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In the current work, a series of experiments were carried out under low and normal temperature
conditions (0 and 20 °C) to research the influence of low temperature on the performance of
lithium-ion batteries (LIBs). Besides this, a commercial insulation material (IM) was employed to
research its effect on preventing damage in a battery exposed to low temperature. Based on the
experimental results, it was found that the battery exhibited a higher temperature increase at low
ambient temperature due to the larger internal resistance of the battery at low temperature, which
resulted in greater heat generation. It was also observed that the low temperature caused the
uniformity of the battery to deteriorate as a result of temperature and voltage differences, and the
uniformity became poorer with increasing cycle rate. Moreover, the capacity decay rate of the battery
was demonstrated to be greatly accelerated by the low temperature. According to the morphological
changes of the battery components, the structure of the electrode materials and separator was
damaged under low temperature conditions. Finally, the results show that the IM had a significant
effect on warming the battery up; therefore, a much better discharge performance and slower decay
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1. Introduction

Although advantages such as high energy density, less
pollution, stable performance and long cycling life ** have
made lithium-ion batteries (LIBs) the dominant power source
for applications ranging from portable electronics to electric
vehicles (EVs), challenges also remain. Generally, the
working environments of LIBs are complex, where extreme
conditions, such as external forces, high temperature, low
temperature, overcharge and over-discharge, etc., are usually
involved.** Amongst these, low temperature conditions
cause significant loss of battery power and accelerate the
decay rate, which dramatically limits the driving range and
hinders the expansion of EVs. Therefore, it is crucial to gain
more insight into the performance of LIBs under low
temperature conditions.
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Until now, much work has been done to probe the influence
of low temperature on LIBs.*** Ling et al.® cycled batteries
under ambient temperatures of —10 and 5 °C, respectively;
their results showed that the low temperature environment
harmed the battery performance, reducing the discharging
voltage and accelerating the capacity decay. Waldmann et al.”
evaluated the capacity fade of commercial 18 650 batteries
under a series of ambient temperatures. They revealed that the
capacity fading rate increased with decreasing temperature in
the range of 0-25 °C. In order to explore how low temperature
induced serious fading of a battery, Petzl et al.® focused on the
nondestructive characterization of the fading behavior of the
battery during long-term cycling. They elucidated the degra-
dation effects of lithium plating on the graphite anode as the
most severe fading process in the LIB at low temperature. The
loss of cyclable lithium and active materials led to the final
capacity decay.

In view of this, researchers have attempted to overcome the
challenges of using LIBs at low temperature, which can be
summarized as active and positive approaches. For the former,
reformulating the electrolyte for low-temperature application is
a common approach.”®® Zhang et al.*® reported a new approach
to improve the low-temperature performance of LIBs by
replacing LiPF, with LiBF,. They found that at —30 °C, a battery
with 1 m (mol kg™" solvent) LiBF, dissolved in 1:1:3 (wt)
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propylene carbonate (PC)/ethylene carbonate (EC)/ethylmethyl
carbonate (EMC) mixed solvent delivered as high as 86%
capacity compared to LiPFg, which delivered 72% (in compar-
ison to that obtained at 20 °C). Furthermore, the battery with
LiBF4-based electrolyte showed lower polarization. On the other
hand, preheating the battery is another feasible approach to
improve the low-temperature performance of LIBs; this
includes internal core heating, internal resistive heating,
convective heating, mutual pulse heating, as well as external
heating strategies such as those using air, liquid or phase
change materials."””** Zhang et al.'” developed a method to
internally preheat LIBs at low temperature using a sinusoidal
alternating current. They found that the battery subjected to an
alternating current with an amplitude of 7 A and a frequency of
1 Hz could be heated from —20 °C to 5 °C within 15 min, and the
temperature distribution remained essentially uniform. Song
et al*® investigated an air-heating strategy for cold start-up
applications using a simulation system, and their experi-
mental results showed that in a low-temperature environment,
a battery retained greater capacity if the air around it was heated
to room temperature before use.

