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Abstract

Analysis of the heat generation of highly energy-intensive batteries allows the following
conclusions to be made. Non-explosiveness of the battery’s electrochemical system is
determined by its heat generation. During discharge, heat generation is minimal at the
discharge voltage, being close to the thermoneutral potential. The interface temperature
must be always less than some critical value.

Introduction

One of the basic considerations which hinders further development and wide
industrial introduction of powerful energy-intensive lithium batteries (of the Lithium/
thionylchloride type in the first place) lies in their thermal degradation during discharge
and consequent increased explosiveness. Numerous tests of various standard size Li/
SO, cells showed that, at temperatures above 400 K (at discharge currents less than
©/1.5, where Q is the nominal cell capacity), any deviation from the prescribed regulation
can lead to processes developing spontaneously inside the batteries which result in
explosion and ignition of the latter.

To prevent possible explosions provoked by various unfavourable effects (the
presence of defects in both the cell design and electroactive components, mechanical
damage, other faults, etc.) a number of safety measures and devices exist at present:
various designs of safety valves and built-in fuses [1]; locking diodes, preventing charge;
limiting resistors {2, 3]; protective devices which allow an abrupt decrease in short-
circuit current [4]; intercell space provided with allowance for possible swelling of the
cells and filled with special fillers [5, 6]; careful maintenance of a certain ratio of the
active components (metal Li and SOCI,) during assembly of the cells [7]; introduction
of catalytic additives [8, 9); maximal protection against elevated temperatures; case
covered with thermal insulation, and sealed with high-temperature vitreous sealing
compound; current taps of batteries provided with polytetrafluoroethylene (PTFE)
insulation [10, 11-16].
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However, the package of measures developed does not provide safe operation of
Li/SOCL, cells. Studies of the products of the current-producing reaction in batteries
by varioys methods (gas chromatography, electron paramagnetic resonance, atomic
adsorption and Raman spectroscopy, etc.} have failed in solving the problem either
— no explosive unstable products were observed [17]. Analysis of the literature in
this field allows one to conclude that the successful solution of the problems is associated,
in the first place, with the generation of heat of the electrochemical systems. Another
way of solving the above problem effectively can also be via the search for new,
principally explosion-proof electrochemical systems.

We have carried out an analysis of the heat generation of electrochemical systems
and of their effect on the processes of direct conversion of chemical energy into
electrical energy. The analysis has shown that the prediction of explosiveness of a
battery’s electrochemical system can be achieved on the basis of the following approaches
and criteria.

Heat generation and non-explosiveness of the electrochemical systems of batteries

The power of thermal flow (g,) (at charge or discharge) of the battery from the
cell to the atmosphere can be written, by analogy with eqn. (12) in ref. 18, as a
derivative with respect to the reaction degree or to time r:

. | —dg/d;  for charge (d;>0) (1
9= dg/d;  for discharge (d; <0)

where,

—gg=— TS /88),, 1+ 2F(Upe— Uy — C,dT/dE @)

where z is the number of electrons involved in the current-producing reaction, U, is
the instantancous value of working voltage of the battery, C, is the average heat
capacity of the cell at a constant pressure:

—g, =1~ (T/zFY(dSid&),, 1 + Upe — U] — C,dT/dT (3)

provided that I>0 at discharge and 7<0 at charge.
Let us now consider the following three particular cases of battery functioning:
(i) In the case of reversible isothermal work of the cell the second and third terms
of eqn. (2} disappear to give the expression:

4:=T(5R&), + @

where §; is the power of thermal flow as a derivative with respect to the reaction
degree, Wm™2, which is similar to the eqn. for Peltier heat at te electrade/electrolyte
interface at dSi,,=0 (see egn. (5) in ref. 18).

(i) In the case of isothermal work of the cell only the third term disappears in
the eqns. (2} and (3). This case is well illustrated by data on the lead accumulator
presented in Fig. 1.

It follows from this Fig. that the battery considered releases heat any charge
voltage, whereas at discharge the heat can be either released or absorbed. For most
other battery systems, including lithium ones, (35/8€), +>0 and the corresponding
lines in Fig. 1 are shifted, and the cell discharge at any voltage can be accompanied
by the evolution of heat (as for the Li/SOCI, system).

(iii) The last particular base is adiabatic battery function, for which the left part
of eqns. (2) and (3) becomes zero. The heat, that should be released to the atmosphere
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Fig. 1. Heat flow from the lead/acid battery vs. overpotential at 298 K.

at isothermal work, remains in the cell and causes a fast increase in its temperature,
It is observed at discharge of energy-intensive batteries with high-density currents. In
the first place, this case is characteristic of lithium batteries, for which the density of
accumulated energy can amount to-30% of the epergy of possible uncontrolled and
thermokinetically unstable processes driving the cell to destruction [1, 19].

