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Abstract

Open circuit voltage (OCV) was measured as a function of temperature and state of charge (SOC) for six kinds of
lithium ion cells. The following cells were used: four kinds of commercial cell using a LiCoO, cathode and a graphite
or hard carbon anode; a trial manufacture cell using a Li-Ni—Co complex oxide cathode and a graphite-coke hybrid
carbon anode; and a trial manufacture cell using a LiMn,O4 cathode and a graphite anode. The entropy change in
the cell reaction was determined by calculating the derivative of the OCV with temperature. Results were compared
and discussed to determine the influence of the phase transition in the electrode materials due to cell reaction. It was
clarified that the entropy change in cells using a LiCoO, cathode is negative except for the part of the SOC region
where Li,CoO; phase transition occurred. An endothermic reaction then occurs during discharge and an exothermic
reaction during charge. In cells using LiCoO» cathodes, there was a fluctuation in the entropy change originating
from the Li,CoO, phase transition in the SOC range between 70% and 90%. This fluctuation was influenced by
temperature and by additives or excess lithium in the cathode material. The entropy change in both cells using a Li—

Ni—Co complex oxide cathode or a LiMn,0O4 cathode was comparatively small.

1. Introduction

Lithium ion cells have been widely used for portable
electronic devices, and have also been applied recently in
commercial pure and hybrid electric vehicles in trials.
Development of lithium ion cells with large capacity has
been actively advanced with the aim of application to
moving and stationary devices. It is very important to
thermodynamically understand the thermal behaviour
during discharging and charging to safely and efficiently
utilize lithium ion cells, especially in the case of large
capacity cells.

The entropy change in the electrochemical reaction is
an important heat source in lithium ion cell during
charge and discharge [I-3]. Thus, it is an important
thermodynamic factor in cell thermal design and heat
management.

The entropy change in the cell reaction can be
obtained by measurement of the temperature dependen-
cy of the open circuit voltage (OCV) [4]. The entropy
change can also be determined by calorimetric measure-
ment during charge and discharge under reversible
conditions in a cell [1]. Although there are some reports
on the calorimetry of lithium ion cells, few reports on
the entropy change have been obtained from the
derivative of OCV with temperature [1, 3, 5]. A long
time is needed for the OCV measurement; therefore only

the entropy change data for a limited state of charge
have been reported [3, 5]. This work did not investigate
phase changes during charge and discharge in detail. In
addition, temperature dependency of the entropy change
remains to be clarified.

In this study, by measuring the OCV as functions of
temperature in many states of charge during both
intermittent discharge and charge, the entropy change
AS in the cell reaction was examined for some repre-
sentative lithium ion cells, compared among the cells
and discussed with respect to phase change. The
temperature dependency of AS was also examined.

2. Cell reaction and thermodynamic relations

The most common lithium-ion cell consists of LiCoO,
as the cathode active material and graphite or hard
carbon as the anode material. Cells using Ni oxides or
Mn oxides for the cathode are being developed due to
their lower cost. In the lithium ion cell, lithium ions are
deintercalated from the cathode during charging and
inserted into the anode. Reversely, during discharge,
lithium ions are extracted from the anode and inter-
calated into the cathode. In a typical lithium-ion cell
using LiCoO,, the cell reactions of both positive and
negative electrodes are as follows:
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Positive electrode:

. charge . .
Li,CoO, == Li,_5C00, + SLi" + de (1)

discharge

Negative electrode:

charge .
—— Li,.,C, 2)

discharge

Li,C,, + 0Li" + de~

Whole cell reaction:

. . charge . .
Li,CoO, + Li,C,, == Li,_;Co0O; + Li,,sC,, (3)

discharge

In the case of an ideal reversible cell under the
conditions of constant temperature and constant pres-
sure, the enthalpy change, AH, and the entropy change,
AS, in the cell reaction have the following relation with
the Gibbs free energy change, AG [4]:

AG = AH — TAS (4)

The Gibbs free energy change, AG, can be converted
into the work (electricity) in the ideal system, and it has
the following relation with the electromotive force of the
cell, E.pr [4]:

AG = —nFEqny (5)

From the thermodynamic relationship, the entropy
change, AS, is given by the equation [4]:

OAG

AS = ——— 6

5T (6)

Thermodynamic parameters such as AG and AS are

obtained from the measurement of the open circuit

voltage, OCV, if the OCV can approximate the electro-
motive force Eqpy.

