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THERMODYNAMIC PARAMETERS OF THE INTERCALATION
REACTION IN THERMAL AND LASER MODIFIED
NANODISPERSED ANATASE

M.YA. SEHIN, .M. BuDZULYAK, O.V. MORUSHKO, L.S. YABLON

Abstract. It is modified matrix of anatase in turn of the thermal and laser treatments. The
dependence of Gibbs energy change of the intercalation reaction of lithium with the guest load
degree change was analyzed. Laser irradiation turned out to increase twice the value of maximum
lithium “guest” loading, constricting heterophase area and changing contrarily concentration
genesis of temperature dependence of entropy of lithium dilution. The optimal conditions of laser
irradiation nanodispersive anatase (pulse energy E = 0,02 ], pulse duration t = 15 ns repetition
frequency f =28 Hz, duration of exposure to 5 min.), at which specific energy characteristics of LPS,
formed on its basis, increased by 55% is set.
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1. INTRODUCTION

Transition metal oxides are promising electrode materials in advanced high-energy density
batteries. The performance of an electrode depends on its ability to intercalate lithium reversibly into
the host lattice. The transition metal oxides have open structures capable of accommodating guest ions
and a flexible electronic structure which can accommodate donated electrons and provide sufficient
ionic and electronic conductivity. One material which promises excellent properties for technological
use as an electrode material in lithium batteries is anatase.

Nowadays, the problem of increasing power generation per unit mass and unit volume of a power
source active substance is of paramount importance. The transition to nanosize of particles of cathode
active material, which participate in Li+—intercalation current generating reaction, is one of the most
effective methods to solve this problem [1, 2]. However, the problem of the possibility of ensuring
essential increase of specific capacity in cathode process remains unsolved yet. Therefore, the aim of
this work is an attempt to solve this problem.

2. EXPERIMENTAL SETUP

The solution of the set problem with taking into account the necessity of ensuring a high
concentration of guest positions should be searched in the choice of such technique of modifications
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which could enable us to control defects caused by growth (they can become additional guest positions
as well) and impurity subsystem, with the necessary topology of energy levels in the gap.

Anatase was modified in vacuum 10°¢ Pa at temperature 500 and 700°C during 1 h. Laser
modification of nanodispersed anatase caused by action of laser irradiation (ti =15 ns A = 1.06 um) with
pulse energy 0.02, 0.03 and 0.04 J (duration of exposure to 5 min). For electrochemical investigations,
electrodes with the area of 0.5 cm? on Ni substrate were formed. The electrode consisted of titanium
dioxide powder, acetylene black as a conductive admixture and the binding agent, in the mass
proportion of 85%: 10% : 5%. The mass of nanodispersed titanium dioxide did not exceed 3 mg.
Thermodynamic electrochemical laws of lithium intercalation have been investigated in a three-
electrode cell with one-mole solution of LiBFs in y°-butyrolactone, a lithium electrode, and a lithium
reference electrode.

3. EXPERIMENTAL RESULTS

The “guest” load degree and specific capacity is given in Table 1. In order to ascertain the degree of
correlation between energy topology of impurity subsystem and the process of Li*—intercalation current
generation, thermodynamical investigations according to EMF technique [3] were carried out. The
results of the analysis of the behavior of Gibbs’” energy change AG(x) as function of the guest load
degree for both materials are given in Fig. 1. It can be seen that the magnitude of the degree of guest
load increases for modified anatase under discharge down to the voltage of 1.5 V, as compared to
original anatase.

Ten:flz::ll;;e of Pulse energy E, ] “Guest” Ioa.c} degree Specific capacity,
modification t,°C. of Li A'h/kg
0 18 620
Original anatase 0,02 27 887
0,03 2,3 776
0,04 1,5 492
0 2,9 971
0,02 33 1115
0 0,03 3,5 1182
0,04 2,7 901
0 24 802
700 0,02 44 1378
0,03 3 998
0,04 2,1 705

Tab. 1. The “guest” load degree and specific capacity of modified anatase.

