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The analysis of galvanostatic curves, cyclic voltammograms and impedance parameters
was performed in order to determine and interpret the key factors responsible for the
decrease of the discharge characteristics of thin-layer composite Co-doped LiMn,O, spinel—
carbon nanotubes (CNT) electrodes in redox reaction with lithium during continuous
cycling at low temperature and high charge-discharge rate. The comparison of galvanostatic
curves and cyclic voltammograms obtained by using three-electrode and two-electrode
experimental cells was carried out; the impedance spectra as functions of temperature and
charge-discharge rate were considered too. This allowed following the evolution of
degenerative electrode processes without the usage of research techniques which are
complicated and not accessible enough. The charge transfer through the solid-electrolyte
interface between solid-electrolyte film/spinel composite, complicated by diffusion of Li*
ions in composite bulk, plays a key role in decreasing the discharge characteristics of Co-
doped LiMn,0O, spinel composition with CNT at low temperatures and continuous cycling.
It was established that the processes of anodic decomposition of the electrolyte starting at
4.13 V vs. Li/Li*-electrode and low conductivity of electrolyte EC, DMC, 1 mol L'
LiCIO, at low temperatures (258 K) have a negative influence on the effective
electrochemical performance of accumulator system LiCo,qMn, O, CNT-electrodes/
electrolyte/Li. A further optimization of the electrolyte with the use of some efficient
additions to the developed spinel composite can be a possible way to improve the electrode
performance. A decrease in the conductivity of LiMn,0, spinel results in a decrease in the
capacity at low temperature (258 K). The modification of the spinel composite seems to
be very promising to suppress its low-temperature phase transitions. The elimination of
the established reasons for decreasing the capacity will facilitate the realization of new
promising LiCo,,,Mn, ,0,—CNT electrode material in lithium ion accumulators.

Keywords: lithium-ion accumulator, Co-doped LiMn,O, spinel, carbon nanotubes, capacity,
galvanostatic curves, cyclic voltammograms, impedance spectra.

Introduction

LiMn,O, spinel can be used in lithium-ion
batteries due to a number of its advantages (low price
and non-toxicity). However, it also has a number of
shortcomings. It is, inter alia, a low rate of discharge
caused by the low spinel conductivity and the
decrease of discharge capacity of LiMn,QO, in lithium-
ion batteries during long cycling, particularly at low
temperatures.

The effective electrochemical performance of
LiMn,0, spinel in redox reaction with lithium is
dependent on the conductive filler. In our previous
investigations, we showed the improvement of the
capacity, rate characteristics of LiMn,O, spinel under
the influence of carbon nanotubes (CNT) used as
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the filler. A high coulomb efficiency of LiMn,0,
spinel performance in redox reaction with lithium
was observed when CNT was used to increase the
conductivity [1]. The effective exchange current of
LiMn,0O, spinel electrode (i,) increases from the order
of 1077 to 10™* A.cm™2 in the presence of CNT. The
effective exchange current of LiMn,O, spinel—-CNT
composite electrode at the potentials corresponding
to maximum activity in deintercalation processes is
2.2—3.0 times higher than the exchange current of
the composite with natural micrometer graphite as
the filler. The discharge capacity of LiMn,0,—CNT
electrodes in the first cycles reaches 117—119 mA-h-g™!
at the rate of 1 C (98—100 mA-h-g™! at 22.4 C) and
cycling can be continued at high discharge rate during
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more than 500 charge-discharge cycles at 290—298 K
[1].

The improvement of discharge characteristics
of LiMn,0,—CNT compositions was achieved by Co-
doping of LiMn,O, [2]. The high temperature
synthesis was used to produce skin-deep Co-doped
LiMn,0O, spinel. The surface Co-doping promotes
an increase in the electroconductivity of pressed
LiMn,O, spinel at the temperatures of 293 and 323 K.
The advantage of Co-doped LiMn,O, composition
with CNT over the composition without Co is an
increase in cyclic efficiency and the rate of Li*-
intercalation/deintercalation in thin-layer electrodes.
The discharge capacity of Co-doped LiMn,0,—CNT
thin-layer electrodes at 40 C (1 C=118 mA-h-g™!)
and the temperatures of 293—298 K reaches 75%
(90 mA-h-g™") in terms of the start capacity obtained
in the first cycle [2]. The capacity of un-doped
LiMn,0,—CNT electrodes equals to 80 mA-h-g! at
20 C and ambient temperature. A satisfactory cycling
performance of Co-doped LiMn,O,—CNT electrodes
was obtained at lower temperatures and 1 C. At the
same time, their high discharge characteristics at
low temperatures (273 and 258 K) change for the
worse when the rate of the electrode processes
increased to 10 C.

