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The recently discovered self-heating lithium-ion battery structure provided a practical solution to the
poor performance at subzero temperatures that has hampered battery technology for decades. Here we
report an improved self-heating lithium-ion battery (SHLB) that heats from —20°C to 0°Cin 12.5 seconds,
or 56% more rapidly, while consuming 24% less energy than that reported previously. We reveal that a
nickel foil heating element embedded inside a SHLB cell plays a dominant role in self-heating and we
experimentally demonstrate that a 2-sheet design can achieve dramatically accelerated self-heating due
to more uniform internal temperature distribution. We also report, for the first time, that this embedded
nickel foil can simultaneously perform as an internal temperature sensor (ITS) due to the perfectly linear
relationship between the foil’s electrical resistance and temperature.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Although high energy density and durability have made
lithium-ion batteries the dominant power source for applications
from consumer electronics to electric vehicles (EVs) [1,2], unsolved
challenges remain [3,4]. Significant power loss at subzero temper-
atures due to sluggish charge-transfer kinetics, slow solid-state
diffusion of lithium in electrode materials, reduced electrolyte
diffusivity and conductivity, and high solid-electrolyte interface
(SEI) resistance [5-9] have proved especially troublesome for the
expanding EV industry. These limitations dramatically reduce
driving range [10,11] and prohibit regeneration and fast charging
[4,12-14] in winter, vulnerabilities that greatly exacerbate the
driver’s range anxiety [15].

For the last two decades, researchers have attempted to
overcome the low-temperature power challenge by reformulating
electrolyte for low temperature applications [3,16-19]. While this
approach may mitigate electrolyte related issues, it cannot address
solid-state diffusion of lithium in the electrode, a major limiting
factor [5,9]. Electrolytes reformulated specifically for low temper-
ature applications also unfortunately compromise performance at
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higher temperatures. Hybridization of lithium-ion battery with
high power devices such as supercapacitors has recently been
explored [20]. This approach ensures high power output at system
level in a wide range of temperatures, but system design and
control are more complicated than that with only one type of
power sources, and overall energy density is reduced. Preheating of
the battery is another feasible approach used in virtually all
commercial electric vehicles. Various internal heating strategies
have been evaluated [21], including internal core heating through
alternating currents (AC) [22-25], internal resistive heating,
convective heating and mutual pulse heating [26], as well as
external heating strategies such as using air, liquid or phase change
materials [21,26]. Although these heating methods are prevalent,
they are time- and energy-consuming, i.e. taking tens of minutes
and consuming ~10% battery energy. Some also require compli-
cated heating circuits [22,23,26].

Our group recently discovered a self-heating lithium-ion
battery (SHLB) structure [27,28] that is simple to manufacture
yet effective, wherein nickel foil embedded inside the Li-ion cell
enables rapid, efficient self-heating. As reported in [27], the
process requires only 20seconds to warm up a SHLB cell from
—20°C to 0°C while consuming 3.8% of capacity. In addition, cycle
tests demonstrate that SHLB cells have excellent durability and
reliability, surviving 500 self-heating test cycles at —30°C, 1,000
cycles at 45°C and 2,500 cycles at 25°C.
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Here we report, for the first time, a major improvement over the
previously published SHLB structure, incorporating a two-sheet Ni
foil design that enables more rapid and efficient self-heating, and
we introduce novel use of this nickel foil for internal temperature
sensing (ITS). This significant improvement now provides cell
heating in only 12.5seconds from —20°C to 0°C and consumes
only 2.9% capacity. Finally, we perform thermal analysis and ITS
measurements to lend fundamental insight into the rapid self-
heating process.

2. Experimental

2.1. Working principle of rapid self-heating and internal temperature
sensing

Fig. 1a shows a schematic of the new SHLB structure and
Fig. 1b shows its electric circuit representation. Nickel foil, as
shown in Fig. 1a and detailed in [27], is embedded inside a
lithium-ion cell. One end of the nickel foil is welded to negative
(anode) terminal of the cell and the other end extends outside the
cell as a third terminal, called the activation (ACT) terminal. A
temperature-controlled switch is placed between the ACT
terminal and positive (cathode) terminal. At a low temperature
the switch is turned on and electrical current flows through the
nickel foil, generating substantial internal heat to warm up the
cell (heating mode). Since the nickel foil is embedded inside the
cell and no electrical energy is consumed on the external circuit,
all energy consumed during this self-heating process is very
efficiently used to warm up the cell. When the cell temperature
rises to a set value, the switch turns off automatically, reverting
the cell to the baseline mode where an external load is connected
between the positive and negative terminals and no current
flows through the nickel foil. While the previous configuration
placed the switch between negative terminal and ACT terminal
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[27], this new design simplifies the self-heating process,
offering 100% conversion of electrical energy into heat within
the cell.