AG = —nF x (OCV) (7)
~_9(0CV)

3. Experimental details
3.1. Sample

The experiment was conducted on the six kinds of
lithium ion cell shown in Table 1. Four samples, A, B, C

Table 1. Lithium ion cells in the experiment

and D, were commercial cells of which the cathode
active materials was LiCoO,. Two samples, E and F,
were trial manufacture cells. The cathode active material
of sample E was a Li-Ni—Co complex oxide, and that of
sample F a LiMn,0, spinel. Each commercial cell was
the 18 650 size of 18 mm in diameter and 65 mm in
length; and both trial manufacture cells were the 14 500
size of 14 mm in diameter and 50 mm in length. Three
samples A, B and C, produced by different manufac-
turers, used graphite anodes. The sample A cathode
contained Sn additive at about 2%. In sample D, a hard
carbon (nongraphitizable carbon) was used for the
anode; and the LiCoO, of the cathode was lithium rich
[7]. The ratio of Ni/Co in the sample E cathode was 7:3,
which was optimum for the capacity density [8]; and the
anode consisted of a graphite and coke carbon hybrid.
The LiMn,0, of sample F was 2% rich in lithium.

3.2. Method of measurement

Cell samples were placed in an air-circulation type
thermostatted chamber (Tabai Espec SU-220), the
temperature of which was controlled by programming
to the scan temperature of the cells. The cell temperature
was measured by using a thermocouple attached to the
surface of each cell and a recorder (Yokogawa

HR3300). Cell voltage and current were measured by

two digital voltmeters (Keithley 2000), synchronized

with the cell temperature measurement. The state of
charge (SOC) was adjusted using a multichannel
charge—discharge battery tester (Kikusui 40W-08).

After adjustment, the circuit was opened and only

one digital voltmeter was connected during the OCV

measurement. The data sampling interval was about

14 s.

The OCV of the lithium ion cells after discharge or
charge did not become steady for hours. The OCV
became steady more rapidly at the higher temperature
because it seemed to be related to relaxation of the
lithium distribution in the active materials. To minimize
the influence on the OCV measurement with tempera-
ture scanning, the setting of the SOC and temperature
scanning were conducted in the following sequence:

(1) Initial charge and discharge was done at a 0.2 C rate
at 298 K. The temperature was then changed to
323 K, and the cell was fully charged at that tem-
perature at 0.2 C constant current charge, followed
by a constant voltage charge for a total period of 7 h.

Sample Cathode Anode Size Comment

A LiCoMO, Graphite 18650 A&T Battery

B LiCoO, Graphite 18650 Panasonic

C LiCoO, Graphite 18650 Sanyo

D LiCoO, Hard Carbon 18650 Sony

E LiCog3Nij 70, Hybrid Carbon 14500 Trial manufacture
F LiMn,0y4 Graphite 14500 Trial manufacture
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Table 2. Initial normal discharge capacity, and accumulated discharge and charge capacities in the OCV measuring process

Sample Qo /mA h VeV Va/V I/mA Q4/mA h 0./ mA h
A 1627.0 4.2 2.7 65 1598.3 1685.8
B 1356.0 4.2 2.7 54 1364.4 1450.5
C 1637.2 4.2 2.7 65 1592.4 1701.7
D 1284.7 4.2 2.7 52 1348.1 1354.0
E 611.4 4.1 2.7 24 539.1 631.7
F 192.1 4.15 2.5 18 196.1 206.5

Qo normal discharge capacity in initial charge/discharge at 298 K.
V. limited voltage in charging.

