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a b s t r a c t

Advanced Li-ion batteries with high energy and power density are fast approaching compatibility with
automotive demands. While the mechanism of operation of these batteries is well understood, the aging
mechanisms are still under investigation. Investigation of aging mechanisms in Li-ion batteries becomes
very challenging, as aging does not occur due to a single process, but because of multiple physical pro-
cesses occurring at the same time in a cascading manner. As the current characterization techniques
such as Raman spectroscopy, X-ray diffraction, and atomic force microscopy are used independent of
each other they do not provide a comprehensive understanding of material degradation at different
length (nm2 to m2) scales. Thus to relate the damage mechanisms of the cathode at mm length scale
to micro/nanoscale, data at an intermediate length scale is needed. As such, we demonstrate here the
use of thermal diffusivity analysis by flash method to bridge the gap between different length scales. In
Electric vehicles (EV)
Thermal diffusivity

this paper we present the thermal diffusivity analysis of an unaged and aged cell. Thermal diffusivity
analysis maps the damage to the cathode samples at millimeter scale lengths. Based on these maps we
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. Introduction

Since its introduction in 1991, Li-ion battery technology has
een growing and gaining popularity at a rapid pace. Advanced
i-ion batteries with high energy and power density are fast
pproaching compatibility with automotive demands. According
o USABC, a 42 V battery in a hybrid electric vehicle (HEV) should
ave a calendar life of 15 years [1]. Electric vehicles (EV) should have
battery system that can last for 10 years [2]. In terms of cycles,
000 cycles at 80% depth of discharge are expected in EV [2], and
00,000 cycles at 50 Wh are expected in a plug-in HEV [3]. However,
he capacity (range) and power (performance) capabilities of these
atteries decrease when subjected to the harsh duty cycles (current

evels, low state of charge (SoC), depth of discharge (DoD), tem-
erature profiles) of automobiles. This degradation or “aging” is a

esult of several simultaneous physiochemical processes that occur
ithin the electrode, electrode-electrolyte interface, and within the

lectrolyte.
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ing to the increase of the thermal diffusivity as the cells are aged.
© 2009 Elsevier B.V. All rights reserved.

The aging mechanisms for the anode, cathode, and electrolyte
are different from each other [4]. Investigation of aging mecha-
nisms in lithium-ion batteries becomes very challenging, as aging
does not occur due to a single process, but because of multiple phys-
ical processes occurring at the same time in a cascading manner.
These cascading effects that lead to the aging of the cathode should
be addressed by characterization of the nanomaterials used in this
battery technology. Currently, characterization techniques such as
Raman spectroscopy, X-ray diffraction (XRD), and atomic force
microscopy (AFM) are used independent of each other to under-
stand the degradation mechanisms. As a result, these studies do not
provide a comprehensive understanding of material degradation at
different length (nm2 to m2) scales. In addition, data is generally
taken only on unaged and partially aged samples rather than at
various degrees of aging. This lack of data at various length scales,
as well as at various stages during aging, limits the development
of phenomenological (electrochemistry, material) and functional
models for battery life and performance estimation. In a cylindri-
cal Li-ion battery a long strip of cathode, anode, and separator is
rolled and packed in a can along with the electrolyte. Aging can

occur uniformly or randomly over the long cathode strip. Since
the cathode is made up of nanoparticles the material degradation
will span nanometer to millimeter scale lengths. Thus, there is a
need to identify the potential regions (�m2) of material degrada-
tion within a large cathode area (m2) to bridge the gap between

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nagpure.1@osu.edu
dx.doi.org/10.1016/j.jpowsour.2009.08.025
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of the cylinder. Each section is approximately 63.5 mm × 63.5 mm.
The thermal maps were obtained over these five sections of the
S.C. Nagpure et al. / Journal of

he m2 and nm2 to �m2 scale lengths. A multiscale characteriza-
ion of the cathode would present a complete understanding of the
egradation mechanisms in the cathode. So, to completely under-
tand the aging mechanisms in the cathode, we need to scan a
arge surface area of the cathode (on the order of 1 m2) to identify
arly stages of material degradation in small regions (in the order
f 1 × 10−10 m2). An exhaustive search over large area with differ-
nt aging conditions will be physically impossible with available
icroscopic characterization techniques.
In this paper, for the first time we propose the use of thermal

