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Abstract The active molybdenum sulfide compound
Mo,S5, which should be considered as a cathode material
for thin-layer rechargeable power source, has been produced
by electrolysis. Using impedance spectroscopy and potential
relaxation method after current interruption, the kinetic
parameters of lithium intercalation in electrolytic Mo,S3
have been obtained. Activation energy of Li" migration in
electrolyte (13.76 kJ/mol), charge transfer through the Mo,S;
electrode/electrolyte interface (38.8 kJ/mol), and Li" diffu-
sion in a solid phase (57.3 kJ/mol) have also been
established. Taking into account the coefficient data of
charge mass transfer in a solid phase and the reaction rate
coefficient of charge transfer through the interface electrode/
electrolyte within the temperature range 20-50 °C, the stage
of Li" transfer in a solid phase has been determined as a
limiting stage for lithium intercalation in electrolytic molyb-
denum sulfide Mo,S;.
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Introduction

Growing demand for autonomous high-energy power
sources used in electronic devices has lead to efforts aimed
at increasing the efficiency of rechargeable lithium chem-
ical power sources. The electrochemical activity of elec-
trode materials in such power sources depends both on the
materials selected and the methods used in their synthesis.
Electrolysis methods present a large parameter space in
which the systematic variation of chemical composition,
morphology, physicochemical, structural, and electrochem-
ical characteristics of electrode materials can be carried out.
Electrolysis enables production of thin-layer nonballast
electrodes based on the oxides of transition metals such as
V, Mn, Mo, Ni, etc., and sulfides of metals such as Fe and
Mo, all of which are good candidates for use in thin-layer
lithium batteries [1-5].

Electrolytic molybdenum oxide and sulfide composite
(e-Mo,0S) were synthesized in compact layers and used as
the cathodes of lithium thin-layer batteries [6]. E-Mo,0S
(10 mg/cm?® on 10 pum aluminum substrate) was produced
by cathode reduction of a sodium molybdate water solution
in the presence of sodium thiosulfate [7]. Physicochemical
structural properties of e-Mo,0S were investigated by
profilometry, thermal analysis, and IR-spectroscopy meth-
ods [8]. Based on data from X-ray diffraction and atomic
force microscopy, e-Mo,0S compounds are mainly nano-
structured materials, consisting of sulfides (Mo0,S;, MoS,,
MosS4) and Mo—oxide admixtures. The aggregate proper-
ties of the deposited material depend on electrolyte
composition, substrate composition, electrolysis parame-
ters, and thermal treatment. Reversible capacity of e-Mo,0S
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ranges from 150 up to 200 mAh/g (depending on the
deposit mass) in lithium cell models with liquid [ethylene
carbonate (EC), dimethyl carbonate (DMC), 1 M LiClOy4]
and PVdF-based polymer electrolytes.

Thin-layer e-Mo,0Ss are excellent candidates for
electrode kinetics investigations, as shown in [8]. The
values of the coefficient of ion interaction and ion
interaction energy and the lithium ion chemical diffusion
coefficient for electrochemical intercalation in electrolytic
molybdenum sulfide e-MoS, have been determined from
cyclic voltammograms.

In this work, investigations of electrode kinetics of
electrolytic molybdenum sulfides were carried out using the
potential relaxation method (PRM) after current interrup-
tion, and by the electrochemical impedance spectroscopy
(EIS) technique.

Experimental

Aspects of the synthesis of electrolytic molybdenum sulfide
compounds

Molybdenum sulfides were deposited by cathode reduction
of aqueous solutions of sodium molybdate and nickel
sulfate (total concentration is 0.08-0.14 mol 1) with
sodium thiosulfate (0.01-0.012 mol 1I""). Stable electrolysis
conditions were reached at an electrolyte temperature of
85+3 oC, Icathode:3~5_7~5 mA Cmiz, Scathode:SanodeZI:S:
pH=5.0-6.0. The synthesized materials were produced as
compact deposits with the mass of 1-12 mg cm 2 on a foil
(25-100 pum thickness) of the aluminum alloy AMG-6.
Smooth plates of technical-grade titanium (VT-1) were used
as anodes. Electrolytic deposits were subjected to thermal
treatment at 180 °C for 7 h.