Consequently, the safe operation of batteries is associated closely with their heat
generation (HG), determined as a negative electrical work referred to the change of
enthalpy, which occurs due to the electrochemical reaction of the cell [12]. The change
in the Gibbs energy of the current-producing reaction of the cell can be calculated
by the equation:

AG'= —zF f U, dE )
o

whereas AH’ is obtained on the basis of the temperature dependence of the cell
voltage and the equation of maximum work:

8" = ~2F [ Unem T(@UIAT), ) d ©

To determine at which stage of discharge the maximum or minimum evolution
(absorption) of heat proceeds the differential HG can be useful:
duc=—zFUJ/(BH'RE), 1 M

For instance, for a lead accumulator the maximum heat absorption corresponds
to £=0.6 mole [20].

For a battery on discharge, the heat generation in the general form can be written
as:

duc= — (ZF/AH") f Un)I(r) dr / f 1(r) ot ®
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where Uj; is the voltage, I the current, and r the period of time. For the discharge of
a battery under galvanostatic conditions eqn. (8) can be simplified to:

quG = —ZF(]d/AH' )]

where U, is the average discharge voltage. Equation (9) is the most convenient for
calculating HG: all that is needed is the discharge curve and the value of the change
in enthalpy of the cell current-producing reaction. Table 1 summarizes heat generations
calculated by eqn. (9) for the discharge of the most widely used electrochemical systems
presently studied in our laboratory.

It follows from the data given in Table 1 that the Li(Fe(4N,), - (BOH), characterized
by the minimum gug value is a promising (in terms of its non-explosiveness) aption
to replace the Li/SOCI, system. It should be also noted that the HG values, given
in Table 1, can be easily referred to other, experimentally-obtained U,, by multiplying
these by the ratio of the average discharge voltage observed to U, (from Table 1),

The fact that the thermal flow gg, generated by the battery, is minimal at the
discharge voltage Uy, being close to the thermoneutral potential U, =Uys—gp/i, is an
important aspect of the problem under consideration.

The thermoneutral potentiat (or heat voltage) is the enthalpy term of open-circuit

voltage (OCV) [11, 12]:
Up= —AH'[zF (10)
and the voltage, at which the battery functions without thermal flow both from the

cell and towards jt. In other words, this is the theoretical OCV of the cell at absolute
zero:

AH' ol
Um——? —Uoc—Ta—T (11}

When passing from equilibrium (open-electrochemical circuit) to the condition of
battery’s functioning, the total heat balance should also take into account non-equilibrium
effects [18]. After some transformations the expression for the heat, generated by a
running battery, can be easily obtained:

gs=—2F(Uyn—Uy) (12)
Or, in terms of the power of thermal flow:

do= —I(Ua~Ua) (13)
TABLE 1

Heat generation of battery's electrochemical systems ad 298 K

Electrochemical Uy, B qHG Refs.
system

Li/SOCL, 3.40 0.90 [12]
Li/SO, 330 0.80 [12]
Li/H,0, 2.90 0.80 [12]
Li/CuTAAB(OMe), 1.70 1.15 this work
Li/NdPc 1.90 1.47 this work

Li/Fe(4Nx),(BOH), 1.90 0.53 this work
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It follows that the zero thermal flow should occur at the load voltage Uy equal
to the thermoneutral potential U,, (a criterion for the selection of electrochemical
systems). Batteries operating within the range limited by the terms of eqn. (11) —
open-circuit voltage and thermoneutral potential — will be accompanied by heat
absorption, whereas functioning by heat absorption at voltages U, which lie beyond
this range will be accompanied by heat evolution. The cell operating at U,, displays
a fair transition from the endothermal to exothermal work of the battery. Consequently,
discharge or charge of the battery beyond the above range is accompanied by heat
release depending on U, rather than on the cell OCV (eqn. (13)). For instance, for
the Li/SQCI, electrochemical system with a considerable thermoneutral potential (of
the order of 3.75 V) upon the charge voltage becoming distant from U,, a high power
of thermal flow occurs and, as a result, thermal destruction of cells of this system
are rather frequently.

For a discharging battery the thermoneutral potential can be determined either
calorimetrically using eqn. (13} or from OCV measurements as a function of temperature
by eqn. (11).

