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To improve the safety of lithium-ion batteries, this study applied topographically different ZnO to the
surface of negative graphite electrodes to serve as heat-resistant layers and explored the effects of these
layers on a battery’s electrochemical and safety features. The results indicate that when using a tetrapod
ZnO (T-ZnO) particle coating as a heat-resistant layer on a negative graphite electrode, ion diffusion is
improved because T-ZnO has a three-dimensional network structure and forms highly porous layers.
This causes batteries to retain excellent electrochemical characteristics even if they contain inactive
substances. Moreover, the results of overcharge and penetration tests were satisfactory, suggesting that
the batteries are highly safe.
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1. INTRODUCTION

Lithium-ion secondary batteries are employed in all types of electronics, such as laptops, mobile
phones, tablets, cameras, and electric bicycles. They have become an indispensable part of our modern
lives. To accommodate the needs of passenger aircrafts, hybrid vehicles, and electric vehicles, lithium-
ion secondary batteries are being developed that are geared toward high energy density and high
operating voltage. While trying to achieve these characteristics, safety issues are equally crucial [1-3].
In the past decade, several accidents have occurred that involved lithium batteries, such as those in
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electric vehicles, aircraft laptops, and cell phones [4-7]. The explosion or ignition of a lithium-ion battery
is usually caused by an internal short circuit [8], which results in local heat reactions and melts or
contracts the battery’s separator, leading to contact between the positive and negative electrodes while
triggering a series of reactions and finally increasing the temperature [9-11].

Numerous methods have been reported for improving the thermal stability of batteries and thus
enhancing battery safety and avoiding thermal runaway. Coating separators with ceramic powders such
as SiOz [12], AlzOs3 [13], ZrOz [14], and TiO2 [15] can effectively prevent thermal shrinkage and
mechanical breakdown. Cathodes may also be homogenously coated with inorganic nanoparticles to
improve safety and electrochemical properties [16-21]. In addition, electrolyte additives have been used
to reduce gas generation and mitigate flammability while providing overcharge protection [22-25].
However, few published studies [26-28] have discussed the safety of batteries containing negative
electrodes with ceramic coatings.

In this present study, we used inorganic powders coated onto negative graphite electrodes as a
heat-resistant layer. With this electrode, when thermal runaway occurs and the separator shrinks or melts,
the heat-resistant coating isolates the positive electrode from the negative electrode, preventing contact
between the two electrodes and thus a short circuit, ultimately reducing the loss of energy resulting from
subsequent exothermic reactions. This study employed short-rod and tetrapod ZnO coatings on the
surface of negative graphite electrodes and packed the electrodes into 18650 prismatic and pouch cells
to examine their effects on battery safety and electrochemical characteristics.

2. EXPERIMENTAL

2.1 Preparation of ZnO particles

Nanosized short-rod ZnO (S-ZnO) particles of 99.5% purity were purchased from Sigma-
Aldrich. Tetrapod ZnO (T-ZnO) particles were synthesized from a direct current plasma reactor. N2 gas
was employed as the plasma, the power of the plasma reactor was set as 70 kW, and zinc metal wires
with a diameter of 1.2 mm (INNOVATOR SURFACE TECHNOLOGIES) were fed into the plasma
flame at a fixed flow rate of 10 sIm of carrier gas (i.e. air). Upon entering the plasma zone, the zinc
powder immediately underwent vaporization, oxidation, and quenching to form ZnO, and the powder
was collected in the bag filter of the reactor.

2.2 Fabrication of electrodes and lithium ion batteries

Positive electrodes were prepared by mixing 89 wt% Li(NiosC002Mno3)O2 cathodes, 5 wt%
acetylene carbon black, and 5 wt% poly-vinylidenefluoride (PVDF) into n-methyl-2-pyrrolidone (NMP)
solution. The slurry was then coated onto aluminum foil. Negative electrodes were prepared similarly
by mixing 90 wt% graphite (SLC-1520P), 1 wt% acetylene carbon black, and 9 wt% PVDF into the
NMP solution before coating it onto copper foil. The ZnO particles were placed in a solvent mixture
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(15/85, v/v) and uniformly dispersed through ball milling for 4 hours. This slurry was then spread using
a slot die coating machine onto a negative electrode to act as a heat-resistant layer. Lithium-ion cells
were assembled by sandwiching a separator between the positive electrode and the ZnO-coated negative
electrode. The cells were then enclosed in stainless steel cases (18650) or pouch bags, and a certain
amount of the liquid electrolyte, 1M LiPFg in ethylene carbonate and dimethyl carbonate (1:1 volume
ratio), was injected.