Earlier, the determination of the causes of a
decrease in the discharge capacity of Co-doped
LiMn,0,—CNT electrode in redox reaction with
lithium was performed by means of impedance
spectroscopy [2].

In this work we made an attempt to analyze
the relationships between the features of galvanostatic
charge-discharge curves, cycling voltammograms and
electrochemical impedance characteristics of thin-
layer Co-doped LiMn,0,—CNT electrodes,
particularly, at low temperatures and long cycling.
The aim of the work was to establish the causes of a
decrease in the discharge capacity of lithium
accumulator.

Experimental

Co-doped LiMn,0, spinel with chemical
formula LiCo,y,Mn, O, was synthesized and used
in thin-layer electrodes. The surface Co-doping of
LiMn,0, spinel was carried out by the thermal
treatment of stoichiometric mixture of LiMn,0O,
spinel powder (Merck) and Co(NO,),-6H,0 (“pure”)
(98 and 2 wt.%, respectively) at 650°C for 2 h in air
atmosphere [2]. Thin-layer electrodes were prepared
by mechanical embedding of the mixture of Co-
doped LiMn,0O, spinel powder and CNT (90:10 wt.%)
in aluminum matrix with dimensions of 1.0x1.0x0.1
cm according to the method described elsewhere
[3]. Then the thermal activation (280°C, 2 h, air

atmosphere) was performed. The weight of active
spinel component in the electrode was 0.2—0.5 mg-cm™;
the thickness of active layer was about 0.5—0.8 mm.
The electrode does not contain any ballast
component of traditional composite electrodes (the
so-called binder).

Carbon nanotubes were synthesized by catalytic
pyrolysis of ethylene and used as a conductive additive
[4]. The outer diameter of nanotubes was about 10—
30 nm, the specific surface was 230 m?-g~!, the poured
density was 25—30 g-dm™.

The electrochemical investigations of
LiCoyMn, ,cO,—CNT electrodes were performed
in a sealed three-electrode cell with Li counter
electrode, Li/Li* reference electrode as well as in a
two-electrode cell with Li counter electrode. The
cells were filled in argon atmosphere with electrolyte
containing ethylene carbonate (EC, Merck),
dimethyl carbonate (DMC, Merck), and 1 mol L™!
LiClO, (lodobrom). The charge-discharge
characteristics were recorded using a test bench with
computer control and registration. The
electrochemical impedance spectra (EIS) and cyclic
voltammograms (CV) were obtained using Volta Lab
PGZ 301 analytical radiometer. The impedance
spectra were recorded at the amplitude of 5—10 mV
in the frequency range of 107¢ to 1072 Hz at the
temperatures of 258 and 296 K. The temperature
was determined with a precision of £0.5 K. Zplot,
Zview (Version 2.1 b) software was used to record
and analyze the impedance spectra. The parameters
of EIS were determined by the analysis of Nyquist
plots of the investigated specimens using a model
developed in work [5].

Results and discussion

The comparison of the electrochemical
parameters obtained by galvanostatic mode and in
cyclic voltammetry experiments was performed
together with the analysis of EIS parameters of
LiCoy¢Mn, 4O,—CNT composite, which possesses
a highly stable reversible capacity. The investigations
were conducted at room temperature (T,,,,,=296 K)
and also at a lower temperature (258 K).

Galvanostatic studies on LiCo,,,Mn, ,O,—CNT
electrodes in redox reactions with lithium

The galvanostatic studies at room temperature
showed the dependence of the discharge profile of
thin-layer LiCo,,Mn, ,O,—CNT electrodes on the
discharge rate (Fig. 1). The discharge safe capacity
at the 50" cycle equals to 117—119 mA-h-.g™! at a
discharge-charge rate of 1 C. The capacity decreases
at an increase in the discharge and charge rates from
1 C to 10 C. The variations of the charge-discharge
profile with the rate changes were determined in
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two-electrode and three-electrode cells for the
elucidation of the causes of the discharge capacity
drop in the spinel composite and the accumulator
on its base. The discharge capacity of
LiCog,Mn, ,cO,—CNT electrodes (with a weight of
0.22 mg-cm™?) reaches 112 mA-h-g™! when i, =10 C
and ig,.=1 C (in three-electrode cell, Fig. 2, curves
1—1"). The difference of the potentials is observed
between charge curves 1' and 2' (Fig. 2) at an increase
in the charge rate. It concerns, to a large degree,
that region of the charge curves which in two-phase
LiMn,O, performance (Egs. (1) and (2)) is associated
with the redox couple at 4.12/4.14 V (site II,
Eq. (2)):