V4 cutoff voltage in discharging.

I charge and discharge current in SOC setting.

Q4 accumulated discharge capacity in OCV measuring process.
Q. accumulated charge capacity in OCV measuring process.

00, Oq and Q. for sample F were measured at 303 K.

(i1) The cell was kept at the set SOC in the open circuit
condition at 323 K for 20 h.

(ii1) The chamber temperature was dropped to 283 K at
1 K min~', and then kept at a constant 283 K for
50 min.

(iv) The chamber temperature was increased to 323 K
at 1 K min™' and kept at 323 K constantly for
50 min.

(v) Return to (ii) after a 0.04 C constant current dis-
charge for 1 h to set the next SOC; and repeat (ii)—
(v) until the discharging voltage reached a certain
cut-off voltage.

For measurement during the charging process, by
carrying out periodic 0.04 C constant-current charge
after finishing the measurements during the discharging
process, a similar sequence of measurement was carried
out. The constant voltage charge was carried out when
the charging voltage reached the upper limit; and the
constant voltage charge with a period of one hour was
defined to be the fully charged condition. Discharge and
charge currents for setting the SOC, the cutoff voltage
for the discharge, and the voltage limit in the charge
accompanying the initial discharge capacity are shown
in Table 2.

4. Results and discussion
4.1. State of charge

Integrated values, Qq4 (or Q.), of the electrical quantity
discharged (or charged) intermittently in the OCV
measuring process are shown in Table 2 with the initial
discharge capacity, Qo, measured before the OCV
measurement. The difference between Qo and Qg4 is
due mainly to two factors. One is the different measur-
ing conditions such as the discharge rate and temper-
ature. The other is thought to be the self-discharge
because it becomes remarkable in about four weeks for
the long-term OCV measurement at higher temperature.
The degree of self-discharge can be evaluated from the
difference between Q. and Q.

As for the cell (sample F) using a LiMn,O,4 spinel
cathode, SOC adjustment and the OCV measurement at
323 K failed because cell degradation and self-discharge
became too large. Therefore, the experiment on this
sample was separately conducted at 303 K instead of at
323 K. The data for sample F in Table 2 are for 303 K.
Self-discharge in the cell (sample E) using a Li-Ni—Co
complex oxide cathode was also large following sample
F. The difference between Q. and Q4 for the samples A,
B, and C using a graphite anode is 5%-7%, although
the difference is small at about 0.5% in sample D using a
hard carbon anode. According to a separately done
capacity test, the difference between Q, and Q4 may be
caused by the difference in the discharge rate in sample
D.

Data such as OCV and its derivative are indicated as
functions of SOC in the following. The SOC for 100% is
defined as the state that is fully charged with the
constant-voltage charge at a certain voltage which is
shown in Table 2. The SOC was calculated from the
accumulated electrical quantity with Q4 as the reference
in the discharging process and Q. as the reference in the
charging process. Because the OCV changes with
temperature, the fully charged condition is different at
298 K and 323 K. However, the difference is small
below 1% in SOC, when it is estimated from the OCV
sensitivities relative to both temperature and SOC as
shown later. On the other hand, there is an uncertain
difference in the SOC for 0% due to differences in the
discharging rate and temperature.

4.2. Variations of cell voltage and temperature

Variations in cell voltage and temperatures in a series of
measurements are shown in Figure 1 as an example. The
typical relationships between the cell surface tempera-
ture and the OCV in the temperature scanning are
shown in Figure 2. In many cases, the locus showed an
approximately linear relation like (a) or (c¢) in Figure 2.
Figures 1 and 2(b) show examples of SOC where a phase
change from monoclinic to hexagonal in Li,CoO,
occurred due to temperature rise, as discussed later.
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Fig. 1. An example of variations in cell voltage and temperatures in a
series of OCV measurements at SOC = 82% for sample D during the
discharge process.
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Fig. 2. Examples of typical changes in OCV against cell surface
temperature in temperature scanning at SOC = 100% (a), SOC = 82%
(b) and SOC = 0% (c) during the discharge process for sample D.