Cathode production of molybdenum sulfides can occur
according to different mechanisms. The overall process of
molybdenum disulfide formation may be described by the
following equations [9]:

MoO; ™ + $,05” + 14H" + 108 — MoS, + 7TH,0 (1)

Mo0,03 +3S72 4+ 6H" — Mo0,S; + 3H,0 (2)

3MoO, + 4872 + 12H" + 48 — Mo3S4(Mo,S; * MoS) + 6H,0

(3)
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Investigation of lithium intercalation in molybdenum
sulfides

Electrochemical parameters of molybdenum sulfides during
galvanostatic discharge—charge processes were investigated
at room temperature in a lithium test cell with thin-layer
e-Mo,0S cathodes, lithium anodes, and a Li/Li" reference
electrode. The models were filled with a liquid electrolyte
comprising 1 M LiClO4 (Iodobrom, Crimea, Ukraine),
propylene carbonate (PC, Angarsk Chemical Reagent Plant,
Angarsk, Russia), dimethoxyethane (DME, Merck, White-
house Station, NJ, USA) in the volume ratio 1:3, and
PVdF-CTFE (31508/1001 Solvay), EC, DMC (Merck), and
0.5 M LiClO4 polymer electrolyte.

Potential relaxation method

The method proposed in Wang et al. [10] enables Dy
determination at different stages of molybdenum oxysulfide
discharge based on the mathematical diffusion model
describing the behavior of a flat intercalated electrode after
charge/discharge process interruption. The Li/1 M LiCIOy,
PC, DME/e-Mo,OS system was the object of the present
investigation.

Electrochemical impedance spectroscopy technique

Impedance spectra were determined for the system of e-Mo,
S-electrode—electrolyte—e-Mo,S in the four-electrode Li—e-
Mo,S—e-Mo,S-Li model as a function of electrolyte
temperature and e-Mo,S-electrode intercalation degree.
The two identical working e-Mo,S electrodes, with 1x
1 (cm) geometrical area were sulfur-containing materials
with the mass of 1.5-3.0 mg/cm?, produced on a stainless
steel gauze. On both of the e-Mo,S electrodes, there were
1x1x0.01 (cm) size Li electrodes. They were used for
changing the degree of discharge of the e-Mo,OS-electrode.
In this battery model, electrodes are divided into 100—
300-um electrolyte layers. With the help of an analytical
radiometer (VoltaLab PJZ 301), the impedance spectrum of
the system e-Mo,S—electrolyte—e-Mo,S was determined by
applying a 10-mV-amplitude electrical signal within the
frequency range from 100 kHz to 4 mHz. For registration
and analysis of the impedance spectra, the programs ZPlot
and ZView (version 2.1b) were used. Application of gauze
to the thin-layer e-Mo,S electrodes enabled their homoge-
neous polarization. Before impedance measurement, the
investigated system was equilibrated without current for
15 h. In that case, the sulfide electrode potential corre-
sponded to the open circuit potential near equilibrium at the
intercalation degree (Eocy). During a pause, e-Mo,S
electrodes were short circuited to achieve equipotentiality.
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Fig. 1 X-ray pattern of e-Mo,S; synthesized on stainless steel.
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Results and discussions