LiMn,0,¢>Li; sMn,0,+0.5Li*+0.5¢

(4.01/4.05 V, site 1); (1)
Li, sMn,0,<>Mn,0,+0.5Li*+0.5¢
(4.12/4.14 V, site 1I). 2)

E,V
44r
0.12C {} 0.12C {}
4.0 -
36}
321
0 40 80 120
Q, mAh/g

Fig. 1. Charge-discharge characteristics of LiCoy,Mn, 4O,—CNT
electrodes obtained in two-electrode cell at the charge rate of
0.12 C and the discharge rate of 1 C and 0.12 C at the
temperature of 296 K

The noticeable growth of charge potential starts
at 4.13 V (curve 1') and at 4.16 V (curve 2') (Fig. 2).
This behavior is caused by the side effect of anodic
decomposition of the electrolyte. The charge capacity
of active electrode material and conjugates decrease
with a decrease in the capacity of intercalation of
Li* ions in following cycle (Fig. 2, curve 2).

The charge-discharge profile of
LiCog,Mn, ,cO,—CNT electrodes obtained in two-
electrode cell (Fig. 3) differs from the profile obtained
in three-electrode cell (Fig. 2). The difference of
charge voltage is observed between curves 1! and 2!
(Fig. 2) at charge rates of 10 C and 1 C. The
difference of the potentials in Fig. 2 when the charge

rate increases from 1 to 10 C can be explained in
three-electrode cell by increased anodic polarization
of composite LiCo,,Mn,O,—CNT electrode
(Meompos)- One should also take into consideration the
effect of the electrolyte decomposition in charging

(nside) .
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Fig. 2. Charge-discharge characteristics of LiCoy0,Mn, 4O,—CNT
electrodes obtained in three-electrode cell at the charge rate of
i,=1 C (curves 1') and i,=10 C (curve 2'); the discharge rate
was 10 C at the temperature was 296 K

4.4

4.0 |
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Fig. 3. Charge-discharge characteristics of LiCoy0,Mn, 4O,—CNT

electrodes obtained in two-electrode cell at the charge rate of

1 C (curve 1') and 10 C (curve 2'); the discharge rate was 10 C
and the temperature was 296 K

Thus, the difference of the total voltage in two-
electrode cell can be explained by increased anodic
polarization of composite spinel electrode (Meompos)s
polarization of lithium (n.;), voltage drop in
electrolyte (iR,) and side effect ngy,. (Fig. 3).

The average effective polarization resistance
R omposceanany» Which is determined as dE/di (Fig. 2,
where dE=E,—E,, di=i,—i,), is equal to 80 ohm-cm™2
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if ngq 1S not taken into consideration. The average
effective value of the parameters sum (R, =R mpost
+R,;+iR,) determined from the data of charge curves
in Fig. 3 is equal to 190 ohm-cm™2. Thus, the
calculated average effective value (R;;+iR,) is equal
to 110 ohm-cm™2. The results of the analysis can
indicate that the decrease of discharge capacity of
LiCo,0sMn, ocO,—CNT/electrolyte/Li system at room
temperature and high charge rate occurs not only
due to LiCoyyMn, 3O,—CNT polarization (ngompos)-
The other constituents (i.e. n;;+iR,) are essential
too. The difference between discharge profiles
obtained at the rate of 10 C and 1 C is displayed
only at the end of the discharge process and is
accompanied by a substantial growth of the charge
potentials (at 4.13 and 4.16 V). The value of R_,
reaches 695 ohm-cm™2 at the end of charging. We
suppose that the difference between R,,4 and R, is
mainly due to the following R ,,=505 Ohm-cm™.
Turning to the results obtained at 296 K, it
should be noted that just an insignificant decrease
in the discharge capacity of thin-layer
LiCoy¢sMn, ,cO,—CNT electrodes is observed in
redox reaction with lithium (2.0—3.6%) when the
intercalation/deintercalation rate increases from 1
Cto 10 Cat T,,, 75% of the start capacity is provided
by LiCog¢Mn,0,—CNT electrode/Li at the rate
of 40 C, the room temperature and charge rate of 1 C.
The role of the rate effect amplifies at the lower
temperature is seen from the results of the
investigations of LiCo,q,Mn, ,O,—CNT electrodes
at the rates of 1 C and 10 C in three-electrode cells
(Fig. 4). The anodic polarization of LiCo,(,Mn, 4O,—
CNT electrode increased at final charge voltage
(E..«=4.3 V). The discharge capacity is relatively high
at discharge rate of 10 C, the temperature of 258 K
and the deintercalation rate of 1 C (Fig. 4, curves 1—

E,V
4.4r

3.6

2.8

120
Q, mAh/g

0 40 80

Fig. 4. Charge-discharge characteristics of LiCoy,Mn, 46O,—CNT
electrodes obtained in three-electrode cell at the charge rate of
1 C (curves 1') and 10 C (curve 2'); the discharge rate was 10
C at the temperature was 258 K

1" in three-electrode cell). However, the discharge
profile greatly differs from that at 296 K because of
the presence of iR-component. The charge capacity
and corresponding discharge capacity decrease at the
rate of 10 C (Fig. 4, curves 2!, and 2).