2.3. Physical and electrochemical measurements

Morphology of the ZnO particles and ZnO-coated negative electrodes was examined using field
emission scanning electron microscopy (SEM; Oxford, LEO 1530). The electrochemical performance
was assessed by charging and discharging the cells at a current density of 0.16 A (0.1 C) with a voltage
range of 2.7 to 4.2 V at room temperature. The electrodes were assembled in pouch cells and 18650
prismatic cells so as to study the penetration and overcharge properties, respectively.

3. RESULTS AND DISSCUSSION

3.1 Morphology of zinc oxide

SEM images of the crystal topography of S-ZnO and T-ZnO are displayed in Fig. 1. S-ZnO
comprised short rods of 200 nm in length, whereas T-ZnO comprised tetrapod-shaped rods shorter than
100 nm and uneven in length. Top surface and cross-section images of the pristine, S-ZnO-coated, and
T-ZnO-coated negative electrodes are presented in Fig. 2. A pristine negative electrode consisted of
natural crystal graphite spheroids of length 13—-16 um and width 40 um. Fig. 3 shows schematics of the
negative electrodes coated with a ZnO heat-resistant layer; the thickness of both the S-ZnO and T-ZnO
coatings was less than 2 pm. Fig. 3 illustrates how the short-rod-shaped crystals were piled up densely.
Because of the unique 3D network structure of T-ZnO, this powder formed highly porous heat-resistant
layers.

3.2 Effects of heat-resistant layers on electrochemical performance

Fig. 4 displays the charge—discharge curves of 18650 prismatic cells for a current density of 0.16
A (0.1 C) with a voltage range of 2.7-4.2 VV at room temperature. The charge capacity of the cells
assembled with the pristine, S-ZnO-coated, and T-ZnO-coated negative electrodes was 1.54, 1.55, and
1.56 Ah, respectively; the cells’ reversible discharge capacity was 1.32, 1.23, and 1.33 Ah; and their
coulombic efficiency was 85.7%, 79.3%, and 83.3%. The cells with the S-ZnO and T-ZnO coating layers
had lower coulombic efficiency than those with the pristine electrode, possibly because ZnO is an
inactive substance that mildly increases the irreversible capacity. The cell assembled with the S-ZnO-
coated electrode had not only the poorest coulombic efficiency but also the lowest discharge capacity,
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probably because the S-ZnO coating layer has a compact structure, which hinders lithium ions from
entering and leaving, in turn affecting the performance of the cell.

Figure 2. Top surface and cross-section morphology of (a),(d) pristine, (b),(e) S-ZnO-coated, and (c),(f)
T-ZnO-coated negative electrodes.
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Figure 3. Schematics of the cells containing negative electrodes coated with (a) S-ZnO and (b) T-ZnO.
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Figure 4. Charge—discharge curves of 18650 prismatic cells containing (a) pristine, (b) S-ZnO-coated,
and (c) T-ZnO-coated negative electrodes.

To investigate the effect of the coated layers on cycle-life performance of the 18650 cells at high
temperature, the cells containing pristine, S-ZnO-coated, and T-ZnO-coated negative electrodes were
operated at a 0.5 C charge rate and 1 C discharge rate at 55 °C. The high-temperature cycle-life
performance test results are illustrated in Fig. 5. The capacity retention of all three samples was higher
than 90% during the first 100 cycles. However, when the capacity retention of the cells was 80%, the
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cells containing the pristine, S-ZnO-coated, and T-ZnO-coated negative electrodes had undergone 160,
223, and 375 cycles, respectively. Jung et al. also discovered that Al,O3 coating the negative electrode
improved the performance of the battery when cycling at high temperature [27] and high voltage [28].
It’s due to the coating graphite electrode can reduce the formation of soluble byproducts [29], mitigating
the coupled side reaction that accelerates degradation of the positive electrode. In this results, the cells
containing ZnO coated shows the better cycle life at higher temperature than pristine and the T-ZnO-
coated electrode shows the highest performance. This may have been due to the three-dimensional
network of T-ZnO stabilizing the surface of the electrode, preventing the formation of SEls after
numerous cycles, or preventing lithium ions from forming deposits on the electrode surface during
charges and discharges, in turn reducing degradation and the resistance increase rate.
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Figure 5. High-temperature cycle-life performance of 18650 prismatic cells containing pristine, S-ZnO-
coated, and T-ZnO-coated negative electrodes.