Thermokinetic instability of battery discharge processes

Starting from the above experimental data on the thermal destruction of batteries,
the stages of thermokinetic instability of discharge process of highly power-intensive
current sources can be represented as follows: an initial or induction period, self-
acceleration of the exothermal reaction and propagation of the front of uncontrolled
process, and, as a result, destruction of the cell. Let us consider each of these stages
now.

At the beginning of battery’s discharge, the system behaviour is controlled by the
energy balance, i.e., the heat released due to the battery’s functioning is withdrawn
from the reaction zone in due time. In a heterogeneous system (in this case it is the
reaction zone of the battery with a fixed reactant (lithium anode)) the starting temperature
dependence of heating efficiency is kinetically controlled. Thus, taking into account
the Arrhenius’s equation:

I=A exp(—W,/RT,) (4)

where A is the pre-exponential multiplier, W, the activation energy of the process, R
the universal gas constant, T, the interface temperature. The reaction rate {current
I} and, therefore, the rate of HG, increases fast with temperature. This is also confirmed
by our theoretical analysis of heat generation of electrochemical systems and the
mutual influence of electrode kinetics and HG [18]. The equation of heat balance
can be written as:

Qu=0% (15)
where Qg is the heat generated by the running current source:
QOu=— kqATsl = '—kq(Tb'" Tv) (16)

where k, is the coefficient of heat transfer from the electrode surface to the electrolyte
under convective heat-exchange conditions or the thermal conductivity for the system
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with allowance for heat transfer by heat conduction [21-23]; 7, is the temperature in
the bulk electrolyte. Then, taking account of the fact that the rate of the electrochemical
reaction changes with temperature according to eqn. (14), egn. (15) is characterized
by the right part increasing exponentially with temperature. In this case, further
maintenance of the settled stationary temperature distribution in the system with
conditions of heat removal (i.e., T;, the temperature under initial conditions, and
kq=constant) can appear to be impossible, and an uncontrolled self-acceierated
exothermal reaction begins,

Similar considerations are the basis of the theory of ‘heat explosion’, developed
in the work of Semenov [24-26]. According to this theory, in the case of a sufficiently-
fast increase in the rate of exothermal reaction (both homogeneous and heterogeneous)
with temperature and the impossibility of the stationary temperature distribution, fast
non-stationary heating of the substance and acceleration of the reaction arise, which
leads to the instability of the process kinetics, i.e., to the ‘heat explosion’ [24-27].

The cause of the above phenomenon in the battery, i.e., of the second stage —
uncontrolled self-acceleration of exothermal reaction — can lie in the appearance of
a local heat source due to violation of the regulations of battery operation, e.g., a
short circuit which results in the Joule heat release (4, [28]. When the temperature
in a lecal volume increases over some critical value Ty, this source activates the heat
source (s, determined by the nature of the battery electrochemical system. Then:

QB=Q1+Q2=QI+Q1;+QP (17)

where Q,=n. I is the heat conditioned by the reaction overvoltage; Qp is the latent
heat of the current-producing reaction (the analogue of the Peltier heat). At the stage
of acceleration of the isothermal, reaction HG is determined by both the heat of
reaction AH’ and its rate, i.e., a thermokinetic instability of the system {19, 27]:

Q:= — AH'KC exp(— W, /RT)XT—T§) (18)
where k° is the reaction constant, C the concentration of cathodically-active substance:

I Qfor T<Ty
T T':’)—{l for T>TF a9
Localization of the total heat source (Q;—+(Q,) in a small volume results in the
dramatic incrcase of local temperature. This is also promoted by the surface heat
condition (that of the surface of the local heat source) being considerably lower than
the volumetric heat conduction. All this leads to thermokinetic instability of the battery.
Thus, for a stationary process, i.e., prevention of uncontrolled self-acceleration
of exothermal reactions, it is necessary for the interface temperature to be always less
than a critical value 75, limiting the stationary region. In this case, the condition:

0. _ dos

d7, dT, (20)

must be obeyed. Upon reaching the critical temperature eqn. (20} is transformed into
the equality:

40 _ d0s
dT,  dT, ‘ 1)
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Based on eqns. (15), (17), (18) and (21) one obtains the set of eqns. whose solution
with respect to Ty gives:

*
W, [ 4r
= oa [1—- 1- W, Tg] (22)

which is identical to that for gas-phase reactions [27], and can be used for the evaluation
of highest possible battery temperatures.