iffusivity study using the flash method to identify the mate-
ial degradation areas in the cathode. It has been experimentally
bserved that the aging of Li-ion batteries leads to an increase in the
nternal resistance (power fade) and a decrease of capacity (charge
cceptance) [5]. The rise in the internal resistance is directly related
o the change in the electrical impedance of the battery compo-
ents, such as the anode and the cathode. A change in the electrical

mpedance of the cathode occurs due to several physiochemical
eactions. It is anticipated that the thermal resistivity may be a
easure of the electrical impedance, and therefore thermal dif-

usivity analysis using a high-resolution thermography instrument
ill help in understanding the damage to the cathode samples at
illimeter scale lengths. The maps generated with infrared (IR)

hermal imaging will identify the aging distribution over the entire
athode surface. This will help in identifying whether the aging
rocess is uniform over the cathode surface or if it occurs at certain
referential sites or regions of the cathode. Using 2D thermography
aps, test samples from a specific area can be prepared for further
icro/nanocharacterization. Thus thermal imaging will bridge the

ap between the macrolevel and micro/nanolevel characterization
f the cathode material. This technique can also be used at the man-
facturing stage to identify any defects that may be occurring while

aying the active cathode material on the aluminum substrate. We
resent the thermal diffusivity analysis conducted on a lithium

ron phosphate (LiFePO4) cathode extracted from an unaged cell
nd an aged cell. The results of our study indicate an increase in
he thermal diffusivity of the cathode material as the cell is cycled.
ased on our thermal diffusivity results, we have proposed a mech-
nism for heat diffusion through the cathode to the first order
pproximation.

. Experimental details

.1. Experimental setup

The setup to capture the thermal diffusivity maps of the sam-
les is the same as discussed in ASTM – 1461 92 standard [6] and

s shown in Fig. 1. The main features of this setup are the flash
amp, sample mount, high-resolution IR camera, and data acquisi-
ion system. The high energy pulse required in this experiment is
enerated by Profoto, Acute 2, flash lamp with a 2400 W s capac-
ty. The flash lamp is operated to deliver a finite pulse of energy at
00 W s. The sample mount is a custom made hollow box with a
quare slot of approximately 63.5 mm × 63.5 mm on one face. The
ash lamp is centered over this slot. A circular hole of approxi-
ately 90 mm is cut on the opposite face. The IR camera lens is

nserted through this hole and focused on the sample. The thermal
aps are taken with an IR camera from Indigo Systems, Phoenix
id-wave IR Camera, with a 320 × 256 pixel resolution and InSb

ocal plane array. The frequency of the camera is set at 346 Hz.

he data acquisition system is built into the IR camera equip-
ent.
The sample is mounted flushed on the face with the square

lot on the sample mount. The center of the flash lamp coincides
pproximately with the center of the sample so that the heat pulse
Fig. 1. Schematic of thermal diffusivity measurement by flash method (adapted
from [9]).

is uniformly incident on the sample. The IR camera lens is focused
on the opposite face of the sample with the center of the lens
aligned approximately with the center of the sample. The finite
heat pulse from the flash lamp is incident on the front face of the
sample. The heat gained by the sample from this pulse is conducted
through its thickness to the rear face. As such the rear face of the
sample is heated and its temperature increases. It is important to
note that the temperature rise in the samples is only in the order
of few degrees above or below the ambient temperature. The IR
camera captures this heat gained by the rear face at a frequency of
346 frames per second. The experimental setup was under ambient
conditions and as such all the thermal maps were obtained under
ambient conditions.

2.2. Sample preparation

The cylindrical Li-ion batteries used in these experiments have
a graphite anode and a cathode made of LiFePO4 nanoparticles
(40–50 nm). Graphite is bonded onto a copper substrate, and
LiFePO4 nanoparticles are bonded onto an aluminum substrate
using a polyvinylidene difluoride binder (PVDF). The anode and the
cathode, with a separator in between, are rolled and then packed
in a can to form a cylindrical cell. The electrolyte used in this cell is
a lithium hexafluorophosphate (LiPF6) salt in alkylene carbonates.
The cell has an operating voltage of 3.3 V and a nominal discharge
capacity of 2.3 Ah. The LiFePO4 nanoparticles have very poor con-
ductivity (� = 2 × 10−9 S cm−1) [7,8], and hence to increase their
conductivity, they are coated with carbon [9]. Two such batteries
with the same capacity are chosen for this study. One of the bat-
teries is cycled only once through the capacity test to measure its
capacity and is labeled as an unaged cell. The other cell is cycled at
a rate of 16C1 at 50% SoC and ±5% DoD until the cell reached its end
of life (EOL) and is labeled as an aged cell. The cell was cycled for
33,600 cycles before it reached its EOL. According to the automo-
bile industry, a cell is said to have reached its EOL if the capacity
degrades by 20% of its original capacity [2]. The batteries were then
disassembled, and the long cathode strip was extracted from the
cell and unrolled. The entire cathode was divided into five equal
sections as shown in the schematic Fig. 2a. Section 1 is closer to
the outside of the cylinder while section 5 is towards the center
aged and the unaged cathode.

