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Time-dependent elementary polarizations of a lithium-ion battery are quantitatively investigated below
room temperature in an attempt to determine the critical factors affecting low temperature power
decline. From three-electrode impedance measurements and the theoretical analysis of the phenomeno-
logical equivalent circuit, the proportional contribution of the internal resistances to the total polarization
is satisfactorily analyzed as a function of the pulse discharging time. The results prove that the interfa-

cial charge-transfer resistances of the anode (graphite) and the cathode (lithium cobalt dioxide) make
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the highest contributions to the low temperature power decline. On this basis, a strategy for the mate-
rial design to enhance the low temperature performance is suggested with two examples of surface
modification and hybridization with an electrochemical capacitor.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) have been used for energy sources in
various mobile and fixed applications due to their superior perfor-
mance compared to other electrochemical energy storage devices
[1]. The world-wide energy crisis and air pollution have caused the
recent strong demand for high-power LIBs suitable for transporta-
tion systems, such as (hybrid) electric vehicles and aircrafts [2-6].
In particular, low temperature (LT) power performance of batteries
(e.g., cold cranking amps) is very tricky, so there has been much
effort focused on identifying its key controlling factors.

Nevertheless, the clear understanding of the power decline dur-
ing the LT operation has not been achieved: the time-dependent
contribution of the internal cell resistances to cell power is not
fully understood over the course of cell operation, which is of great
importance for designing a cell that meets power specification
requirements for specific transportation systems. For example, in
the case of typical urban driving, when short-time acceleration and
regenerative braking are frequently repeated, cell design must be
focused on reducing the elementary resistances that critically affect
the polarization during the initial stage (less than a few seconds) of
cell operation. On the contrary, when rural/highway driving is the
predominant driving condition, the cell engineer should widen his
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attention span to the resistive elements influencing power perfor-
mance over a prolonged operation time.

Modelling the battery operation might be used effectively to
estimate the time-dependent polarizations arising from the ele-
mentary internal cell resistances. Mathematical models which
describe Li-ion transport through the sandwich of cathode, sep-
arator, and anode [7-13], and the equivalent circuit models based
on the ac impedance spectroscopy [14-18] are well-known the-
oretical descriptions of LIB operation. The mathematical transport
models are quite rigorous but they require many theoretical param-
eters that are not easily obtainable and need many computational
resources. In comparison, the parameters in the equivalent circuit
models are easy to be determined and the calculation procedure is
quite simple as well.

In previous articles [19-22], the elementary resistances
involved in cell operation were successfully differentiated and their
proportional time-dependent contributions to the total polariza-
tion were quantified for the first time. In addition, this proved that
the half-cell test by using a two-electrode cell configuration possi-
bly leads to unreliable results due to disturbance from the signal of
the lithium metal counter electrode.

This work provides a further step towards analyzing the time-
dependent LT power decline of LIB. The elementary and total
polarizations will be systematically analyzed at different current
drains as a function of the pulse discharging time, using a full
cell of a graphite anode and a LiCoO, cathode. Especially, the
time-dependent contributions of all the resistive elements in both
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electrodes to the total polarization will be estimated from the com-
bination of the three-electrode electrochemical measurements and
the equivalent circuit analysis, and then a strategy of the elec-
trode design to improve the power density at a low temperature
will be discussed. Furthermore, the significant improvement of
LT power performance of the cells consisting of hypothetically
surface modified materials and an electrode hybridized with an
electrochemical capacitor will be demonstrated on the basis of the
suggested method.

2. Experimental procedure

A three-electrode cell configuration was employed for the
electrochemical measurements. Lithium cobalt dioxide (LiCoO,,
Aldrich) and graphite (OCI Materials Co., Ltd., Republic of
Korea) were used as the active materials of the cathode and
the anode, respectively. The cathode composite (LiCoO,:carbon
black:polyvinylidene fluoride (PVdF)=90:5:5 in weight) was pre-
pared on Al foil while the anode composite (graphite:PVdF=90:10)
was coated on Cu foil. The area and thickness of the resulting cath-
ode composite were about 1.54 x 107*m?2 (¢=1.4x 10-2m) and
85 wm, respectively, and those of the anode composite were about
2.01 x 1074 m? (¢=1.6 x 10~2 m) and 34 wm. The masses of LiCoO,
and graphite in each composite were 17.5 and 9.1 mg. The capacity
ratio of the anode (negative) to the cathode (positive), i.e., N/P ratio
was set to 1.5 in order to avoid undesirable lithium plating on the
graphite surface in the course of the LT operation of the cell.