The curve of the OCV with a maximum as in
Figure 2(b), is a special feature appearing in the phase-
change region.

The locus of the OCV against temperature shows little
difference between the fall and rise in temperature.
Causes of the difference are considered to be: delayed
temperature change inside the cell, relaxation of lithium
distribution in the active materials, delayed phase
change in the active materials etc. These factors cause
errors in entropy change measurement.

The temperature distribution inside the cell was
estimated to be about 1 K by thermal calculation for
temperature scanning at 1 K min~'; the delay in the
temperature was also experimentally estimated to be
about 5 K at maximum. The relaxation of lithium
distribution in the active materials can be estimated
from the difference in the OCV at steady state before
and after a temperature scanning cycle. The difference
between before and after was observed to be about
6 mV maximum at lower SOC. Self discharge also
causes the difference in the OCV before and after the
temperature scanning cycle and cannot be distinguished
from the former. The difference in the locus is rather
large in Figure 2(b) for the phase change region, and
this supports the delay in the phase change.

It can be considered that most errors due to the above
mentioned causes except for the delay in phase change
may be compensated by averaging the derivatives of the
OCYV in temperature. Therefore, we used the mean value
of the derivatives at a given temperature for both fall
and rise in temperature. Errors estimated from the
difference in the derivatives between the fall and rise
were large in the phase change regions and the lower
SOC: and were +0.12 mV K™! at maximum and below
+0.05 mV K™™' as root mean square values.

4.3. Open circuit voltage (OCV)

The OCVs of each cell measured in both discharge and
charge as functions of SOC are shown in Figure 3. The
OCYV is the mean value at 303 K after 20 h on open
circuit. At identical SOC, the OCV for the charging
process is larger than that for discharging. In cells using
LiCoO, cathodes, the difference in OCV between
discharging and charging is different between a cell
using a hard carbon anode and cells using graphite
anodes. Samples A, B and C using graphite anodes
showed similar difference in OCV between discharging
and charging. Except for both SOC>90% and
SOC <10%, the difference is as small as 1045 mV. In
sample D using a hard carbon anode, the difference for
SOC over 50% is also as small as 30 mV or less.
However, there is a large difference with a maximum of
180 mV at SOC between 0% and 50%; this seems to be
due to hysteresis, which is a special feature of hard
carbon, as reported by Xing et al. [8] and the authors [9].
In sample E, the difference in OCV between discharge
and charge is comparatively large, 40—100 mV. This
seems to be due to the graphite-coke hybrid carbon
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Fig. 3. OCV against SOC for the discharge process and charge process at 303 K. (a) Sample A, (b) sample B, (c) sample C, (d) sample D, (e)

sample E and (f) sample F.

anode because coke carbon also shows hysteresis in the
charge/discharge curve [10]. In sample F, using a
LiMn,O, cathode, the difference in OCV between
discharge and charge increases with lower SOC, espe-
cially at 30% or less. The effect of the anode on the
difference is considered to be similarly small in samples
A, B and C because all use graphite anodes. Therefore,
the difference in sample F may originate from the
cathode.

4.4. Derivative of OCV with temperature

The derivative of OCV with temperature at 303 K at
each state of charge in charge and discharge is shown in
Figure 4. Derivatives of OCV for both processes change
in approximately the same way. Especially, in sample D
using a hard carbon anode, there is good coincidence
over the whole SOC range, although hysteresis in the
OCYV appears in the SOC range between 0% and 50%.
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Fig. 4. Derivatives of OCV with temperature for discharging and charging at 303 K. (a) Sample A, (b) sample B, (c) sample C, (d) sample D, (e)
sample E and (f) sample F. Key: (4 ) data for the same battery manufacturers in [3]. Key: (®) discharge; (@) charge.
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Fig. 5. Derivatives of OCV at different temperatures obtained during discharge process measurement. (a) Sample A, (b) sample B and (c) sample
D. Key: (#) data for the same battery manufacturers in [3]. Temperature: (O) 293, (@) 303 and (OJ) 313 K.