1 1C = 2.3 Ah.
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change in the thermal diffusivity across the sections. The effect of
porosity on the thermal diffusivity of the samples has been dis-
cussed later. Theoretically, thermal diffusivity is given as the ratio
ig. 2. (a) Sectioning of the cathode for the thermal imaging. Section 1 is near the
ore of the cylinder and section 5 is near the out edge of the cylinder. (b) Thermal
aps of unaged and aged cathode samples for all the five sections.

. Results and discussion

The thermal maps of the aged and unaged sample for all five sec-
ions, shown in Fig. 2b, are taken when the temperature of the rear
ace of the sample reaches the maximum value. In these thermal

aps the dark spots represent the cold areas while the bright spots
epresent the hot area. The dark spots are more prominent in the
ged sample (right side) as compared to the unaged sample (left
ide). This indicates that the aged sample is conducting the heat
eceived from the flash lamp much faster than the unaged sam-
le. Also the dark spots occur randomly over the sample surface.
his indicates that the aging occurs non-uniformly over the cath-
de surface. In order to quantify this behavior in terms of thermal
iffusivity the following analyses was performed.

Fig. 3 shows the temperature rise of the rear face of the sample
n terms of IR counts. The temperature rise shown here is for section
of the aged and the unaged cathode samples shown in Fig. 2b. An

rea with a uniform IR intensity is randomly chosen in the thermal
ap of the aged and unaged sample for thermal diffusivity analyses.

he IR counts are obtained over this area from the instant the heat
ulse is incident on the sample until the temperature of the sample

eaches a steady state value. A base line temperature is identified in
hese plots as the temperature just before the pulse is incident on
he sample (Tini). Then the maximum temperature is measured as
he steady state temperature of the rear face of the sample (Tmax).
he half rise time (t1/2), i.e. the time required from the initiation of
Fig. 3. Temperature rise curves for unaged and aged samples (section 4).

the pulse on the front face of the sample to the time at which the
temperature of the rear face of the sample reached half the differ-
ence between Tini and Tmax, is calculated. The thermal diffusivity
for the sample is then calculated using the following formula [9]:

˛ = 0.13879
L2

t1/2
(1)

where ˛ is the thermal diffusivity (m2 s−1), L is the thickness of
the sample (m), and t1/2 is the half rise time (s). It is important to
note that the Eq. (1) is not dependent on the absolute value of Tmax.
Therefore, the observed differences in maximum IR counts between
aged and unaged samples as seen in Fig. 3 are not important in these
analyses.

Fig. 4 compares the thermal diffusivity between the unaged and
the aged sample over all the five sections. As can be seen in this
figure the thermal diffusivity of the aged sample is more than the
unaged sample in all the five sections. The differences in the thermal
diffusivity values between aged and unaged samples are signifi-
cantly less in sections 1 and 5. These sections are near the core of
the cylinder and near the outer edge of the cylinder, respectively.
The differences in the thermal diffusivity are more prominent in
sections 2–4 of the samples. It is believed that the different rate of
change in the porosity in various sections leads to the non-uniform
Fig. 4. Comparison of thermal diffusivity between unaged and aged samples.
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ged cathode samples extracted from section 4.
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of the cathode. It is interesting to note that the sintering of oxide
particles takes place at high temperatures. The onset of sintering in
the cathode material may be attributed to the high surface energy
of the LiFePO4 nanoparticles. Zhang and Miser [13] have observed
coalescence of oxide particles with no external heating. In general,
Fig. 5. SEM micrographs of unaged and a

f the thermal conductivity to volumetric heat capacity as follows:

= k

�cp
(2)

where ˛ is the thermal diffusivity (m2 s−1), k is the thermal
onductivity (W m−1 K−1), and �cp is the volumetric heat capac-
ty (J m−3 K−1). The Eq. (2) is strictly applicable only to monolithic

aterial. In our case, the cathode material is a composite, and an
ncrease in ˛ can be associated with a change in k, � and/or cp.