In summary, there has been a lot of research regarding the
effect of low temperature on LIBs. Nevertheless, the battery's
uniformity, as one of the key parameters of LIBs, is significant
during thermal management—not only from the perspective of
battery performance, but also its safety.”>* To maintain battery
performance at a high level and decrease thermal hazards, good
uniformity is necessary for both the single battery and the
battery pack. However, few studies have been done to investi-
gate the uniformity of LIBs under low temperature conditions.
Moreover, it is common to see insulation materials (IMs) being
used around us to preserve heat, but their application to protect
LIBs from low temperature is scarcely seen.

This paper focuses on an experimental study under low
temperature conditions to explore its influence on a LIB in
combination with different cycle rates. Besides this, a commer-
cial IM was used in the current work to research its effect on
preventing low-temperature damage. Specific parameters, such
as voltage, capacity and battery surface temperature were
measured; the uniformity of the battery, including temperature
and voltage, was discussed; and micro-characterization of the
anode materials and separators stripped from both fresh
batteries and spent batteries was also conducted, aiming to
provide fundamental knowledge on this issue.

2. Experiment
2.1 Materials and sample preparation

The battery samples used in this work were cylindrical Samsung
18 650 batteries with a capacity of 1300 mA h. The charge cut-off

Table 1 Thermophysical properties of IM
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voltage was 4.2 V, and that for discharge was 2.75 V. The
cathode and anode consisted of NMC532 and graphite,
respectively. Before testing, the energy originally stored in the
batteries was released by discharging with a constant current
(CC) of 2600 mA until the capacity decreased to 0% state of
charge (SOC). Subsequently, the batteries were stored for 24
hours to ensure they remained stable before the tests.

In addition, a commercial insulating material (IM) made of
rubber, plastic, and cotton was applied in this paper (purchased
from Jiaxing Collins Electrical Appliance Technology Co., Ltd.).
Its thermophysical properties are shown in Table 1. Due to its
low thermal conductivity, low thermal diffusivity, and porous/
fibrous structure, the heat generated during the charging/
discharging process of the battery would either be effectively
retained or very slowly released to the surrounding environ-
ment, such that the battery would be kept at a relatively high
temperature and its performance would be maintained at
a relatively high level.

2.2 Apparatus and experimental design

As shown in Fig. 1(a), experiments were carried out using an
environment chamber with an internal dimension of 0.5 m X
0.5 m x 0.5 m. The controllable temperature range of the
chamber is from 0 to 70 °C. Two groups of experiments were
carried out to explore the influence of low temperature on the
LIBs, including their voltage, capacity, surface temperature, etc.
The experimental configurations are further listed in Table 2.
For the first group, batteries were placed on a supporting mesh
made of iron wire for the tests. Five K-type thermocouples with
a diameter of 1 mm were attached to the surface of each battery
to measure its surface temperatures, and the temperatures were
recorded by the data acquisition equipment (NI ¢cDAQ-9174)
connected to a computer. The detailed arrangement and
numbering of the thermocouples are presented in Fig. 1(b), and
the temperatures of each thermocouple collected were marked
T1, T2, T3, T4 and T5, respectively. Charging/discharging of the
battery was achieved using a cycle tester (Neware CT-3008) with
the parameters of 5 V and 6 A. Experiments were conducted at
low temperature (0 °C) and normal temperature (20 °C),
respectively. As for the second group, the batteries were wrap-
ped with IM, as depicted in Fig. 1(c), with IM thicknesses of 5,
10, and 15 mm, respectively. Similarly, five K-type thermocou-
ples were attached to each battery to measure the surface
temperatures. The experiments were carried out at low
temperature, ie., 0 °C.

2.3 Thermal model

Heat generation within the battery is mainly composed of
chemical reaction heat and Joule heat, expressed by eqn (1):>

Thermal conductivity

Constituent Wm K™

Thermal diffusivity
(mm?s™")

Specific heat
MJm 3K

Rubber-plastic-cotton 0.0313
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Fig. 1 Experimental schematics: (a) experiment setup; (b) thermocouple arrangements in a single battery; (c) the batteries wrapped with
insulation material, top view.
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Table 2 The experimental configurations

Ambient Thickness of

Group no. Test no. temperature (°C) IM (mm) Cycle rate (C)
1 1 Room temperature n/a 1,2,3

2 0
2 1 0 0 2

2 5

3 10

4 15

E
Goen = dipem + & = AHM, A exp( - Ri) +1(Uoc — Uy) (1)

where AH is the reaction heat, M is the mass of reactants, n is
the reaction order, A is the pre-exponential factor, E, is the
activation energy, R is the gas constant, T}, is the battery
temperature, I is the current, Ugc is the open circuit voltage and
U, is the terminal voltage.