Determination of lithium chemical diffusion coefficient
in e-Mo,S3 by the PRM

As determined by X-ray phase analysis, the structure of
investigated material corresponds to the molybdenum sulfide
Mo,S; structure (ICPDS 12-693)—Fig. 1. The open circuit
voltage (OCV) of the e-Mo, S/Li system is 3.45-3.60 V. A
hysteresis-type profile obtained upon system cycling is
shown in Fig. 2. In the first cycle, the discharge profile
differs from those obtained in the second and subsequent
cycles. In the first discharge process, voltage changes
monotonically from 2.8 up to 1.45 V; then the slope of
curve changes, whereupon monotonic voltage drop continues
again up to 1.1 V. In the second cycle, a sloping voltage
plateau takes place, and a voltage drop within the range of
1.8-1.1 V occurs uniformly. In the second cycle, the initial
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Fig. 2 Discharge—charge profile of the model based on e-Mo,Ss.
Mass: 3.3 mg/cm2 Electrolyte: PC, DME, 1M LiClOy4. [Idisch=
0.05mA.cm™, Icharg=0.03mA.cm™
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Fig. 3 General view of potential relaxation curve after current
switched off in the model of e-Mo,S3/PC, DME, 1 M LiCIO,4/Li.
Idisch=0.05 mA c¢m 2, /=13.3.10 % cm

discharge capacity (340-370 mA h™' g™ ') decreases by 20%
upon cycling within the range of 2.9-1.1 V. Reversible
capacity ranges within about 200 mA h™' g .

At the relaxation time t>>12/(n2*l~)Li), the l~)Li value is
obtained by the method of Wang et al. [10], based on the
relaxation curve (Fig. 3) by the slope of its linear portion at
the coordinates In |exp (E*_RT‘EU')) — l]relatively to t:

~ Ptga
DLi = - 7[2 ) (4)

where [ is the electrode thickness; Dj; is the lithium
chemical diffusion coefficient in a solid phase, and E, is
the electrode potential as t—oo.

10 9

In[exp{F/RT(E, -E)}-11
D
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Fig. 4 Relaxation curve at Ig [exp(F/RT(E-.-E))-1] vs t coordinates
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Fig. 5 Dependence of Li" chemical diffusion coefficient (5“) on
potential in e-Mo0,S;

Figure 3 shows the potential relaxation curve for the
case wherein the discharge current is turned off at
E,=1.59 V. The relaxation curve at the coordinates
In[exp (F/RT(Ex — E)) — 1] relative to ¢ as obtained from
Fig. 3 is shown in Fig. 4. From the linear part of the
relaxation curve, the value of tg @=0.8*10"* ¢ ' was
obtained. The D;; value calculated by Eq. 4 for this case is
equal to 1.44*107"" cm? s™'. The dependence of Ig Dy; on
the open circuit potential (Egcy) is shown in Fig. 5.

Within the potential range of Eqocy=1.9-1.3 V, the
change in Dy; takes place nonlinearly. The order of
magnitude for the BLi values obtained for e-Mo,S;3 by the
PRM agree well with those established by the method of
cyclic voltammetry [8].

Kinetic parameters of lithium intercalation in e-Mo,S3
established by EIS method

As depicted in a Nyquist diagram, the impedance spectrum
of the e-Mo,S;/PVdF, EC, DMC, 1 M LiClO4e-Mo,S;3
system with molybdenum sulfide discharged up to 1.1 V vs
Li/Li"(Egcy=1.32 V), is a compressed semicircle converted
into a line (Fig. 6).

Changes in the impedance spectra of the system as a
function of temperature (293, 307, 319, and 332 K) are
shown in Fig. 7. The structure of the impedance spectrum is
altered by changing temperature. The impedance of the
system increases with decreasing temperature both in the
high-frequency regime and in the low-frequency linear
range. The spectra were analyzed with the help of selected
analog circuits. The impedance spectra and the analog
circuit of the system and its functional parameters are
shown in Fig. 6 for 7=293 K.

With the help of the Arrhenius equation, which can be
presented in general as

digd  E
ap - wr o

values for the activation energy (E) were calculated from
the experimental data. The activation energy (E) is the
energy associated with lithium ion migration in the
electrolyte, or the activation energy of lithium ion transfer
through the electrode/electrolyte interface, where A4 is the
electrolyte conductivity “o,” or exchange current i.
Parameters R1 and R2 established by EIS are accepted
as determinative to obtain electrolyte resistance and the
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Fig. 6 Impedance spectrum of e-Mo,S3/PC, DME, 1 M LiClO4/e-Mo,S;3 system and parameters of equivalent circuit (frequency: 100 kHz—

6.3 mHz). 7=293 K
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Fig. 7 Impedance spectrum of e-Mo,S3;/PC, DME, 1 M LiClO4/e-Mo,S;3 system depending on temperature: a frequency: 100 kHz—0.15 Hz,

b frequency: 100 kHz—6.3 mHz

resistance of charge transfer though the electrode/electrolyte
interface, respectively. For determination of the activation
energy of lithium ion migration in electrolyte (E.), and
activation energy of lithium ion transfer through the
electrode/electrolyte interface (E), the data from Figs. 8
and 9 have been used, respectively.

