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Taming Heat for Safe Lithium-Ion Batteries
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Nowadays lithium-ion (Li-ion) batteries are widely adopted in
portable devices, hybrid and electrical vehicles. The rechargeable Li-ion
battery market was approximately $11.8 billion in 2010 and is expected
to grow to $53.7 billion in 2020 [1]. With high energy density, Li-ion
batteries will dominate the electric car industry within the next 5~10
years as auto makers strive to meet CO2 emission standards. However,
conventional Li-ion batteries withliquid electrolyte can pose the problem
of fire and/or explosion due to overheating and thermal runaway that
is associated with the exothermic reactions at temperatures above
100°C. Although random explosions are not a widespread problem, in
the past few years millions of Li-ion batteries were recalled by various
manufacturers e.g. Sony [2], GM [3] due to the thermal safety concerns,
which also led to the filing for bankruptcy of A123 Systems early this
year [4]. As a result, the highest priority for manufacturers has been
switched from the energy density and cost of Li-ion batteries to their
thermal safety, reliability, and durability [5]. These issues strongly
depend on whether heat generated inside an operating battery can be
effectively rejected to the ambient. This article will address this critical
aspect through briefly reviewing the fundamental problems of heat
generation and transport inside a Li-ion battery.

The typical configuration of a Li-ion battery is based on a
sandwiched structure: the cathode (positive electrode), the anode
(negative electrode), and a porous separator in between to be filled
with the electrolyte. The cathode is normally made by pasting cathode
micro or nano-particles onto an Al foil, whereas the anodes are
often in the form of graphite particles bonded onto a Cu foil. During
charging process, Li ions transfer from the cathode material to the
anode material through the electrolyte, while electrons are transferred
from the cathode to the anode via the external circuit. The discharging
process is simply the reverse of the charging process. Throughout
these processes, heat is generated from irreversible resistive heating,
reversible entropic heat, chemical reactions, and ion concentration
variation [6]. If the generated heat cannot be effectively rejected to the
ambient, the internal temperature of an operating Li-ion battery will
continuously rise up and trigger the exothermic reaction between the
electrodes and the electrolyte at around 100°C [7]. These deleterious
reactions will further increase the battery temperature and eventually
result in the observed fire and explosion of an operating battery--a
phenomenon called thermal runaway in the literature.

Fundamentally solving the thermal safety problem of Li-ion
batteries requires a better understanding of the thermal transport
processes inside an operating battery. In previous studies, theoretical
modeling or numerical simulations were carried out for various
charging/discharging rates and particularly for thermal runaway
situations. However, these efforts are mostly restricted by the limited
thermal property data of different battery components. In a recent
review [6], it was pointed out that the detailed values were only
available for LiCoO,/C batteries used for portable electronics (Sony
US-18650) [8] and there were still inconsistencies in reported electrode
thermal conductivities. In some studies, unknown thermal properties were
chosen “within reasonable ranges” [9] because they cannot be found in the
literature. In addition to the uncertainties in thermal properties, the rather
complicated heat-generation mechanisms also restrict the dependency

of thermal modeling that often show discrepancy from experimental
results [10-14]. Furthermore, no thermal studies have been carried
out on electrodes using nanostructures (e.g. graphene, nanowires,
and carbon nanotubes) [15-19] though significant improvement on
battery performance has been demonstrated with these nanostructured
electrodes. Keeping these in mind, systematic thermal studies for
various Li-ion battery electrodes, especially at different temperatures
and charging/discharging states, are in urgent need. These studies
should be focused on identifying the heat-spreading bottleneck
within Li-ion batteries and potentially finding ways to eliminate such
bottleneck by improving the manufacturing processes, employing new
designs, or introducing novel materials.

The status of heat transfer research for batteries is in contrast with
micro-and nano-electrics, where both heat generation and transport
were widely studied in detail. To change this situation, Germany
is taking the lead with a new €36-million research project on Li-ion
battery safety for the following 3 years [20]. It is anticipated that more
attentions will be given to this critical issue in the coming years and
help develop next-generation Li-ion batteries with high thermal safety,
reliability, and durability.
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