A considerable difference is between the charge
curves 1'—2" at the rates of 1 C and 10 C and discharge
curves at 10 C in two-electrode and in three-electrode
cells, respectively, at the temperature of 258 K (Fig. 5).
The capacity can increase if the charge voltage grows
(Fig. 5). The capacity of composite grows with an
increase in the charge voltage to 4.5 and 4.6 V and
discharge curve is transformed into much typical
profile, particularly, in site II. It assumes a high
potential possibility of effective composite
performance at a low temperature in the electrolyte
with wider window of the electrochemical stability
than electrolyte used in the work. However, it is
known that Li,Mn,O, is an insulator with poor
kinetics of lithium exchange that is formed on
LiMn,O, surface at 4.5 V in an electrolyte containing
EC, DMC, 1 mol L' LiPF, [6].
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Fig. 5. Charge-discharge characteristics of LiCoy0,Mn, 4O,—CNT
electrodes obtained at the charge and the discharge rate of 10 C
at the temperature of 258 K in three-electrode cell (curves 1,
1') and in two-electrode cell (curves 2, 3, 2"). E, ;=44 V
(curve 1') or E,,;=4.6 V (curve 2'). The curve 3 was obtained
after charging at 10 C and E.,;=4.5V

The distinction between charge-discharge
capacity of LiCo,,Mn,O,—CNT electrodes
obtained in three-electrode cell (Fig. 6 curves 1, 1)
and in two-electrode cell (Fig. 6, curves 2, 2') at the
charge rate of 1 C and discharge rate of 10 C at the
temperature of 258 K is insignificant. However, the
discharge curve profiles are highly different. The
distinctions increase at long cycling of
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LiCoyyMn, 4sO,—CNT electrodes. The loss of
capacity at the 250" cycle reaches 19% because of
increased (iR ecmonye) COMponent.

The difference of discharge capacities of
LiCoyuMn, sO,—CNT electrodes observed in three-
electrode cell and in two-electrode cell at the charging
at 1 C and 10 C at room temperature (296 K) is
equal to 1.0% when the discharge rate is 10 C. At
lower temperature (258 K), the difference is 4.5% at
charging at 1 C and is 19.0 % at charging at 10 C
when the discharge rate is 10 C.

E,V
4.4

3.6

2.8

120
Q, mAh/g

80

Fig. 6. The distinction between charge-discharge characteristics
of LiCo,,Mn, 4O,—CNT electrodes obtained in three-electrode
cell (curves 1, 1') and in two-electrode cell (curves 2, 2') at the
charge rate of 1 C and the discharge rate of 10 C; the
temperature is 258 K

Cyclic voltammetry studies on LiCo,,,Mn, o;O,—
CNT electrodes

Cyclic voltammograms (CV) of thin-layer
composite LiCog,Mn, ,0,—CNT electrodes show
a reversible behavior of the system in three-electrode
cell at the beginning of long cycling at temperature
of 296 K. The difference between the cathodic and

I, nA/cm?

1501
a
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50

dE

-150 ] 1

3.8 4.0 4.2
E,V/s

I,

anodic peaks of the current (dE=E_; o4~ Eanode) i
two-phase reaction of the spinel composite with
lithium (1) and (2) is insignificant (Fig. 7, curve 1).
It is 18 mV for the redox couple at 4.05/4.00 V (site
I) and 26 mV for the redox couple at 4.14/4.12 V
(site II); the ratio of the cathodic capacity to the
anodic one (Q_ mode/Qunode) 1S 1.0 and 0.94 for the
site I and (II), respectively. A significant kinetic
deceleration appears in the system at a low
temperature (Fig. 7, curve 2). The value of the
difference, dE, grows and becomes as follows: dE=74
mV (site I), dE=84 mV (site II). The width of the
semi-peaks also grows; the ratio Q unode/ Qanode
decreases to 0.84 and 0.78 for the site I and II,
respectively. The both peak currents diminish,
especially that at the potential of 4.14 V (site 1I).

I, pA/em?®
120

80 4

40. 2

Fig. 7. Cyclic voltammograms of LiCo,,,Mn, ,0,—CNT
electrode at the following temperatures, K: 1 — 296; 2 — 258.
The sweep rate is 1-107* V.s™!

