTB, JNITIH-IOHHUH aKyMyJSTOp.

OJIEKTPOXUMMWYECKHUE XAPAKTEPUCTUKN

IJIEHOK OJIOBA TP LHKJIMPOBAHUU B
JIMTUN-UOHHBIX AKKYMVIIATOPAX
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E.A. Ba6enkos?, B.C. Ky6GmaHoBcKumii’
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ONEKTPOIINTHIECKHE TOHKHE OCaJKH OJIoBa MOJy-
YeHbl U3 MUPOQOCHATHOTO AIEKTPOIUTa TIpU pas-
HBIX pEeXHUMax 3JIEKTPOJIA3a U €ro JJIUTEIbHOCTH.
Metogamy NMOTEHIMOANHAMHYECKOTO M TaJIbBAHO-
CTaTHYECKOTO IUKIMPOBAHHUSA HCCIEAOBAaHBl DIIEK-
TPOXUMHUYECKUAE XAPAKTEPUCTUKHU OJOBSIHHBIX IIO-
KpBITUH KaK aHOJHBIX MaTEPHUAJIOB JINTUH-HOHHBIX
aKKyMYJIITOPOB. Y CTAHOBJIEHO BIMSHHE CBOMCTB IO-
KpBITUI, B YaCTHOCTU MX MAcCChl, HA BEIUYUHY yJe-
JPHOH €MKOCTH M €€ CTaOWIBHOCTh, B TOM YHCIE
IpH paspsie pasHbIMH IUIOTHOCTSAMH ToKa. Ioka-
3aHO, YTO HCCJIEAYEMBIE OCAIKH 0JIOBA MMEIOT BbI-
COKYIO HayaJbHYI0 YIENBHYIO €MKOCTb, OJIM3KYIO K
TEOpPEeTUYECKH BO3MOXHOW. MakcuManpHas CcTabu-
JBHOCTh yIEIBHON €MKOCTH NpH IHUKJINPOBAHUH Xa-
pakTepHa ISl 3JIEKTPOJOB C MUHHMAIbHBIMH Mac-
camu ocaakoB. IIpoaHanu3upoBaHbl CIIEKTPBI UMIIE-
JIaHCa, CHATBIE JUISI UCCIIEyEMBIX NIEKTPOAOB B MC-
XOZHOM COCTOSTHMH M TIOCJIE IEPBOTO TUTHHPOBAHUSL.

KnrogeBBle ciao0Ba: d3MeKTpOOCAXKACHNE, TTH-
podochaTHbIN 3MEKTPONUT, TUICHKH OJI0Ba, YICIb-
Hasi €MKOCTh, OOpaTUMOCTh, JINTHI-WOHHBIN aKKy-
MYJIATOP.
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