For the reference electrode, the end tip of the Teflon-
coated Cu wire (¢(Teflon)=4.5x 10~4m; ¢(Cu)=1.27 x 10~%m)
was removed and placed between two separators (Celgard 2400).
Details on the cell configuration can be found in our previous arti-
cles [20-22]. Before the electrochemical experiments, elemental Li
was cathodically coated on the bare Cu wire by using a LiCoO, com-
posite electrode as the counter electrode. For this coating process, a
constant current of 0.2 mA was applied for 3 s and then interrupted
for 7s, and this process was repeated dozens of times. The elec-
trolyte was a 1 M solution of lithium hexafluorophosphate (LiPFg)
ina 1:1 volume mixture of ethylene carbonate (EC) and diethyl car-
bonate (DEC). The cell was assembled and hermetically sealed in a
glove box (MBraun, Germany) filled with purified argon gas.

The as-prepared cell was first cycled three times between 2.55
and 3.95V (vs. graphite) at a rate of 0.2C and 25°C(22mA perlg
of LiCoO,; a nominal specific capacity of 110 mAh per 1 g of LiCoO,
was assumed to convert the current density into the C rate). Then,
the impedance spectra were obtained over the frequency range of
50 kHz to 5 mHz at a cell potential of 3.95 V (vs. graphite) where the
potentials of LiCoO, cathode and graphite anode were about 4.08
and 0.13V (vs. Li/Li*), respectively. After the impedance measure-
ment, the temperature was changed to 15, 5, or —5°C at the open
circuit condition and the impedance spectra were subsequently
obtained at each temperature. The change in the potentials of cath-
ode and anode with temperature was quite trivial. For the tests at
different temperatures, controlled temperature chamber was used.
The hermetically sealed electrochemical cell was operated inside
the chamber.

A pulse discharge test was performed at each temperature right
after the impedance measurement: the cell was equilibrated at a
constant potential of 3.95V (vs. graphite) and subsequently dis-
charged for 10s at the cut-off voltage of 2.55V (vs. graphite) over
a rate range of 0.2-21C (2.31 A per 1g of LiCoO,). Only one cell is
used throughout the tests. After each pulse discharging the cell was
recharged to the initial potential of 3.95V (vs. graphite) by apply-
ing constant current of 0.2 C and then constant potential of 3.95V
(vs. graphite). A Solartron 1287 electrochemical interface system
was employed to carry out all of the galvanostatic tests. For the
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Fig. 1. Voltage profiles of the LiCoO,/graphite cell for the first three cycles at a rate
of 0.2C.

electrochemical impedance measurement, the Solartron 1287 sys-
tem was coupled with a Solartron 1455A frequency response
analyzer.

3. Results and discussion
3.1. Diagnosis of low temperature power decline

The voltage profiles of the as-prepared cell for the first three
cycles are presented in Fig. 1. Less than 70% of the charge transferred
in the first charging process returned in the following discharging
process. It is well known that the formation of the solid electrolyte
interface (SEI) layer on the graphite leads to such an initial irre-
versibility. The relatively large irreversible capacity is most likely
attributed to the high N/P ratio of the cell. The cell exhibited an
excellent reversibility for subsequent cycles and the voltage profile
was consistent with that reported previously [23].

The cell potential (or cathodic polarization) transients for 10s
at different discharging rates over the temperature range of —5 to
25°C are given in Fig. 2. The transients dropped more rapidly as
the operating temperature was reduced, which is indicative of the
elevated cell polarization and the lowered power density: the cell
potential at 25 °C remained above the low cut-off voltage of 2.55V
(vs. graphite) throughout the whole discharging process even at
the very high rate of 21 C (Fig. 2(a)). Whereas, the potential tran-
sients at 15, 5, and —5°C reached the cut-off voltage before 10s
at much lower discharging rates (Fig. 2(b)). In order to explore the
decisive resistive factors in such a LT power decline, an attempt was
made to separate the resistive elements involved in the discharg-
ing process and then to quantify their contributions to the total cell
polarization.