The noticeable changes of the average
pA/cm?
60
40

dE2

4.3
E, V/s

Fig.8. Determination of R¢y=dE/di from cyclic voltammograms of LiCo,,Mn, ,cO,—CNT electrodes at the following
temperatures, K: a — 296; b — 258
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resistance, Ry, occur at low temperatures. Here,
the resistance, Ry, is calculated as a ratio between
the cathetus in CV-curve (R_,=dE/di, Fig. 8,a, b). For
the site II at the temperature of 296 K, the cathodic
and anodic values of Ry, are 0.27-10° ohm-cm? and
0.28-10° ohm-cm?, respectively.

The anodic CV-curve in site II is asymmetrical
at the temperature of 258 K (Fig. 8,b). It may be
separated into two components by the determination
of its left-hand slope (obtained as R.,,=dE,/di=
=1.69-10° ohm-cm?) and the opposite-hand slope
(obtained as Ry,=dE,/di=3.50-10° ohm-cm?). The
difference between the obtained values (R.,—
R.,,=dE,/di—dE,/di) may be related to the resistance
R.sigy=1.81-10° ohm-cm?. These data coincide well
with the ratio of R,,,/R,, which was found in
galvanostatic studies of the spinel composite.

The changes of the difference dE/=E, . peax™
E.athode peax are not considerable when the discharge
capacity of the spinel composite drops to 86 mA-h-g™!
on the 257" cycle at the temperature of 296 K as
follows: dE;=24 mV and dE;;=23 mV. The resistance
Ry, grows as follows: R.,=0.48-10° ohm-cm? and
Ry=0.40-10° ohm-cm? for the anodic and cathodic
segments, respectively (Fig. 9, curve 1).

L, pA cm?
80

40

0)

-40

-80

42 43
E,V

38 39 40 41

Fig. 9. Cyclic voltammograms of LiCo,¢Mn, 40,—CNT
electrode recorded at the temperatures, K:
1 — 296 (257* cycle); 2 — 258 (256™ cycle).
The sweep rate is 1-107* V-s™!

The data presented after long cycling of the
composite at the temperature of 258 K (Fig. 9, curve
2) differ from those at the temperature of 296 K
(Fig. 9, curve 1). The parameters of the system change
significantly at the 256" cycle. The discharge capacity
drops to 74 mA-h-g™!. The other parameters are as
follows: dE;;=98 mV, dE,=78 mV; the anodic R.,=
=2.68-10° ohm-cm?, the cathodic R,=3.20-10° ohm-cm?;
the width of semi-peaks grows, so it becomes difficult
to be determined. It is clear that essential changes

of dE and dR, parameters occur at low temperature.
The peak current in site I1 decreases lower than that
in site 1. The capacity of composite electrode
decreases more pronounced in site II, especially in
two-electrode cell (Fig. 10).

Cyclic voltammograms were also obtained after
long cycling (at the 183™ cycle) at the temperature
of 296 K (Fig. 11, curves 1, 2, 3). The linear
dependence i, vs. ®"/? in the range of sweep rate
from 0.5 to 5.0-10* V-s7! evidences the diffusion
control of intercalation/deintercalation processes.

I, nA cm?
30

20 2

41 42 43
. E,V

3.9 4.0

Fig. 10. Cyclic voltammograms of LiCo, i ,Mn, 4s0,—CNT
electrode recorded at the temperature of 258 K: 1 — 255 cycle
in three-electrode cell; 2 — 256™ cycle in two-electrode cell.
The sweep rate is 1-107* V.s™!

I, pA cm™
200

100

-100

-200

Fig. 11. Cyclic voltammograms of LiCo,,,Mn, 4cO,—CNT
electrode recorded at different sweep rates, V-s7': 1 — 5.107%;
2 — 1-10% 3 — 0.5-107*. The temperature is 296 K

Electrochemical impedance spectroscopy studies
on LiCo,),Mn, sO—CNT electrode/electrolyte system

It was earlier shown [2] that the Nyquist plots
of LiCoj,Mn, O,—CNT electrode/electrolyte
system can be presented as two semicircles in their
high- and middle-frequency parts and as a straight
line at low frequencies in the frequency range of 103
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Fig. 12. Nyquist plots of composite LiCo,,,Mn, O,—CNT electrode/electrolyte at the following temperatures, K:
a— 296, b — 258. 1 — at the beginning of cycling, 2 — after long cycling

to 1072 Hz; this is similar to studies of system
LiMn,O0,—CNT /electrolyte [1]. The parameters of
EIS at maximal electrochemical activity of the
composite on sites I and II in the redox reaction
with lithium change when decreasing the
temperature, these changes are more pronounced
for the site 1I. Therefore, the data of galvanostatic
and CV studies were analyzed in the work together
with the data of EIS evolution in site II at the
potential of 4.14 V.