Generally, heat release by the battery is via heat convection
by air, which can be expressed as follows:

Geoy = hA(Ts — Tuir) (2)

where & is the convective heat transfer coefficient, A is the
battery surface area, and T,;, is the ambient temperature.

For a battery with IM, heat conduction between the battery
surface and ambient air mainly follows the pattern of heat
release, which can be expressed by:

qéon = KA(Tb — Tair) (3)

where K is the thermal conductivity of the IM.
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Assuming the temperature distribution within the battery is
uniform, then the temperature variation of the battery with/
without IM can be written as eqn (4) and (5), respectively:

T, E,
pCa—tb =AHM,A exp( — RTb) +I(Uoc — Uy)
— KA(T, — Tay) (4)
T, E,
pca—;’ = AHM, A eXp( - RTb) +I(Uoc — U) — hA(Ty — Tai)

(5)

where p is the density of the battery, C is the specific heat, and ¢
is the time.

3. Results and discussion

3.1 Typical electrothermal behavior of the LIB at low
temperature

Due to the similar electrothermal behavior of LIBs at different
cycle rates, here, we took the 2C conditions as an example. The
battery's surface temperature curve, measured from T3, and the
voltage and current curves are depicted in Fig. 2, which shows
a single cycle consisting of a CC-CV (constant current-constant
voltage) charge process followed by a CC discharge process.
Before the test, the battery was at 0% SOC and 0 °C (low
temperature). As can be seen, the cycling process of the battery
can be divided into four stages, namely, CC charge, CV charge,
discharge I, and discharge II.

At the CC charge stage, the battery heated up quickly until it
reached the charge cut-off voltage. As the battery approached
the cut-off voltage, it entered the CV charge stage, in which the
charging current decreased gradually to retain voltage stability

and reduce the polarization; meanwhile, the surface
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Fig. 2 The curves of surface temperature, voltage and current of the battery cycled at a rate of 2C.
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temperature kept increasing due to the inertia of heat genera-
tion, then reached the peak temperature, 7.64 °C. Hereafter, the
surface temperature declined since the charge current was
reduced, which led to decreased heat generation; the tempera-
ture difference between the battery and ambient air was large,
bringing about obvious heat dissipation. When the charge
current diminished to 100 mA, the CV charge stage ended;
meanwhile, the surface temperature was approximately 0 °C.
Similar to the charge process, the discharge process also
comprises two stages. At discharge I, the surface temperature
increased sharply, then the rate of temperature rise reduced
gradually during the discharge process. This was the result of
decreasing internal resistance.”” Once the battery entered
discharge II, the temperature rise accelerated again and
continued to increase until the end of discharge. Finally, the
peak temperature during the whole process was obtained, i.e.,
10.23 °C.

The curves of maximum/minimum temperature and
temperature difference within the battery cycled at a rate of 2C
are displayed in Fig. 3 for the analysis of the battery surface
temperature uniformity at low temperature (0 °C). Tmax(t),
Tmin(f) and ATp.(t) denote the maximum temperature,
minimum temperature and temperature difference within the
battery at time ¢, respectively, i.e.:

Tmax(t) = maX{Ti(I)} (6)
Thnin(?) = min{T3(?)} 7)
ATmax(l‘) = Tmax(l) - Tmin([) (8)

where i (=1, 2, 3, 4 and 5) is the numbering of the thermocouple
as shown in Fig. 1(b).
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Consistent with the variation in the battery surface
temperature, the curves of the maximum and minimum
temperatures comprise four stages. They increased during
the CC charge stage and reached the peak values at the CV
charge stage. Hereafter, they decreased as the CV charge
progressed. For the discharge process, both curves rose
stably, including a rapid rise at discharge I and another rapid
rise at discharge II.