In addition to the altering switch connection, we embed a
second nickel foil sheet in this new design. Fig. 1c shows schematic
location of nickel foils in the thickness direction for SHLB cells with
1-sheet design (previous work) and new 2-sheet design (this
work). Dashed arrows in the schematics indicate flow of heat from
nickel foil to adjacent battery materials. Internal heat generation
with 2-sheet design is expected to be more uniform than the 1-
sheet design, making the self-heating process more rapid and more
efficient. Note that the two designs closely resemble each other in
external appearance since nickel foil sheets are welded together in
parallel within the 2-sheet cell.

The electrical resistance of nickel foil is designed according to
SHLB capacity and size. Fig. 1d shows resistance of nickel foil in a
SHLB cell at different temperatures. Note that there exists a linear
relation between foil resistance and temperature. Based on this
linear correlation, foil temperature can be simply obtained by
measuring its resistance. Therefore, the same nickel foil used in
SHLB as heating element can be simultaneously used as an internal
temperature sensor. This new capability provides a convenient yet
powerful diagnostic tool to investigate the self-heating process as
well as other battery operations involving significant internal
temperature rise.

2.2. Fabrication of SHLB cells

Self-heating pouch cells were fabricated using LiNigg.
CopMng,0, as cathode active material and graphite (Nippon
Carbon) as anode active material, with 1M of LiPFg dissolved in
ethylene carbonate/ethyl methyl carbonate (3:7 by weight) and 2%
vinylene carbonate as electrolyte. Separator was Celgard-2325
microporous trilayer membrane with thickness of 25 pwm. The
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Fig. 1. Working principle of rapid self-heating Li-ion battery. (a) Schematic of cell structure with embedded Ni foil and a switch between positive terminal and activation
terminal. (b) Electric circuit representation of self-heating process. (c) Schematic of Ni foil location in self-heating cells with 1-sheet design (Ni foil in the middle of cell
thickness, arrows indicate heat flow from Ni foil to electrode layers (not drawn here)) and 2-sheet design (2 pieces of Ni foil at '/, and 3, of cell thickness). (d) Linear relation
between Ni foil resistance and temperature (to enable internal temperature sensing based on electrical resistance measurement).
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capacity ratio of negative to positive electrode was designed at 1.2.
The cathodes were prepared by coating NMP based slurry onto
15 wm thick Al foil, whose dry material consisted of LiNigg.
C0p2Mng 70, (91.5wt.%), Super-C65 (Timcal) (4.4 wt.%) and PVdF
(Hitachi) (4.1wt.%) as a binder. The anodes were prepared by
coating deionized (DI) water-based slurry onto 10 wm thick Cu foil,
whose dry material consisted of graphite (95.4wt.%), Super-C65
(1.0wt.%), SBR (JSR) (2.2 wt.%) and CMC (Nippon Paper) (1.4 wt.%).
The total thickness of each cathode and anode layer is 105 um and
114 um, respectively (double-sided and including the current-
collecting foil thickness).

The cells contain a stack of 34 anode and 33 cathode layers.
Nickel foil with resistance of 39 milli-Ohm at 20 °C is coated with a
thin (28 wm) backing material of polyethylene terephthalate for
electrical insulation and sandwiched between 2 single-sided
anode layers. This 3-layer assembly is then stacked in the middle
of the electrode stack for 1-sheet cell. One tab of the metal foil is
electrically connected to the negative terminal, being welded
together with the tabs of all anode layers. The other tab extends
outside the cell to form a third terminal, the activation (ACT)
terminal. Similar 3-layer assemblies are used in the 2-sheet cell,
but each nickel foil has resistance of 78 milli-Ohm at 20 °C and two
pieces of 3-layer assemblies are stacked at !/, and 3, of cell
thickness. By connecting the two pieces of assemblies in parallel,
the total resistance of heating element in 2-sheet cell is the same as
the 1-sheet cell.

Each cell has a 152 x 75mm footprint area and has 10Ah
nominal capacity (relative to which all C-rates in this report are
given). The 1-sheet cell weighs 208 g and the 2-sheet cell weighs
210 g. They have specific energy of 170 Wh/kg when discharged at
C/3 at room temperature. The total Ni foils we add in an ACB cell
have the same weight and volume between 1-sheet and 2-sheet
designs as each foil thickness in the 2-sheet design is exactly half of
that in the 1-sheet design, weighing ~100 g per kWh battery with a
cost of $1/kWh based upon Nickel price of $10/kg. Compared to the
best specific energy of current Li-ion battery systems, i.e. 150 Wh/
kg battery-system, and an assumed battery cost of $250/kWh, the
added weight and cost due to Ni foils are 1.5% and 0.4% of the
baseline battery [27].