The current exchange values of Li' transfer through
electrode/electrolyte interface are calculated from the data
obtained by impedance spectroscopy for charge transfer
resistance R:

) RT
[0 =
FRe;

(6)

where R is the charge transfer resistance in ohms per
square centimeter; i, is the exchange current, in A/em?; and
T is the temperature in K. The others parameters have
conventional values.

From the slope of straight portions of Figs. 8 and 9, the
following values have been calculated: E.=13.76 kJ/mol
and E,=38.8 kJ/mol at E,.,=1.32 V.
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Fig. 8 Dependence of electrolyte conductivity () on temperature (7).
PC, DME, 1 M LiClO4

From Egs. 7 and 8, the lithium ion chemical diffusion
coefficient Dy; and the activation energy of lithium ion
diffusion in solid phase £, of molybdenum sulfide e-Mo,S;
have been obtained:

R
Dy = m ) (7)
Ey=—23R d‘iig/? ) 8)

where E, is the activation energy of lithium ion diffusion
in solid phase, in joules per mole; / is the thickness, in
centimeters; O, is the maximum electrode capacity, in
coulombs per square centimeter; 4,, is the Warburg
constant, ohms per square centimeter per root second
(S); and dE,/dx is derivative of equilibrium electrode
potential by the intercalation degree, in volts.

lgig / (A/cm?)

T T T T T T T T
3.0 3.2 3.4
1000/T /K1

Fig. 9 Dependence of exchange current (i) on temperature (7).
EOCV: 132V
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Fig. 10 Dependence of chemical diffusion coefficient (BU) on
temperature (7) in e-Mo,S;

On the linear section of the impedance spectrum
characterizing lithium ion diffusion in a solid phase within
the frequency range of 1004 mHz, there is a frequency
interval where the slope is equal to 45°. The Warburg
constant 4,, was determined by the slope of this line
section.

The dE/dx value was determined from the Eycy
dependence on x. The electroactive material thickness is
/=13.3 pm. Experimental dependence of the lithium ion
chemical diffusion coefficient on temperature in the
investigated material is shown in Fig. 10. The value
of lithium diffusion activation energy in the solid phase
e-Mo,S; was calculated with the help of Eq. 8 and the data
in Fig. 10 and was determined to be equal to 57.3 kJ mol .

The dependence of the chemical diffusion coefficient of
Li+5L,- in the e-Mo,S; solid phase on the potential open
circuit (Epcy) for the intercalation process is shown in

120 -
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4123 - ./ \
= 126
%]
o~
£
S
=~
a -129 A
> - 2
132 A .
T T T T T T T T T 1
10 12 14 16 18 20

E/V vs Li/Li*

Fig. 11 Dependence of chemical diffusion coefficient (BLi) on Ege,
obtained by EIS
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Fig. 12 Dependence of K (/) and K, (2) constants on temperature (7)

Fig. 11. The presence of a maximum at the potential
corresponding to the peak of the potentiodynamic curves at
the potential scanning rate of 10 pV s ' obtained in
Shembel et al. [8] is a characteristic feature. Correspon-
dence between the potentiodynamic curve peak and the
Dij — E(ocy) maximum, in accordance with intercalation
theory, shows repulsion of intercalated ions that is char-
acterized by the interaction parameter of g>(—4) [11].

For evaluation of the type of electrochemical process
involved in the e-Mo,S; discharge, we abandoned consid-
eration of the current exchange (ip) in favor of the rate
constant characteristic or parameter according to the
equation:

iV
Om[x(1 —x)*”
where K is the rate constant in centimeters per second, V' is
the volume of the intercalation material in cubic centimeters,
x is the intercalation degree, and « is the transfer coefficient.
In the calculation, a=0.5, x=0.5, 0,=21.6 C/cmz, and
V=5.10" cm® were used.