The following equation can help to understand the process [4, 5]:
AG(x) = eE(x) = p;(x) — po, 1)

where AG(x) is the change of the Gibbs energy of the reaction, e is the charge of electron, E is the
electromotive force of the reaction, y;(x) is the chemical potential of the lithium insertion into the host
structure, uy is the chemical potential of lithium in the metallic lithium anode, x is the number of
lithium atoms per unit of the host material according to the formula.



Thermodynamic Parameters of the Intercalation Reaction in Thermal ... 73

3.5
#ﬁhﬁ
PO 2
vt dchk
3.0+ l m.-\*
TE gy
= | “
Ll.: 2.54 % \*
— \n \*
S a1 \
BAMARAAAAL
2.0 Y \ﬁ
\
1,51

T T T T I T T T T T T T T T T T T T T !
00 05 10 15 20 25 30 315 40 45
xinLi TiO,

Fig. 1. Dependence of the Gibbs energy on guest load degree in original anatase (1) and modified anatase (2).

From the point of view of the thermodynamics of the Lit+-intercalation current generation and
according to Eq. (1), such transition means a change in the behaviour of pi(x). Its dependence on the
degree of guest load x can be represented by the equation [6]:

() = KT In || + Nox + [Ep () — Ep(0)] + L% + Eq. @)

Here k is the Boltzmann constant, N is the number of the nearest neighbouring places, w is the
energy of interaction of inserted guest components, Er is the position of the Fermi level, C is the
distance between the layers, L is the coefficient which is determined by the Lennard-Jones potential
function, Eo is the bonding energy between intercalated atoms and matrix layers. It is evident that the
change in y;(x) causes a change in the structure of the discharge curve.

4. CONCLUSIONS

Carried out investigations unambiguously indicate that the thermal and laser modification of
structure of particles generating energy in Li*-intercalation leads to pronounced increase in specific
energy and power. However, just this modification does not ensure essential approaching of practically
implemented specific capacity to the theoretically possible maximal value of corresponding cathode
process. It ensures a magnitude at a level which does not exceed 1/3 of the theoretically possible one,
relatively to the electrochemical equivalent of lithium. We have proved that the solution of the problem
of further increase in specific capacity for nanodispersed anatase can be attained through forming
structure defects; these defects form a certain energetic topology of electron states. And through this
topology the defects formation ensures the needed dependence in the form of a function of lithium
chemical potential of guest load degree.

According to the aforesaid approach, the physical mechanism of essential increase in energy and
specific capacity consists in such a change of the energetic topology of a defects subsystem when:

— the density of states at Fermi level increases;
— deep levels in gap emerge.
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IIpoanaaizoBaHo 3aae>xHicTh 3MiHM eHeprii [iOca peaxisii Biag cTyreHs iHTepKaasmii ioHIB AiTiIO B
MoAnQpiKoBaHNUII TePMIYHIM Ta Aa3epHNM BiAllaaoM aHaTa3. /lazepHe OIPOMiHEHHA BUKAMKAE ABOKpPaTHUIA
picT MaKCMMaAbHOIO TOCTLOBOTO HaBaHTaKEeHH: iOHIB AiTiIO Ta 3MiHM TeMIlepaTypHOI 3aA€XXHOCTi eHTPOITii
PpO3YMHEeHHs AiTiI0 B MaTpuili aHaTasy. BctaHOBA€HO ONTMMaAbHI YMOBU Aa3epHOTO OIIPOMiHEHHsI (eHepris
iMnyascy E = 0,02 A, TpuBaicts immyascy T = 15 Hc, gacrora f = 28 'y, BuTpuMKa 5 XB), IIpU AKUX IIUTOMAa
E€MHICTb AiTi€BOTO AXKepeaa CTpyMy 3pocTa€ Ha 55 %.

KarouoBsi caosa: cTymiHb iHTepKaAasIlii, aHaTa3, Aa3epHe OIIPOMiHEHHs], TUTOMa €MHICTb.
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