The electrochemical impedance spectra of
composite system at the temperatures of 296 K and
258 K are shown in Fig. 12,a, b. The discharge
capacity at beginning of cycling is 117 mA-h-g~! and
94 mA-h-g! at 296 and 258 K, respectively. The
discharge capacity after long cycling is 93 mA-h-g™!
and 74 mA-h-g™! at 296 and 258 K, respectively.

The semicircle in the high frequency region
indicates Li"-migration in a surface film of solid
electrolyte interface (SEI). The semicircle in the
middle frequency region implies the resistance of
charge transfer through the interface of SEI film/
composite R, shunted by electrical double-layer
capacity of the composite C,. The linear part of
Nyquist plots characterizes the diffusion processes
in the volume of the composite.

The effective exchange current, i,, was
calculated from the resistance of the charge transfer
through SEI film/spinel composite interface, R, by
the measuring the diameter of the middle-frequency
semicircle (Fig. 12,a, curve 1) using the known
Buttler-Volmer equation for the 50™ cycle at Qgienaree™
=117 mA-h-g~!. Its magnitude is 4.39-10™* A-cm™? at
the temperature of 296 K and it decreases 1.9 times
when the discharge capacity decreases to 86 mA-h-g™!
at the 231" cycle, as estimated from R, value in
Fig. 12,a, curve 2.

However, the changes of EIS are more marked
at lower temperature (258 K) as it can be seen in
Fig. 12,b, curve 1 for the 7" cycle. The resistance

calculated from the EIS data increases by 3.0—
3.5 times for SEI film (R,) and by the order of the
value for R,,. Previous studies of Li-ion cells based
on LiMn,0, at sub-ambient temperatures revealed
that the increase in cell impedance was generally
due to the interfacial resistance of the cathode-
electrolyte interface [7].

The value of i, determined from R, (Fig. 12,b,
curve 2), decreases by the order of the value when
the discharge capacity decreases to 74 mA-h-g™! in
the 270" cycle at the temperature of 258 K.

It should be noted that the inductive behavior
or overlap periodically appears in the low frequency
part of Nyquist plot near potential of 4.0 V vs.
Li/Li*-electrode at low temperature. Similar
inductive behavior was previously detected for
LiMn,O, and attributed to an adsorption/desorption
process of the electrolyte species [8]. Admittedly, it
belongs to the side processes of the decomposition
of the electrolyte. The decomposition of the
electrolyte is accompanied by the formation of
resistive surface film reflected by increased values of
R\ sigey=(1.81—2.68)-10° ohm-cm?. The transformation
of the surface film can be initiated by the adsorption/
desorption process and the emergence of overlap
tendency is its result.

The data of EIS, CV and galvanostatic
investigations were compared. The effective exchange
current, i,, decreases at the potential of 4.16 V and
the temperature of 258 K according to the EIS data.
While peak of current decreases according to the
CV data, the resistance of charge transfer, R,
increases according to the EIS data, and the
resistance dR,,,,,=dE/di increases also as shown in
galvanostatic studies.

An increase in R, resistance as well as in
dR,,,.,=dE/di resistance in the galvanostatic studies
of the composite thin films at the potentials not far
from 4 V at T,,, may be related to the anodic
decomposition of the electrolyte. According to the
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CV data, it is necessary to consider R, at low
temperature for the elucidation of the causes for the
discharge capacity drop of spinel composite.

The crucial role in the capacity decrease at
low temperature belongs to the increase of the Li*-
migration resistance in electrolyte in the porous space
of the spinel composite and the spinel composite
resistances. The 3—4 times decrease of the electrolyte
conductivity and the 6.5 times decrease of the spinel
composite conductivity were shown at the
temperature of 258 K. The structural adjustments of
LiMn,0, can be initiated when decreasing the
temperature. The structure transition of cubic
LiMn,0O, spinel symmetry (Fd3m) to orthorhombic
symmetry (Fddd) with lattice parameters of a=8.2797
(2), b=8.244 (3), c=8.1198 (2) A was shown to
proceed at the temperature of 280 K [9]. Arrhenius
slope of spinel composite under study in the
temperature range of 272—307 K becomes broken at
the temperature of 258 K. The charge-discharge
characteristics of the composite LiCo,,,Mn, 4O,—
CNT electrodes are also broken at the temperature
of 258 K.

The obtained results corroborate the conclusion
about a narrow window of temperature stability of
the used electrolyte (298—307 K), as was established
in the study of thin-layer Mo,S; electrodes by
electrochemical impedance method [10]. We think
that some ionic liquid, that allows the operation in
5 V Li batteries [11], may be an electrolyte with a
wider window of electrochemical stability for the
composite LiCogy,Mn, ,0,—CNT electrodes.