For comparison of the rate constant having the dimen-
sion of centimeters per second, with the diffusion rate (55,
em?® s "), we switched from consideration of the diffusion
coefficient to use of the mass transfer coefficient, K,:

Ky =Dy /1

Ks = 9)

(10)

where K, is the mass transfer coefficient in centimeters per
second, / is the thickness in centimeters, and Dy, is the
Lithium chemical diffusion coefficient in square centime-
ters per second.

The temperature effect on the coefficient of mass transfer
K, and the rate constant K is depicted in Fig. 12. Taking
into account the coefficient of charge mass transfer data in
the solid phase, and the reaction rate coefficient of charge
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transfer through the interface electrode/electrolyte within
the temperature range 20-50 °C, the process of Li" transfer
in a solid phase has been determined as a limiting step for
lithium intercalation in electrolytic molybdenum sulfide
MOzS3.

Analysis of the possible degradation of the investigated
lithium cell model based on e-Mo,S;, associated with
electrolyte decomposition in the case of polymer electrolyte
use, has been carried out. According to impedance
spectroscopy data, the resistance of the PVdAF-CTFE,
DMC, EC, and LiClO, electrolyte (12 Ohm sz) in the
model of e-Mo0,S3/PVdF-CTFE, DMC, EC, and LiClO,4/Li
with discharge capacity equal to 150 mA h/g increases up
to 260 Ohm cm? at capacity drop up to 25 mA h/g. The
data conform to the electrochemical degradation of the
PVdF-CTFE-based polymer electrolyte, resulting in degra-
dation of the e-Mo,S;—polymer electrolyte—Li system as a
whole. In this case, the essential increase of lithium
electrode polarization is determined by lithium contact loss
with the electrolyte, whereas microinjection of liquid
electrolyte decreases polarization and promotes an increase
in discharge capacity in the model. Chemical compatibility
of e-Mo,S; with polymer electrolyte and Li during long-
term storage is demonstrated.

Conclusion

Electrolytic molybdenum sulfide e-Mo,S; interacts revers-
ibly with lithium in this model of a lithium battery in the
2.9-1.1-V voltage range. Discharge capacity of e-Mo,S5/Li
(in the first cycle it is 340-370 mA h/g) decreases with
cycling. Reversible capacity after 50 cycles is 150-200 mA h/g
depending on molybdenum sulfide mass. In the e-Mo,S; solid
phase, the value of the lithium ion chemical diffusion
coefficient D;; was determined. Depending on the discharge
degree, this parameter value is lower by the EIS method than
that obtained by the PRM method. However, the character of
the Dy, dependence on the degree of e-Mo,S; discharge
(Eocv) is the same (Figs. 5 and 11). The values of the
activation energy of lithium ion migration in the electrolyte
(13.76 kJ/mol), the activation energy of lithium ion transfer

through the interface of the e-Mo,S;/electrolyte (38.8 kJ/mol),
and that of lithium ion diffusion in the solid phase of e-
Mo,S; (57.3 kJ/mol) are compared. From data including
the coefficient of charge mass transfer in a solid phase and
the reaction rate coefficient of charge transfer through the
electrode/electrolyte interface within the temperature range
293-323 K, the process of Li" transfer in solid phase has
been determined as a limiting step of lithium intercalation in
electrolytic molybdenum sulfide.

At investigation, the lithium electrode in the e-Mo,S3/
PC, DME, 1 M LiClO4/Li system has shown that it does
not preclude obtaining satisfactory specific discharge
characteristics of the electrochemical system. Discharge
capacity decreases with e-Mo,S3/Li system cycling in the
model of a lithium battery with the polymer electrolyte
based on a PVAF-CTFE matrix within the range of 2.9-1.1
V. To a considerable degree, this decrease is driven by
polymer electrolyte electrochemical instability.
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