Noting the difference in both processes for samples A, B
and C using graphite anodes, each inflection point in the
curve of the derivative of OCV is shifted by 2%—-5% in
SOC between discharge and charge. Also, the difference
increases in the SOC region between 20% and 30%.
Because the shift in the SOC for the inflection point is
smaller than the degree (5%—7%) of the difference
between Q4 and Q,, it is implied that the ambiguity of
SOC due to self-discharge may be one reason for the
shift.

A remarkable increase and decrease are seen in the
derivative of OCV for the samples (A, B, C and D) using
LiCoO, cathodes in the SOC between 70% and 90%.
According to the composition analysis, the lithium
content of Li,CoO, in this SOC range is around 0.5 as
the Li/Co ratio. It is well known that Li,CoO, has
monoclinic crystal structure near Li/Co = 0.5 and there
is a change to a hexagonal structure when the Li/Co
ratio deviates considerably from 0.5 [11, 12]. The change
in the derivative of OCV, an entropy change, in this
SOC range corresponds well to the results of calorimetry
for the same samples [13]. The change in the derivative
of OCV is speculated to be caused by the entropy change
due to phase transition, hexagonal-monoclinic-hexago-
nal, in Li,CoO, in the SOC range between 70% and
90%, as discussed earlier [1, 13].

Noting sample A using a graphite anode, there are
other inflection-points near the SOC of 60%, 30%, and
10%, aside from those between 70% and 90%. They
almost correspond respectively to 1/12, 1/24 and 1/48 at
the Li/C ratio in graphite. These inflection points
correspond well with calorimetry results [14]. Although
it is well known that graphite intercalated by lithium
assumes stage structures, changing stages near 1/12, 1/24
and 1/48 at Li/C ratios [15]. It is speculated that the
inflections near the SOCs of 60%, 30% and 10% may be
due to the stage structure change in the graphite [14].
Although some inflection points are not clear in samples
B and C, the difference in the derivative between
discharge and charge in samples A, B and C is clear in
the SOC range between 20 and 30%. This suggests that

the change in stage structure may be different between
discharge and charge. In samples C, E and F there are
other differences in the derivative of OCV between
discharge and charge. The causes of these differences are
not clear. However, the differences suggest that the
crystal structure of the active materials may be different
between the discharge and charge processes.

In all samples using a LiCoO, cathode, the derivative
of OCV always has a negative value except for a part of
the region where the phase transition in the cathode
occurs. Both samples (E, F) using a Li-Ni—Co complex
oxide cathode or a LiMn,0,4 cathode have a special
feature in which the derivative of OCV is positive or
nearly zero in the half range of high SOC, and negative
in the half range of low SOC.

Al Hallaj et al. measured the derivatives of OCV with
temperature for two commercial lithium-ion cells [3].
One is a product of A&T Battery, and the other is a
product of Panasonic. Both cells use graphite anodes
and LiCoO, cathodes, and their capacities are different
from the respective samples for the same manufacturers
in this study. They showed an averaged derivative of
OCYV between 307 K and 323 K as a function of OCV.
For comparison, the temperature derivative of OCV is
also shown in Figures 4 and 5 by converting OCV to
corresponding SOC. The data of Al Hallaj et al. do not
agree well with our data. We can not determine the
cause of the difference because of the different samples.
However, Al Hallaj et al. carried out the OCV derivative
measurement by increasing temperature from 307 K to
323 K in a staircase- or a ramp-like manner. In such
case in our experiments, a large change was observed in
OCYV due to the relaxation of lithium distribution in the
active materials as the temperature rose because the
relaxation was insufficient at the lower temperature due
to the lower rate. This fact could cause a large
measurement error, so we made measurements only
after sufficient relaxation at the higher temperature, as
mentioned in Section 3.2. Also, our data agree well with
calorimetric measurements during charge and discharge
[13].