In our works [1,12], a positive effect on effective
LiMn,0O, performance was shown in low-temperature
mechanical composition of LiMn,0,—CNT that
usually is accessible in high-temperature carbon
LiMn,0O, composites [13]. The advantage of surface
Co-doped LiMn,0O, were shown earlier over the
volume Co-doped LiMn,0O, [14]. The efficiency of
surface Co-doping of LiMn,0, was affirmed in our
works.

Conclusions

In this work, the discharge characteristics of
LiMn,0O, spinel, which is generally used in Li-ion
batteries, were investigated. We showed the
improvement in cycling efficiency when using
LiMn,0, spinel in composition with CNT. The
advantage of the proposed LiCo,,,Mn,_,0,—CNT
composite is its easy surface doping as compared with
the volume doping. The LiCo,,,Mn,_;,0,—CNT
composite shows high rate discharge characteristics
and effective cycling ability at the ambient
temperature (296 K). However, the high discharge
characteristics of the composite decline at lower

temperature (258 K). A special attention was paid
to the low-temperature loss of the capacity of the
composite LiCoyo,Mn, cO,—CNT electrodes and
accumulator system on their basis during cycling. A
decrease in the discharge electrode capacity is caused
by decelerated electrode kinetics and increased iR-
drop of voltage at low temperatures. The decrease of
the capacity when cycling can be attributed to the
loss of the electrode ability to full Li deintercalation
and to the formation of the structural defects of
LiMn,0, spinel.

A decrease in the discharge characteristics of
Co-doped LiMn,0O, spinel composition with CNT
at low temperatures and long cycling is due to charge
transfer through SEI film/spinel composite interface
accompanied with diffusion of Li* ions in the bulk
composite. The anodic decomposition of the
electrolyte, which starts at 4.13 V vs. Li/Li*-
electrode, and the low conductivity of electrolyte
containing EC, DMC, 1 mol L LiClO, have a
negative influence on the effective electrochemical
performance of LiCo,y,Mn,,O,—CNT electrode/
electrolyte/Li accumulator system at low temperature
(258 K). The replacement of DMC by DME
(dimetylether) in the electrolyte that was used in
the work might increase the ionic conductivity at
low temperature (253 K).
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MNIABUIIEHHS EOEKTUBHOCTI TOHKOIIIAPOBUX
EJIEKTPOIIB Co-JIOIIOBAHA HIIITHEJIb LiMn,O,—
BYIUVIEHEBI HAHOTPYBKU JUISI 3BACTOCYBAHHA Y
Li-IOHHUX BATAPEAX