The temperature difference within the battery increased
sharply once the charge treatment began. It climbed to a peak
value of 1.14 °C, and subsequently, the temperature difference
reduced during the CV charge process. After the battery
entered the discharge stage, the temperature difference
increased once more, finally reaching a peak value of 1.64 °C.
Obviously, the battery presented not only a larger surface
temperature rise but also a larger temperature difference in
the discharge stage. Namely, compared to the charge process,
heat generation by the battery during discharge was greater,
and the non-uniformity of the surface temperature was also
more severe.

3.2 Influence of low temperature on the performance of LIBs

To further explore how low temperature influences the surface
temperature of the batteries, the increases in the surface
temperatures of the batteries were measured during cycling at
cycle rates of 1C, 2C and 3C, respectively. Fig. 4 shows the
results for a single cycle, with solid lines representing the low
temperature conditions (0 °C) and dotted lines the normal
conditions (20 °C). It can be found that the low temperature
conditions evidently influenced the cycle time of the LIBs.
Compared to the normal conditions, the cycling processes of
the LIBs were much slower under low temperature conditions.
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Fig. 3 The curves of maximum/minimum temperature and temperature difference within a battery cycled at a rate of 2C.
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Fig. 4 Temperature rise curves of the batteries at low and normal temperature and at different cycle rates.

Table 3 Detailed information on the temperature rise of batteries

Peak of temperature
difference during charge (°C)

Ambient temperature (°C) Cycle rate (C)

Peak of temperature
difference during discharge (°C)

0 4.20
7.64
7.61
2.81
5.70

7.29

20

W N =W

This can be explained by the fact that the electrochemical
reactions inside the batteries were restrained by the low
temperature, and meanwhile, the internal resistance increased.
Furthermore, for a fixed cycle rate, a higher temperature rise
was observed at low temperature. This might be attributed to
the differences in battery resistance at different ambient
temperatures, so that the internal resistance of the battery is
larger at low temperature.”® Detailed information on the
temperature rise is further displayed in Table 3. Meanwhile, it is
noted that the slopes of the temperature-rise curves are signif-
icantly different from each other at different cycle rates. With
increased cycle rate, the temperature rise was more severe,
leading to higher peak values, which were reached sooner.
Similarly, this trend is the result of greater heat generation by
the batteries at higher cycle rates.

Meanwhile, the influence of low temperature on the
temperature uniformity within a single battery was also
investigated. Fig. 5 depicts the surface temperature differ-
ences of batteries during cycling at cycle rates of 1C, 2C, and
3C, and ambient temperatures of 0 °C and 20 °C, respectively.

9058 | RSC Adv., 2019, 9, 9053-9066

5.66
10.44
14.66

3.72

7.57
10.25

For a fixed cycle rate, the temperature difference within
a single battery was exacerbated at low temperature, as
shown by the peak values of 1.01, 2.14 and 3.16 °C, corre-
sponding to 1C, 2C and 3C at 0 °C, respectively, compared to
those at 20 °C of 0.86, 1.60 and 2.35 °C, respectively. The
results indicate that the uniformity of battery surface
temperature is deteriorated by low temperature, which led to
uneven temperature distribution within the battery. More-
over, the temperature difference within the battery increased
with increasing cycle rate at both low and normal tempera-
tures; that is, the temperature uniformity within the single
battery also deteriorated at a high cycle rate. Table 4 displays
further detailed information.

Generally, large numbers of LIBs are connected in series or
parallel in electronics and EVs to supply power; hence, it is
crucial to maintain good uniformity among the LIBs. However,
some differences among batteries are inevitable due to devia-
tions in manufacturing. In the current work, to explore the
effect of low temperature on the uniformity among batteries,
the temperature and voltage differences of batteries are

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The curves of the temperature differences within a single battery at low and normal temperature and at different cycle rates.