151
2.3. Self-heating test protocol

For self-heating tests in this study, cells were firstly fully
charged at room temperature by a battery tester (BT2000, Arbin),
and then cooled at desired ambient temperature by an environ-
mental chamber (Tenney T10c, Thermal Product Solutions) for at
least 6 hours to reach thermal equilibrium. AT type thermocouple
(SA1-T, OMEGA Engineering) was placed at the center of cell outer
surface. To obtain experimental data for detailed investigation,
including self-heating current and cell voltage, the battery tester
was used as an on-off switch by setting voltage between positive
terminal and ACT terminal at OV during the self-heating process
until cell surface temperature reached —5°C, the same practice
used in our previous work [27]. The voltage between positive
terminal and negative terminal was also monitored by the battery
tester and designated as cell voltage in the present work. The nickel
foil resistance can be determined by the voltage drop measured
between the ACT terminal and negative terminal divided by
current flowing in the self-heating mode.

3. Results and Discussion

Fig. 2a, 2b, and 2c show results of voltage, current and surface
temperature of the 2-sheet SHLB cell during self-heating from
—20°C, respectively. The results for 1-sheet self-heating cell are
shown in Fig. 2d-2f for comparison. Open circuit voltage of cell
(Voe) is estimated as a linear line during the self-heating process
and plotted together with cell voltage to help understand
overpotential during self-heating. It can be seen that cell voltage
(Veen) drops immediately when self-heating begins, while the self-
heating current jumps to ~8C (1C equals to 10A). The high current
flowing though nickel foil and electrodes generates considerable
heat, causing rapid increase of cell temperature. The temperature
increase in turn leads to decreased cell internal resistance,
reducing overpotential of electrochemical reactions and causing
recovery of cell voltage. While voltage and current of the two cells
show similar trends, surface temperature of the 2-sheet cell
increases much faster than the 1-sheet cell, with complete self-
heating in only 12.5 seconds for the 2-sheet cell. This is 56% more
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Fig. 2. Voltage, current and surface temperature of 1-sheet and 2-sheet cells during self-heating from —20°C. (a)(d) Measured cell voltage (V) and estimated open circuit
voltage (Voc). (b)(e) Self-heating current in C-rate (1C=10A). (c)(f) Outer surface temperature.
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rapid than the previously reported result [27]. Note that the cell
surface temperature is —5°C at the end of self-heating, but
continues to increase to above 0°C due to lagging response in the
surface temperature. Similar trends are also observed in self-
heating from —30°C and —40°C, as shown in Fig. 3 and Fig. 4
respectively. These results clearly demonstrate the superb advan-
tage of the 2-sheet design.

During the self-heating process, heat is generated both from
ohmic heating on the nickel foil and from electrochemical
reactions, and they can be quantitatively de-convoluted. As
labelled in Fig. 5a, the heating power from electrochemical
operation can be estimated by (Vo — Veen)*I and ohmic heating
from nickel foil by VI, where I is the self-heating current.
Temporal variations of the heating power from electrochemical

_
o

reaction and from nickel foil are plotted in Fig. 5a and Fig. 5c¢ for 2-
sheet cell and 1-sheet cell, respectively. The relative heating power
in percentage is further plotted in Fig. 5b and Fig. 5d. It can be seen
that heat from the nickel foil plays a dominant role even from the
beginning of self-heating, accounting for more than 60% of total
heat generation, and becoming even more dominant as self-
heating proceeds, accounting for 77% of total heat for the 2-sheet
cell and 85% for the 1-sheet cell by the end of self-heating. In
comparison, percentage of heat from electrochemical reaction
decreases from 40% to 23% and 15%, respectively. Similar
characteristics are also seen in self-heating from —-30°C and
—40°C, as shown in Fig. 6 and Fig. 7, respectively. The increasing
dominance of ohmic heat from nickel foil during self-heating can
be attributed to the opposite effects of temperature on foil

5
a 7. _a0c| D

v a 2-sheet

Voltage (V)

2-sheet

Self-heating current (C-rate)
L T B )

(1)
3

Surface temperature (°C)
[ RN
G R

Tamp= -30°C 2-sheet T.

amb™

-30°C

0 5 10 15 20 25 30 35 0o 5 10

Time (sec)

Q

15 20 25 30 35 0 5 10
Time (sec)

15 20 25 30 35
Time (sec)

1-sheet

Voltage (V)

1-sheet

-h
N
o

1-sheet T,

T, mb™— -30°C amb™ -30°C

al

0 5 10 15 20 25 30 35 0 5 10
Time (sec)

|
Self-heating current (C-rate)
R

15 20 25 30 35 0 5 10
Time (sec)

Surface temperature (°C)
[ R R
CEEONSCOBRONE <
\ .