The differentiation of the resistive elements was done both for
the cathode and the anode by using electrochemical impedance
spectroscopy, as presented in Fig. 3(a) and (b), respectively. All the
impedance spectra were characterized by two semicircles and an
inclined line. It is generally agreed that the first semicircle relates to
either the presence of the SEI layer or the particle-to-particle con-
tact of the active materials while the second semicircle is ascribed
to the interfacial charge transfer combined with the double layer
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Fig. 2. Cell potential (or total cathodic polarization) transients during the pulse dis-
charging for 10s, measured from the LiCoO;/graphite cell at different discharging
rates and at temperatures of (a) 25 and (b) 15, 5, —5°C.

charging/discharging process [24,25]. Also, the solid-state lithium
diffusion through the active materials is responsible for an inclined
line known as the Warburg impedance. The summation of the
impedance spectra from the cathode and the anode, i.e., the cal-
culated full cell impedance spectra, quantitatively coincided at all
operating temperatures with the full cell spectra measured by using
a two-electrode cell configuration (the results are not presented in
this work), just like our previous reports [20-22]. This indicates
that our three-electrode cell works properly.

It should be mentioned that the cell design with relatively high
N/P ratio (1.5) used in this work leads to the smaller resistance of
graphite anode due to the increased surface area, as compared to
the resistance in the cell design with typical N/P ratio (~1.0). In
other words, the resistance of the first semicircle for graphite was
severely under-estimated in this work because of high N/P ratio. On
the other hand, the redox potential of the electrode materials at a
specific state of charge is affected by the temperature and thereby
the amount of Li in the electrode material and charge transfer resis-
tance are changed when the potential is fixed and the temperature
is changed. However, in this work, after the impedance spectra
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Fig. 3. Impedance spectra of (a) the LiCoO, and (b) the graphite at a cell potential
of 3.95V (vs. graphite) and different temperatures. The potentials of LiCoO, cath-
ode and graphite anode were about 4.08 and 0.13 V (vs. Li/Li*), respectively, and the
change in their values with temperature was quite trivial. The solid and dotted lines
were determined from the CNLS fittings of the impedance spectra to the equiva-
lent circuits presented in the insets. Rg, Ry and R mean the uncompensated ohmic
resistance, SEI film (or particle-to-particle contact) resistance and charge transfer
resistance. CPE and Zi; are the constant phase element and the Warburg impedance,
respectively.

were obtained at a cell potential of 3.95 V (vs. graphite), the temper-
ature was changed to 15, 5, or —5 °C at the open circuit condition,
not at fixed potential. In doing so, it is expected that the amount of
Li in the electrode material is not changed when the temperature
changes.

The simplified equivalent circuits presented in the insets of
Fig. 3 were used for the quantitative analysis of the impedance
spectra. The circuit parameters estimated from the CNLS (com-
plex non-linear least squares) fitting method are summarized in



276 H.-M. Cho et al. / Journal of Power Sources 198 (2012) 273-280

1.0000 ¢

0.3679

01353 F

0.0498 |

In(R.")/-

0.0183 F

L

0.0067 |

FEETET

¢ LiCoO, (cathode)

0.0025 — .
: ® Graphite (anode)

sl

1 L 1 n 1 1 1 n 1 n 1 |

33 34 35 36 37 38
-1 3 -1
Tx10° /K

Fig. 4. Arrhenius plots of the charge transfer resistances of the LiCoO, and the
graphite.

Table 1. It is noted that the charge transfer resistances of the
LiCoO, and the graphite were much more sensitive to the oper-
ating temperature, as compared to their SEI film resistances (or
particle-to-particle contact resistances) and diffusion resistances.
Furthermore, although the absolute values of the charge transfer
resistance of the LiCoO, were higher at every temperature than
those of the graphite, the Arrhenius analysis proved that the acti-
vation energy of the charge transfer reaction on the graphite was
even higher than on the LiCoO, (Fig. 4).