Table 4 Detailed information on temperature differences within a single battery

Peak of temperature
difference during charge (°C)

Ambient temperature (°C) Cycle rate (C)

Peak of temperature
difference during discharge (°C)

0 0.40
1.35
1.93
0.54
1.10

1.12

20

W N R WD

discussed. On the basis of eqn (9)-(11), Fig. 6 demonstrates the
curves of temperature difference among batteries at low and
normal temperature and at different cycle rates, where four
batteries were cycled at the same rate synchronously. Before the
tests, each battery had 0% SOC. Batteries were firstly charged to
100% SOC, and then discharged to 0% SOC again. Tyax(f),
Tmin(f) and ATpax(t) denote the maximum temperature,
minimum temperature and temperature differences among the
four batteries at time ¢, respectively, i.e.:

Tmax(t) = maX{ T,(l)} (9)
Tmin(t) = mm{T,(t)} (10)
ATmax(t) = Tmax(t) - Tmin(l) (11)

where i (=1, 2, 3 and 4) is the numbering of the batteries.
Taking the curve for 2C, 0 °C, as an example, the curve of the

temperature difference among the batteries also comprises four

stages: CC charge, CV charge, discharge I, and discharge II.

This journal is © The Royal Society of Chemistry 2019

1.01
2.13
3.16
0.83
1.62
1.64

Once charging began, the temperature difference among the
batteries increased sharply and climbed to a peak value of
0.94 °C. Subsequently, the temperature difference reduced
along with a decrease in the surface temperature during the
charge stage. After the batteries entered the discharge stage, the
temperature difference increased once more, and the rate of
increase was even greater than that in the charge stage. Here-
after, it reached a peak value of 1.13 °C, which was the largest
temperature difference during the whole process. As the
discharge continued, the temperature difference reduced
gradually. Once the battery approached discharge II, i.e., the
deep discharge stage, the battery resistance increased, exacer-
bating the differences among the batteries, which was man-
ifested in the form of a rebound in the temperature difference
towards the end. Upon comparison, it is obvious that the curves
of temperature difference for the low temperature conditions
exhibited larger peak values and stronger fluctuations, which
demonstrates that the non-uniformity among batteries is
exacerbated by low temperature. In addition, the uniformity

RSC Adv., 2019, 9, 9053-9066 | 9059
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Fig. 6 The curves of temperature difference among batteries at low and normal temperature and at different cycle rates.

Table 5 Detailed information on the temperature difference among batteries

Peak of temperature

Peak of temperature

difference during discharge The final temperature

Ambient temperature (°C) Cycle rate (C) difference during charge (°C) (°Q) difference (°C)
0 1 0.85 0.99 1.45

2 1.18 3.42 1.72

3 0.81 7.97 2.00
20 1 1.60 0.88 1.44

2 1.06 1.45 1.38

3 1.14 3.01 1.84

among the batteries was poorer with increasing cycle rate,
which is consistent with the results above. The detailed results
for the temperature difference among the batteries can be
found in Table 5

On the other hand, the batteries’ voltage difference during
discharge is displayed in Fig. 7 and can be described with the
following eqn (12)-(14), where Umay(t), Umin(t) and AUpax(?)
denote the maximum voltage, minimum voltage and voltage
difference among the four batteries at time ¢, respectively, i.e.:

Umax(l) = max{ Ul(l)} (12)
Umin(t) = mln{ Ul(t)} (13)
AU(Z) = Umax(t) - Umin(l) (14]

Similarly, taking the curve of 2C, 0 °C, as an example, two
evident stages can be observed: discharge I and discharge II. At

9060 | RSC Adv., 2019, 9, 9053-9066

the initial stage of discharge, the voltage difference exhibited an
obvious rise under the effect of activation polarization, which is
consistent with a sharp decline in the battery voltage. Hereafter,
it decreased gradually with the discharge process. Once the
battery achieved deep discharge (discharge II), the curve
underwent another rapid increase, which was much more steep
than that in discharge I. This was the result of concentration
polarization as discharging approached the end. Then, the
difference dropped upon completion of discharge. The results
of voltage differences among the batteries can be seen in Table
6. At low temperature, the batteries exhibit obvious larger
voltage differences, in both the real-time and peak values.
Besides this, it is interesting to note that a decreased cycle rate
resulted in a larger voltage difference peak value. This might be
attributed to the fact that the deep discharge stage lasted longer
under the low cycle rate, which aggravated the non-uniformity
among the batteries, therefore causing a larger voltage differ-
ence peak.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The curves of the voltage differences among batteries at low and normal temperature and at different cycle rates.