4.5. Temperature dependency of the derivative of OCV

For samples A, B and D using LiCoO, cathodes,
derivatives of OCV with temperature at 293, 303 and
313 K obtained in discharge are shown in Figure 5. The
derivatives hardly change with temperature in the range
of 293 to 313 K except for the SOC range between 70%
and 90%, where phase transition occurs in the cathode
active material. In sample D, the derivative clearly
changes with temperature in this SOC range, and its
peak increases remarkably with reduced temperature. In
sample A, the peak is difficult to recognize at 313 K, but
it appears clearly at 293 K with reduced temperature.
However, the change is not clear in sample B and sample
C (not illustrated).

The reason why the temperature dependency of the
derivative in the phase transition region is different
among the samples of A, B (C) and D may be due to
differences in precise composition of the cathode mate-
rials. The cathodes of samples B and C probably use the
standard LiCoO, material, while the cathode of sample
A contains Sn at about 2% and the LiCoO, of sample D
is rich in lithium. According to Levasseur et al. [16],
there is no phase transition to the monoclinic lithium-
rich Li; 4 ,CoO», even if lithium is extracted at room
temperature. According to Reimers et al. [17], the phase
transition temperature to the monoclinic shifts down
when a small amount of a different element such as Ni is
added in LiCoO,. From these facts, it is assumed that
the transition temperature in samples A and D is
lowered by the Sn additive or by excess lithium, resulting
in a smaller transition heat even at 303 K. In fact, the
lowering of the transition temperature in samples A and
D was confirmed by differential scanning calorimetry
[13].

In samples E and F the change due to the temperature
in the derivative of OCV was small in the temperature
range examined.

5. Conclusion

The open circuit voltage (OCV) in both discharge and
charge was measured as a function of temperature for
six kinds of lithium ion cells; four kinds of commercial
cell using LiCoO, cathodes and graphite or hard carbon
anodes, a trial manufacture cell using a Li-Ni—Co
complex oxide cathode and a graphite-coke hybrid

carbon anode, and a trial manufacture cell using a

LiMn,0, cathode and a graphite anode. The entropy

change in the cell reaction was derived and discussed

from these results with comparison among cells regard-
ing influence of phase transition in the electrode
materials. The following facts were clarified.

(1) The difference in OCV between the discharge pro-
cess and charge process was small, at most 45 mV
for cells consisting of LiCoO, and graphite elec-
trodes. The OCV for the cells from three different
manufacturers agreed fairly well.
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(i) The cell consisting of hard carbon and LiCoO,
electrodes showed OCV change unlike the above-
mentioned cells using a graphite anode. The OCV is
noticeably different between discharge and charge
in the SOC range below 50%, due to the voltage
hysteresis of the hard carbon.

(iii)) Change in OCV on discharge is larger in the cell

using a Li-Ni—-Co complex oxide cathode and a

graphite-coke hybrid carbon anode than in the

other cells, except for near the end of discharge. It is
also smaller in the cell using a LiMn,O,4 cathode.

The entropy change in the cells using a LiCoO,

cathode is negative except for in a part of the

Li,CoO; phase transition region. This means that

an endothermic reaction occurs during discharge

and an exothermic reaction during charge. There is

a fluctuation in the entropy change originating

from the phase transition of Li,CoO, in the SOC

range between 70% and 90%. The fluctuation was
influenced by temperature and by the additives and
excess lithium in the cathode material.

(v) The entropy change in both cells using a Li-Ni—Co
complex oxide cathode or a LiMn,O4 cathode is
comparatively small. It has a positive value in the
higher half of the SOC range, but it changes to a
negative value in the lower half of the SOC range
and approaches zero as an average over the whole
SOC.

(iv)
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