The evaluation of critical temperatures by eqn. (22) for various electrode processes
showed that T%" can be varied over a rather wide range. Thus, for a kinetically-
controlled process (the typical value of the activation energy W,=85 kI mol™') at
To=293 K in accordance with egn. (22) the 7§ value is equal to 300 K, whereas for
a diffusion process (W, <10-13 kJ mol™?)— 77 ranges from 390 to 500 K. The same
temperature range is characteristic of batteries based on the Li/SOCI, electrochemical
system (T =390 K at Ty=2300 K [19]), which agrees well with experimental data —
safe operation of the cells is provided, when, as was mentioned above, the internal
Li/SOCI; battery temperature does not exceed 400 K. A criterion for transition to
the state of thermokinetic instability can be the value of the coefficient of convective
heat transfer k,, because it follows from the egn. of heat balance that the transition
to instability will occur at k, values determined by the expression:

i(m+P)
T

kg (24)
where P is the Peltier ceeflicient. For instance, assuming that for highly energy-intensive
lithium batteries i=1x10° A m™? ATy =90 K, (n+P)=2-3 V, we obtain an estimate
of the critical value of the coefficient of convective heat transfer, at which the transition
to thermokinetic instability proceeds: k,=220+330 W m~2 K™%

To summarize, it should be noted that the above concepts of the heating efficiency
of electrochemical systems are in good agreement with a model of HG of the Li/
SOC, system which can be illustrated by Fig. 2.

Heal generation

Tempem ture

Fig. 2. Schematic representation of critical situations in the self-heating process. Lines 1; and
I, denote conditions for ignition and extinction, respectively,

*With the values of critical temperatures available the energy of activation of the corresponding
current-producing process can be calculated by eqn. (23), obtained after some simple transfor-
mations of eqn. (22) at RT,/W, « |;W,=ATT/R(TTY.
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The portion AP,P,B of the curve corresponds to the kinetic stage of heating
efficiency of the Li/SOCI, system, described by eqn. (14). The model given in ref. 19
also provides the case where, due to the exponential increase in temperature, transport
of SOCL, to the lithium anode can predominate and the reaction changes from the
kinetic control to diffusional control: portion CP,D. The rate of heat removal from
the reaction zone to the atmosphere, including the heat of possible phase transitions
— lithium melting and evaporation of SOCl, — is presented in Fig. 2 by line I,
intercepting the HG curve at three points P;, P; and P,. Points P, and P, belong to
stable stationary states of the system (corresponding to kinetic and diffusion control
of the system), whereas P, represents the solution of the corresponding differential
equations describing mass and energy balance at the unstable state of the system.
When the removal of heat (line 1 in Fig. 2) cannot be maintained at equilibrium with
the HG of the system, line | tends to 1;, and points P; and P, coincide (point P,).
The physical meaning of this position corresponds to the beginning of self-acceleration
or uncontrolled exothermal reaction which leads to the fast growth of temperature
and, eventually, to the battery’s failure. The model does not deny stabilization of the
system far from the equilibrium state (point P, in line 1,) either. The above calculations
allow the following conclusions to be made: non-explosiveness of a battery electrochemical
system is determined by its heat generation; the heat flow, generated by the battery,
gn, is minimal at the discharge voltage U, being close to the thermoneutral potential
Uww=Us—qg/l; the interface temperature T, must be always less than some critical
value Ty the value of the coefficient of convective heat exchange kq must satisfy the
condition:

kq S[i(n+ PYIITY (25)

List of symhols

A pre-exponential multiplier

C concentration of cathodically-active substance, mol 17?

C, average heat capacity of the cell at a constant pressure, J K~ mol™!

F Faraday constant, 96 500 C mol ™’

AG’ the change in the Gibbs energy, J mol !

AH' the change in the heat of the reaction, J mol™!

I current, A

i current density, A m~2

x° reaction constant

k, coefficient of heat transfer, W m~2 k™

P Peltier coefficient, V

Q nominal cell capacity, Ah kg™!

o, Joule heat, J mol™?

Q- heat source, determined by the nature of battery’s electrochemical system,
J mol™?

O heat, generated by the running current source, J mol !

Q. heat conditioned by the reaction overvoltage, J mol=?!

Q. stationary heat flow, J mol™!

qHG heat generation

gp thermal flow
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power of thermal flow, W m~?

guc differential heat generation

R universal gas constant, 8.31 J K™! kg~!
S entropy, J K™ mol™’

T temperature, K

To temperature under initial conditions, K

Ty

®3IN N SRIRERT NSy

interface temperature, K

critical value of interface temperature, K
temperature under stationary conditions, K
temperature in the bulk electrolyte, K
time, s

open-circuit voltage, V

instantaneous value of working voltage, V
discharge voltage, V

average discharge voltage, V

thermoneutral potential, V

activation energy of the process, J mol !
number of electrons involved in the current-producing reaction
reaction degree

overvoltage, V

step function
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