In order to estimate the time-dependent contributions of the
elementary resistances to the total cell polarization at different
temperatures, the equivalent circuit was re-constructed towards
the circuit simulation, as depicted in Fig. 5. In the re-constructed cir-
cuit, the Warburg impedance was expressed by an RC transmission
line and all of the constant phase elements (CPEs) were consid-
ered purely capacitive for the sake of simplicity, as explained in
our previous articles [21,22]. On this basis, the total and elemen-
tary polarizations were calculated as a function of the discharging
time by applying a square current pulse to the circuit.

There might be a concern about the validity of this approach
because the circuit parameters might vary within the polarization
range of the experiments. Moreover, the change in lithium content
on the surface during the pulse discharging process and the con-
centration polarization in the electrolyte might additionally lower
the cell potential. Such three factors possibly lead to the difference
between the experimental and calculated polarization transients.
Nevertheless, the discrepancy caused by disregarding these factors
is thought to be tolerable at the moderate pulse discharging rates
where their effects on the cell potential change might be considered
relatively small (for further discussion about the effect of circuit
parameters, surface potential, and concentration polarization on
the cell potential, please see the “Conclusions” in our previous work
[21]). In other words, in spite of the small sacrifice of accuracy
to gain simplicity, our approach is still quite useful esp. at mod-
erate discharging rates, because it provides the fastest and most
straightforward way ever reported to evaluate the time-dependent
elementary polarizations.

The calculated polarization transients at 25 and —5 °C are given
in Fig. 6(a) and (b), respectively, during the cathodic pulse discharg-
ing for 105 at a rate of 5 C. Then, the time-dependent contribution
of the elementary resistances to the total polarization was obtained

Table 1

Electrical parameters of (a) LiCoO, cathode and (b) graphite anode, determined from the complex non-linear least squares (CNLS) fitting of the impedance spectra to the equivalent circuits presented in the insets of Fig. 3.

¢ (x10sQm')  Chi-squared (x1073)
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CPEy?

Ree (€2)
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n
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n

C(mF x s 1)

(a) Cathode (LiCoO, composite)

6.9499
3.0334
1.9897
3.7218

0.08423

0.2024
0.2128
0.2354
0.3131

04211
0.4208
0.4072
0.3206

1.0118
1.0638
1.1769
1.5657

5.0
5.0

5.867

1.55
1.59
1.70
2.21

1.00
1.00
0.98
1.00

2.97
3.37
3.67
3.69

6.88
154

0.61
0.50
0.50
0.50

0.499

5.18

7.08

8.68
11.6

4.96

25

0.08416

5.585
5.216

1.188
1.119
0.971

5.12

15

0.08145

5.0

34.9

6.14
7.54
(b) Anode (graphite composite)

0.06411

5.0

4.981

76.6

5.8431
0.8875
1.0380
0.2556

0.2087
0.1729
0.1396
0.0946

0.5612
0.6846
0.8588
1.2812

3.7558
3.1117
2.5133
1.7029

10.102
12.322
15.458
23.062

18
18
18

0.854
0.845
0.834
0.825

099 1.64
1.99
2.

0.438

1.69
4.05
2.0

73
65

0.

0.231

3.64
5.92
8.77
8.96

4.10

4.99

25

0.93
0.84

0.765
0.991

0.

0.498

15

48

1

0.58
0.57

0.962

6.01
7.95

18

3.68

0.74

1.021

419

1.030

3 CPE was expressed in the form of C(jw)" (0.5<n <1).

Ap(jw) %3tanh[8(jw)>] (where § is defined as L/D%).

b A, is the Warburg coefficient found in the equation of Zgir

¢ Chemical diffusion coefficient D at 3.95V (vs. graphite) was estimated from the galvanostatic intermittent titration technique [26].

d Solid state diffusion length L was roughly estimated to be the radius of particle from the microscopic observation.

CpL~' (where Rp and Cp are the diffusion resistance and capacitance, respectively).

=RpL~!,and c=

-1 -1
, D1

A,LD™%5, Cp = LR

e Rp=
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from there, as presented in Fig. 7. Since p(AV) in the figure gives an
information about how much a specific polarization contributes to
the total polarization, one can make a rapid diagnosis of decisive
factors affecting cell power as a function of time.