To investigate the mechanism for increase in the thermal dif-
usivity, SEM micrographs of the unaged and aged samples were
btained (Fig. 5). The SEM micrographs reveal the coarsening of the
anoparticles in the aged samples as compared to the unaged sam-
le. The particles in the unaged sample are of the order 40–50 nm
hile in the aged sample the particles are of the order 240–350 nm.

he coarsening of the particles leads to a decrease in the effective
urface area of the particles. The coarsening phenomenon can also
ead to the disbonding of these particles from the aluminum sub-
trate. In addition to this, Kostecki and McLarnon [10] have also
bserved nanocrystalline deposits (NCD) formed on LiNi0.8Co0.2O2
athode surface due to the secondary chemical reactions.

In our previous work [11], we have discussed the effect of grain
oarsening and NCD on the surface electrical resistance of the
athode (Fig. 6). As shown in the schematic the resistance of the
iFePO4 cathode surface increases as the cells are cycled because
f the coarsening. The coarsening also causes loss of the carbon
oating which leads to the further increase in the surface elec-
rical resistance of these particles. In addition to this, the total
urface resistance of the aged sample increases due to the addi-
ional electrical resistance from NCD. The above surface electrical
esistance measurements may appear to be contradictory to the
urrent thermal diffusivity measurements. However, thermal diffu-
ivity measurements are sensitive to physical processes that occur
n thickness direction.

Based on the thermal diffusivity experimental results, we pro-
ose a first order approximate heat conduction mechanism as the
athode ages and its surface resistance increases due to cycling.
ig. 7 shows the schematic of a proposed mechanism explaining
he increase in the thermal diffusivity of a LiFePO4 cathode due to
ging. As a first order approximation the cathode can be considered

s a porous medium. Also, it can be assumed here that the heat dif-
uses through the cathode only due to conduction. As the cathode
ges the nanoparticles tend to coarsen (Fig. 5) by sintering. Due to
his sintering of the nanoparticles, the effective surface area per unit
olume decreases [12], with an associated decrease in the porosity
Fig. 6. Schematic of a proposed mechanism explaining increase in the surface resis-
tance of a LiFePO4 cathode due to aging [11].
Fig. 7. Schematic of a proposed mechanism explaining increase in the thermal dif-
fusivity of a LiFePO4 cathode due to aging.
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s the porosity of the medium decreases, the thermal conductivity
ncreases, and hence, the aged sample shows increase in thermal
iffusivity [14,15].

The effect of the NCD shown in Fig. 6 can be neglected in
his mechanism as the thickness of the NCD would be negligible
50–200 nm in case of LiNi0.8Co0.2O2 cathode [16]) as compared
o the thickness of the cathode surface. A small decrease in ther-

al diffusivity due to NCD will be below the resolution of the
urrent measurement technique. In addition, due to coarsening
nd subsequent disbonding of the nanoparticles from the alu-
inum substrate, the substrate will be exposed to the incident

eat pulse directly. Since aluminum has high thermal diffusivity
8.418 × 10−5 m2 s−1), the overall thermal diffusivity of the aged
ample may show an apparent increase [17,18,19]. The presence of
any dark spots (see Fig. 2) is supportive of this hypothesis. The

bove results demonstrate that 2D thermography measurements
an be used to identify the onset of aging in large surface area typical
o that of commercial batteries.

. Conclusion

In this paper, thermal diffusivity analysis by flash method is
hown to be an effective technique to map the damage of the cath-
de in Li-ion batteries at millimeter length scales.

Thermal diffusivity bridges the gap between different length
cales and proves to be an effective technique to relate the damage
echanisms of the cathode at mm length scale to micro/nanoscale.

he 2D thermography maps generated in this study demonstrate
hat the damage occurs randomly over the cathode surface and has
o preferential sites. Also, the thermal diffusivity increases as the
athode ages during the cycling of the batteries. The increase in the
hermal diffusivity is attributed to the decreased porosity of the
athode samples due to the coarsening of the LiFePO4 nanoparti-
les.
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