Table 6 Detailed information on the voltage differences among batteries

Ambient temperature (°C) Cycle rate (C)

Peak of voltage difference
during discharge I (°C)

Peak of voltage difference
during discharge II (°C)

0

20

W N =R W=

As calculated from the discharge results, the capacity decay
curves of batteries at low and normal temperature and at
different cycle rates are shown in Fig. 8. At normal tempera-
ture, it took several cycles to activate the battery, which is
exhibited as the initial rise in capacity, which then fluctuated
around a critical value. Typically, the lower the cycle rate, the
greater the capacity. Namely, discharge is more exhaustive at
a low cycle rate. Under the low temperature conditions, it can
be observed that as the cycle number increased, the battery
capacity decayed gradually at rates of 0.046, 0.053 and 0.074%
per cycle, respectively. This reveals that low temperature
aggravated the aging of the battery, the severity of which
increased with increasing cycle rate. This result is related to
the damage of the electrode and separator structure; further
discussion on the morphological changes of the battery
components follows.

To investigate the morphological changes of battery
components at low temperature, the anode materials and
separators, stripped from both fresh and abused batteries,
were examined using scanning electron microscopy (SEM). For

This journal is © The Royal Society of Chemistry 2019

0.026 0.142
0.035 0.047
0.038 0.039
0.016 0.116
0.021 0.045
0.024 0.026

the latter, as depicted in Fig. 8(a), the battery underwent 100
cycles at an ambient temperature of 0 °C and rate of 2C. Fig. 9
displays the SEM results of the anode materials and separators
at 0.3kx and 5kx magnification, respectively. For the anode
material of the battery cycled at low temperature, a layer of
passive film with a detectable thickness could be observed at
the surface, i.e., the solid electrolyte interphase (SEI), which
would further lead to a rise in battery impedance and the loss
of cyclable lithium ions and available contact area.**** Besides
this, it can be observed that the separator surface of the fresh
battery is smooth, with favorable permeability, whereas the
permeability exhibited by the other battery is much poorer,
with many holes covered. This is as a result of the overgrowth
of the SEI, which is harmful to the transfer in active materials.
The phenomenon of an overgrown SEI can be verified by the
elemental distribution, the details of which are listed in Table
7,in which the anode and separator materials of the spent and
fresh batteries were tested by X-ray photoelectron spectroscopy
(XPS). As observed, compared to the fresh battery, the C
content of both the anode and separator of the spent battery
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Fig. 8 The capacity decay curves of batteries as a function of cycle number: (a) low temperature, 0 °C; (b) normal temperature, 20 °C.

showed an obvious increase; in contrast, the Li content
decreased. The results indicate the overgrowth of the SEI and
the loss of cyclable lithium ions in the spent battery. Conse-
quently, accelerated aging of the battery at low temperature
was observed, with the structural destruction of battery
components.

9062 | RSC Adv., 2019, 9, 9053-9066

3.3 Application of the IM under low temperature conditions

To explore the effect of the IM in protecting LIBs from low
temperature conditions, Fig. 10 displays the typical temperature
curves of batteries with/without IMs at an ambient temperature
of 0 °C. As illustrated in Fig. 1(c), the thickness of the IM

This journal is © The Royal Society of Chemistry 2019
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Table 7 Element distribution in the anode and separator materials

Battery Component C Li

Spent battery Anode 86.94% 13.06%
Separator 92.91% 7.09%

Fresh battery Anode 81.03% 18.97%
Separator 74.86% 25.14%

wrapped around the batteries was varied at 0, 5, 10 and 15 mm,
respectively, and the cycle rate was 2C. It can be obviously seen
that the IM had a significant effect on warming the batteries up.
Under the effect of the IM, the rate of surface temperature
increase of the battery was greater than that in the absence of
the IM, and therefore, a higher surface temperature was
observed. The peak values of temperature during charge were
7.64,11.50,12.18 and 13.95 °C, corresponding to the conditions
of no IM, 5 mm, 10 mm and 15 mm IM, respectively. Corre-
spondingly, the peak values for discharge were 10.44, 14.04,
17.26 and 18.46 °C. Besides this, it can also be found that the IM
influenced the cycling times of the batteries, where the batteries
wrapped with IM completed a single cycle sooner; that is, the IM

This journal is © The Royal Society of Chemistry 2019

enhanced the cycling efficiency of the batteries at low temper-
ature. This was as a result of the batteries, affected by the IM,
having higher temperatures, which accelerated the electro-
chemical reactions and reduced the internal resistance.