P.JI. Anocmoaosa, P.II. Ileckos

IIposedeno ananiz 2anb8aHOCMAMUUHUX KPUBUX, YUKATYHUX
801bMaMNePoSPaAM i IMNeOAHCHUX napamempie 05 GUHAUEHHS i
NOSICHIBAHHS KAOHOBUX (haKkmopie, Ki 6i0N0GIOHI 3a 3HUMNICEHHS
PO3PAOHUX XAPAKMEPUCMUK MOHKOWAPOBUX KOMNOZUMHUX eNeKm -
podie Co-donosana wnineas LiMn,0 ,-8yeneyesi nanompyoku 6
pedoKc-peakuii 3 Aimiem y mpueaiomy YUKAY8AHHI NpU HU3bKIl
memnepamypi i nideuujerii 3apsa0Ho-po3paouiu weudkocmi. Ilpo-
6€0eHO NOPIGHAHHS 2AAbEAHOCMAMUYHUX KPUGUX | YUKATMHUX 601b-
mamnepoepam, 00epiIcaHux 8 mpvox- i 060-eAeKmpoOHUX eKChepu-
MEHMANbHUX KOMIPKAX; PO3ASAHYMO MAKOIC IMNeOAHCHi cneKkmpu
6 3anexcHocmi 8i0 memnepamypu i 3apsiOHO-po3PAOHOT WBUOKOCI.
Lle 003601u10 npocmedcumu eonoyiro enreKmpooHUx npoyecie, AKi
BHUNCAIOMb PO3PAOHY EMKICIb, 0e3 3ACMOCY8AHHS MEeXHIYHO CKAa0-
HuXx [ He 3a8xc0u docmynHux memodie docaiddcents. Kiovogy poav
¥ 3HUdICeHHI po3pAOHUX Xapakmepucmuk komnosuyii Co-donosana
wninens 3 gy2neyeeumu HaHOmMpyoKamu npu HU3bKil memnepamypi
i mpueanomy yukayeawHi gidiepae nepeneceHHs 3apadie uepes meicy
nogepxneea meepoo-eaeKmponimua nAi6Ka/WnineabHUl KOMRO3Um,
yekaaonenutl ougysicro ionie Lit 6 00 ’emi komnosumy. Yemarnog-
AEHO, W0 npoyecu aHOOHO20 PO3KAAOAHHS eAeKMPOAimy, AKi no4u-
Hatomoces npu 4,13 B eionocno Li/Lit-eaexkmpody, i Husvka
nposionicms  enekmpoaimy EK, JIMK, 1 moava~' LiCIO, npu
Huzvkil memnepamypi (258 K) Heeamueno enauearoms Ha KyA0HI-
8CHbKY eheKmueHicmb nepemeopeHHs aKyMyAsmopHoi cucmemu
LiCoypMn, os0,—8yeneyeei nanompyoxu/esekmponrim/Li. Y maii-
OYMHbOMY 0OHUM 13 WASXI6 NOKPAUEHHS eNeKMPOXIMIYHO20 nepe-
MBOPeHHsl YKA3aHOI cucmemu modice 6ymu Onmumizayis eneKkmpon-
imy 3 3acmocysanHam eghekmueHux 006a6oK. SHuN CeHHS NPOGIOHOCMI
wnineni LiMn,0, npu nusvkii memnepamypi (258 K) maxoac npu-
3600Uumb 00 3HUMICEHHS PO3psAOHOI emkocmi. Moduikayis wninens-
HOI KomMno3uyii 30aemocsi 6a2amoHadiliHo0 01 CMPUMYBAHHS HU3b-
Ko-memnepamyphux pazosux nepexodie y winineai. Ycysannsa 3a3-
HAYeHUuX NPUYUH 3HUNCEHHS PO3PAOHOI €MKOCMI Yy Maubymusomy
nosecwums  peanizayito H08020 NePCneKmugHO20 eAeKmpoOH020
mamepiany LiCo,p,Mn, o50,—8yeneyesi nHanompyoku y aimiti-ion-
HOMY AKYMYAAMOPpI.

Kimouogi cioBa: itiii-ionHuit akymynsrop; Co-gonoBaHa
wmiHenb LiMn,O,—ByrieneBi HaHOTPYOKM; MaJiHHS €MKOCTI;
rajbBaHOCTATUYHI KPUBIi; LUMUKIiYHI BOJbTaMIlepOrpaMu;
iMITeJaHCHI CITeKTpPH.
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INCREASING THE EFFICIENCY OF THIN-LAYER Co-
DOPED LiMn,0,—CARBON NANOTUBES ELECTRODES
FOR THE USE IN Li-ION BATTERIES

R.D. Apostolova, R.P. Peskov

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The analysis of galvanostatic curves, cyclic voltammograms
and impedance parameters was performed in order to determine and
interpret the key factors responsible for the decrease of the discharge
characteristics of thin-layer composite Co-doped LiMn,0, spinel—
carbon nanotubes (CNT) electrodes in redox reaction with lithium
during continuous cycling at low temperature and high charge-
discharge rate. The comparison of galvanostatic curves and cyclic
voltammograms obtained by using three-electrode and two-electrode
experimental cells was carried out; the impedance spectra as functions
of temperature and charge-discharge rate were considered too. This
allowed following the evolution of degenerative electrode processes
without the usage of research techniques which are complicated and
not accessible enough. The charge transfer through the solid-electrolyte
interface between solid-electrolyte film/spinel composite, complicated
by diffusion of Li* ions in composite bulk, plays a key role in
decreasing the discharge characteristics of Co-doped LiMn,0, spinel
composition with CNT at low temperatures and continuous cycling.
It was established that the processes of anodic decomposition of the
electrolyte starting at 4. 13 V'vs. Li/Li*-electrode and low conductivity
of electrolyte EC, DMC, 1 mol L™ LiClO, at low temperatures (258 K)
have a negative influence on the effective electrochemical performance
of accumulator system LiCo,,,Mn, 4,0, CNT-electrodes/electrolyte/
Li. A further optimization of the electrolyte with the use of some
efficient additions to the developed spinel composite can be a possible
way to improve the electrode performance. A decrease in the
conductivity of LiMn,0, spinel results in a decrease in the capacity
at low temperature (258 K). The modification of the spinel composite
seems to be very promising to suppress its low-temperature phase
transitions. The elimination of the established reasons for decreasing
the capacity will facilitate the realization of new promising
LiCo,p,Mn, os0,—CNT electrode material in lithium ion accumulators.

Keywords: lithium-ion accumulator; Co-doped LiMn,0,
spinel; carbon nanotubes; capacity; galvanostatic curves; cyclic
voltammograms; impedance spectra.
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