Itis noted that the activation polarizations of the LiCoO, and the
graphite, AV and AV, g4, respectively, increased significantly as
the operating temperature decreased from 25 to —5°C (Fig. 6). As
aresult, they became the two major sources responsible for the LT
power decline (Fig. 7(b)). It is additionally noteworthy that the con-
tribution of the diffusion impedances of the LiCoO, and the graphite
to the total polarization (i.e., p(AVy.) and p(AVyy,) in Fig. 7)
decreased considerably as the operating temperature decreased.
Specifically, their contributions fell to less than 10% at —5°C and
became trivial, as compared to the charge transfer resistances.

3.2. Improvement of low temperature power performance

The results in the previous part strongly indicate that the reduc-
tion of the reaction barrier for the interfacial charge transfer must
come first to enhance the LT power performance. One of the most
promising options might be the surface modification of the active
materials, which possibly provides a viable way to decrease the
activation energy of the charge transfer reaction. The other is an
expedient method to minimize the degree of the Faradaic reaction
at the interface during the pulse discharging process by hybridiz-
ing with a non-Faradaic reaction source, like an electrical double
layer capacitor (EDLC). The effect of the surface modification and
the hybridization with an EDLC on the LT power performance is
hypothetically considered next on the basis of the aforementioned
method.

3.2.1. Surface modification

Much effort has been made in recent years to improve the
battery performance with surface modifications [27-32]. Among
these, the work by Mancini et al. is particularly noteworthy [31].

They found that the activation energy of the charge transfer reac-
tion on the pristine partially oxidized graphite decreased by about
13% (from 13.6 to 11.9kcalmol~1) due to coating the graphite
surface with a few-nanometer thick Cu layers. A decrease in the
activation energy results in a lowered susceptibility to tempera-
ture. Thus, the charge transfer resistance of the surface modified
graphite is expected to be smaller than that of unmodified one
esp. at low temperatures and its difference between two samples
becomes larger as the operating temperature decreases.

Under the circumstances, it will be quite interesting to investi-
gate how much the reduction in the activation energy for charge
transfer reaction affects the time-dependent polarization during
the pulse discharging. For this purpose, we assumed that the
activation energies for the charge transfer reactions on both the
LiCoO, and graphite decreased by the same percentage as in the
work by Mancini et al. [31] (ie., from 12.76 (17.04) to 11.10
(14.82) kcal mol~! for LiCoO, (graphite)) due to the surface modifi-
cation and yet the charge transfer resistances at 25°C remained
unchanged. This assumption forces the low-temperature charge
transfer resistance of the hypothetically coated materials to be
smaller than that of the pristine ones and provides a rough-and-
ready model for the study on the effect of activation energy on
low-temperature time-dependent polarization.

The charge transfer resistances of the hypothetical, surface-
coated LiCoO, and graphite were estimated from the Arrhenius
relation and the time-dependent polarizations were calculated at
—5°C and at a rate of 5C. The activation polarizations, AV and
AVt q, of the hypothetical LiCoO;, and graphite, respectively, are
shown as a function of the pulse discharging time in Fig. 8(a),
together with the corresponding polarization transients of the orig-
inal, pristine materials. It is noted that AV, and AV, decreased
by half after the surface modification. Such a reduction in the acti-
vation polarizations significantly influences the total polarization
value: AV;yq at 10s decreased by 0.3V from 1.33 to 1.03V at a
rate of 5C by virtue of the surface modification and the cell was
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accordingly capable of discharging at the higher rate of ca. 7C, as
demonstrated in Fig. 8(b).

Nevertheless, it should be mentioned that the experimen-
tal realization of the decreased charge transfer resistance of the
non-oxidized graphite and LiCoO, used in this work by surface
modifications is still a great challenge. Much work needs to be done
to reduce the activation energy by proper surface modifications.