On the other hand, it can be found that the effect of the IM
was related to its thickness. Among the tested thicknesses,
10 mm presented the best performance, followed by 15 mm and
5 mm, indicating that the excessive IM thickness might be not
helpful in improving battery performance. The effect of IM first
increased along with an increase in its thickness, then reached
the best performance, and subsequently declined. This trend is
attributed to the function of thermal resistance; an appropriate
thickness brought about a large thermal resistance and, there-
fore, good insulation performance.** Besides this, it was shown
that the IM thickness also affected the cycling time, where the
cycling time at 10 mm was the longest, followed by 15 and 5
mm. This can be explained by the fact that a higher temperature
improves the charge/discharge performance of the batteries,
therefore extending the cycling time. This can be confirmed by
the discharge results, as displayed in Fig. 11. Compared to the
battery without IM, the batteries wrapped with IM presented
higher discharge capacities. The batteries with 5, 10 and 15 mm
IM exhibited discharge capacities of 1162, 1179 and 1172 mA h,

RSC Adv., 2019, 9, 9053-9066 | 9063
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Fig. 11 The typical voltage curves of batteries with/without IM at an ambient temperature of 0 °C.

respectively, whereas that of the battery without IM was 1097
mA h.

Besides this, to further research the effect of the IM on the
cycling performance of the batteries at low temperature, the
capacity decay curves of the batteries as a function of cycle
number with different IM thicknesses are depicted in Fig. 12, at

9064 | RSC Adv., 2019, 9, 9053-9066

a cycling rate of 2C and ambient temperature of 0 °C. It is shown
that for the batteries affected by the IM, the capacity decay rates
were much slower, even at low temperature. In the presence of
the IM, the battery temperature was much higher and its vari-
ation was also much more stable, which was beneficial to the
working of the battery components, therefore preventing

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 The capacity decay curves of batteries as a function of cycle

damage at low temperature. Moreover, the decay rate of the
battery is also related to the IM thickness, with 10 mm having
the slowest value, ie., 0.006% per cycle. Based upon these
results, the IM was helpful in protecting the batteries under low
temperature conditions by warming them up, which further
resulted in an improvement in the cycling efficiency, discharge
performance and capacity decay. In winter or in high latitude/
altitude areas, it may be an option to apply an IM onto LIBs
to enhance battery performance under low temperature
conditions.

4. Conclusions

In this work, an experimental study was conducted to investi-
gate the influence of low temperature on LIBs; meanwhile, the
application of a commercial IM under such conditions was also
researched. According to the experimental results, some
conclusions were drawn as follows.

Low temperature had a significant influence on the cycling
time of LIBs, where the cycling process was much longer for the
LIBs operated at low temperature. Besides this, a higher
temperature rise was observed under low temperature condi-
tions, which might be attributed to the fact that the internal
resistance of the batteries was larger, resulting in greater heat
generation. Meanwhile, the temperature difference within
a single battery was also exacerbated by low temperature;
namely, the uniformity of the battery surface temperature
deteriorated under low temperature conditions. Moreover, the
non-uniformity of temperature within a single battery was
found to be aggravated by a high cycling rate. Similarly, low
temperature also exacerbated the temperature and voltage

This journal is © The Royal Society of Chemistry 2019

number with different thicknesses of IM.

uniformity among batteries, and the effects increased with
increasing cycling rate. At low temperature, battery aging was
accelerated, and the severity increased with an increase in the
cycling rate, which was mainly caused by the damage of battery
components.

After employing an IM under low temperature conditions, it
was found that the IM had significant effects on warming up the
battery, which therefore resulted in a much better discharge
performance and slower battery decay rate. Besides this, the
effect of the IM was related to its thickness, where a thickness of
10 mm presented the best performance.
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