15 20 25 30 35
Time (sec)

Fig. 3. Voltage, current and surface temperature of 1-sheet and 2-sheet cells during self-heating from —30°C. (a)(d) Measured cell voltage (Vi) and estimated open circuit
voltage (Voc). (b)(e) Self-heating current in C-rate (1C=10A). (c)(f) Surface temperature.
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resistance and cell internal resistance. Heating power from nickel
foil and that from electrochemical reaction can be also interpreted
by P*Rsoii and I2*R;, respectively, in which Reo; and R; are nickel foil
resistance and cell internal resistance. On one hand, the nickel foil
resistance increases with temperature, generating more ohmic
heat. On the other hand, the cell internal resistance drops
significantly with temperature due to enhanced reaction kinetics
and transport properties [9,29,30], thus reducing heating power.
The quantitative heat generation data suggest that the embedded

nickel foil plays a key role in the rapid self-heating process and is
the main reason the SHLB cell requires only a tiny fraction of the
heating time of existing methods [26].

The results of self-heating from —30°C and —40 °C are similar to
that from —20°C, except that longer self-heating time and more
energy consumption are needed due to lower initial temperatures.
Fig. 8a summarizes self-heating time for each cell. The 2-sheet cell
self-heats from —30°C and —40°C in 19.2 and 29.4 seconds, results
that are 54% and 45% faster than previously reported, and also
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consistently more rapid than 1-sheet cell with similar design in
this study, namely 40% and 26% from —-30°C and -40°C,
respectively. Accordingly, the capacity consumption during self-
heating is consistently less for 2-sheet cell, 18%-24% compared
with previous results, as shown in Fig. 8b. These results clearly
demonstrate the advantage of 2-sheet design in rapid self-heating.

The more rapid self-heating of SHLB cell with 2-sheet design is
expected due to distributed heat generation and more uniform

Q

Temperature (°C)

temperature distribution inside the cell. This hypothesis can be
experimentally confirmed by treating the nickel foil as an internal
temperature sensor. Fig. 9 shows the foil temperature and cell
outer surface temperature during self-heating from —20°C, —30°C
and —40 °C. The difference between foil and surface temperatures
represents the maximum temperature gradient existing inside the
cell. It can be seen that foil temperature increases much faster than
the surface temperature in all cases, for both cell designs. However,
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the temperature difference in the 2-sheet cell is nearly three to four
times smaller than that in the 1-sheet cell. This smaller
temperature gradient in the 2-sheet cell significantly reduces
the time required for cell surface warmup, accelerating self-
heating. Note also that the temperature gradient during self-
heating is smaller from lower ambient temperatures, probably
because longer heating time permits more thermal spreading.

4. Conclusions

We have experimentally demonstrated accelerated self-heating
of a lithium-ion battery from low temperatures, a major
improvement of the recently discovered SHLB structure, to
overcome the long-standing low temperature challenge. Imple-
mentation of a 2-sheet design instead of the previously published
1-sheet design increased self-heating speed by 45%-56% and
reduced energy consumption by 18%-24% in the ambient
temperature range of —40°C to —20°C. Through quantitative
breakdown of heat generation, we have elucidated that the nickel
foil embedded inside a SHLB cell played a key role in the rapid self-
heating process. The new design generates considerably more heat
than electrochemical reactions, even more so as self-heating
proceeds, due to the opposite trends of nickel foil resistance and
cell internal resistance with increasing temperature. We have also
demonstrated, for the first time, new potential offered by internal
temperature sensing using the same embedded nickel foil owing to
the excellent linear relation between its resistance and tempera-
ture. With this new experimental capability, we confirmed that the
2-sheet design yields more rapid self-heating than the 1-sheet
design due to much more uniform temperature distribution. The
simultaneous capabilities of rapid self-heating and internal
temperature sensing, as demonstrated through 2-sheet SHLB cells
in this work, could open up a class of smart batteries where
performance, health and safety can be actively regulated rather
than passively endured for challenging applications such as all-
climate electric vehicles. Further efforts, such as optimizing cell
design through electrochemical-thermal coupled models [31],
developing more efficient self-heating protocols, experimenting
with different metal foil materials such as aluminium, and
applying this technique to other battery chemistries, are war-
ranted.
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