3.2.2. Hybrid electrode

Hybrid cells have attracted much recent attention for their
potential applications to high rate energy storage. A case in point is
the asymmetric hybrid cell of an activated carbon cathode and an
intercalation compound anode, typically used in nonaqueous EDLC
and LIB, respectively [33-35]. Although it has been reported that
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Fig. 7. Time-dependent proportional contributions of the elementary resistances to
the total polarization at temperatures of (a) 25 and (b) —-5°C.

such an asymmetric hybrid cell exhibited an excellent LT perfor-
mance and fast recharge capability, the electrode operated under
either the typical battery working concept or the capacitor working
concept still has its inherent drawbacks. In other words, the power
performance of the above hybrid cell should basically be limited by
the anode side including the intercalation compounds.

In order to resolve this problem, the integration of the inter-
calation compound and capacitor material into one electrode
might deserve consideration [34,36,37]. Apart from the selection
of the capacitor material compatible to the specific intercala-
tion compound and relevant electrolyte chemistry, the integrated
or hybrid electrode is an intriguing conceptual option because
it possibly has both the advantages of intercalation compound
and capacitor material. Since it was shown that the resistance
for the charge transfer reaction on the cathode made the high-
est contribution to the LT cell polarization in this work, the hybrid
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Fig.8. (a)Cathodic polarization transients at a discharging rate of 5 Cand a tempera-
ture of —5 °C, due to the charge transfer resistances of the pristine and surface-coated
samples of LiCoO, and graphite, and (b) the corresponding total cathodic polariza-
tion transients.

cathode composed of the LiCoO, and the hypothetical EDLC mate-
rial might be a possible solution for the LT power decline.

The reaction of the hybrid cathode is modelled by the parallel
combination of the capacitor for the EDLC reaction with the electri-
cal elements for the LiCoO, reaction (see the cathode part in Fig. 5),
because an EDLC stores or dissipates the charge independent of an
insertion material. Based on an equivalent circuit for the cell includ-
ing the hybrid cathode, the time-dependent cathodic polarization
was calculated at —5°C and at a rate of 5 C as a function of the EDLC
capacitance. It is noted that the increased EDLC capacitance leads
to a milder increase with time in the polarization of the hybrid
cathode, as presented in Fig. 9(a).

As a rough calculation for better understanding, assuming the
anion (PFg~) double-layer capacitance of the activated carbon is
100Fg~1[33,36], 10 mg of the activated carbon is needed for 1F of
capacitance. Thus, the portion of the activated carbon in the hybrid
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Fig. 9. (a) Cathodic polarization transients at a discharging rate of 5C and a tem-
perature of —5°C, calculated for the hybrid cathode composed of the LiCoO, and
the hypothetical EDLC material with different capacitance values. Polarization tran-
sients for the graphite anode and the electrolyte were included in the figure. (b)
Total cathodic polarization transients of the cells with the non-hybrid and hybrid
cathodes.

cathode would be about one third of the total active mass (acti-
vated carbon +LiCo0O,) in this work. When the EDLC capacitance
was raised from 0 to 1F, the polarization of the hybrid cathode at
10s was significantly dropped from 0.83 to 0.07 V (Fig. 9(a)). As a
result, the cell with the hybrid cathode could be continuously dis-
charged for 10s at a much higher rate of 9 C, as compared to the
maximum discharging rate (5C) of the cell with the non-hybrid
cathode (Fig. 9(b)). Since the hybrid electrode concept appears to
be very promising based on the calculated results, it would be very
meaningful to prepare the hybrid electrode and to make experi-
mental tests to prove the concept. This work is in progress and the
results will be reported in a separate paper.
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4. Conclusions

In this work, the critical factors affecting the LT power decline
of an LIB were systematically investigated from the combina-
tion of the three-electrode impedance measurements and the
equivalent circuit simulation. The quantitative analysis on the
relative contribution of the elementary polarizations proved
that the interfacial charge-transfer resistances of the graphite
anode and the LiCoO, cathode were two major sources of the
LT cell polarization during the pulse discharging process. The
hypothetical demonstrations showed that the decrease in the acti-
vation energy for the charge transfer reaction due to the surface
modification and the parallel combination of the Faradaic and non-
Faradaic mechanisms by the use of hybridizing insertion materials
with an electrochemical capacitor might significantly enhance LT
performance.
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