3.3 Overcharge test of 18650 prismatic lithium-ion cells

Overcharging lithium-ion cells can lead to chemical and electrochemical reactions and trigger
self-accelerating reactions in the batteries, which cause thermal runaway and potentially an explosion
[30-35]. The 18650 cells containing pristine, S-ZnO-coated, and T-ZnO-coated negative electrodes were
overcharged to 12 V, after which their voltage (green line) and the temperatures at the top (black line),
middle (red line), and bottom (blue line) of the cells were measured.
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Figure 6. Voltage and temperature overlay plots of the results of overcharge test for 18650 cells
containing (a) pristine, (b) S-ZnO-coated, and (c) T-ZnO-coated negative electrodes. Changes in
voltage are shown as green lines and changes in temperature at the top, middle, and bottom of
the cells are shown as black, red, and blue lines, respectively.
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Fig. 6(a) shows the overcharge test result for the cell containing the pristine negative electrode.
When the charging voltage reached 12 V, it was held for only 90 seconds, after which it dropped
suddenly to 0 V. As the pristine cell heated up to higher than 165°C, the polypropylene—polyethylene—
polypropylene separator began to shrink and melt [32], causing contact between the positive and negative
electrodes and creating a series of exothermic reactions that caused the temperature to swiftly increase
to 700°C. The thermal runaway of the cell caused evaporation of the electrolyte and an internal pressure
increase, eventually causing fire and an explosion. The overcharge safety test results for the cells
containing S-ZnO- and T-ZnO-coated negative electrodes are displayed in Fig. 6(b) and 6(c).

When the voltage reached and was then maintained at 12 V, the temperature of both cells first
rose to 125°C and then dropped slowly to room temperature. At the completion of the tests, the S-ZnO-
and T-ZnO-layer cells remained intact without any incidents of fire or explosions. According to the
results of Jung et al. [27], the cell containing the Al.Oz-coated negative graphite electrode generated
significantly less heat. Thus, the solid electrolyte interphase (SEI) layer formed on the coated negative
graphite electrode was smaller and more stable than that formed on the bare negative graphite electrode,
which in turn dramatically affected the safety performance of the battery [34]. It can be demonstrated
that when the negative electrode is coated with a ZnO heat-resistant layer, it can reduce exothermic
reactions under high voltage (12V) and hold the cell’s overall temperature at 125°C, not exceeding the
melting point of the separator and thus preventing the cell from continual temperature increases;
therefore, these layers increase the safety of lithium-ion batteries.

3.4 Penetration test of pouch cells

In penetration test [8, 36], both mechanical and electrical damage are induced in pouch cells. A
blunt rod is forced through the cell to deform the electrode layers and eventually create a short circuit.
First, the pouch cells were charged to 4.2 V and temperature sensors were attached to the top, middle,
and bottom parts of the cells. The measured temperature changes are shown as black, red, and blue lines
in Fig. 7, respectively. The fully charged pouch cells were placed into an explosion-proof box and
crushed using a blunt nail of 2.5 mm diameter at a speed of 0.015 mm/s to cause microscale short circuits.
The blunt nail was halted when the voltage difference of the cell dropped to 25 mV.

The results of penetration test for the pouch cell containing a pristine negative electrode are
presented in Fig. 7(a). When the nail first touched the cell, the voltage dropped slightly. After the voltage
difference had dropped to 25 mV, the nail was halted; the voltage dropped rapidly while the temperature
increased drastically to 650°C, causing fire and an explosion. The penetration test initially caused minor
local damage to the separator inside the cell, but the direct contact between the electrodes caused a series
of thermal runaway reactions and complete short circuits, resulting in cell explosion and burning
[8,31,36,37]. The results for the pouch cell containing the S-ZnO-coated negative electrode are shown
in Fig. 7(b). After the nail halted, the top and bottom temperatures of the cell increased slowly to 90°C,
whereas the temperature at the middle rose to 180°C because of the direct impact; concurrently, the
voltage dropped to 0 V.
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Figure 7. Voltage and temperature overlay plots of the results of penetration test for pouch cells
containing (a) pristine, (b) S-ZnO-coated, and (c) T-ZnO-coated negative electrodes. Changes in
voltage are shown as green lines and changes in temperature at the top, middle, and bottom of
the cells are shown as black, red, and blue lines, respectively.
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Although the higher temperature in the middle of the cell compared with the top and bottom
would cause the separator to shrink, the S-ZnO layer acted as a barrier preventing direct contact of the
positive electrode with the negative electrode and thus stopped a series of reactions that would have been
triggered by a further thermal shock. The heat in the middle of the cell caused the cell containing the S-
ZnO-coated electrode to expand but not explode. Fig. 7(c) presents the results for the pouch cell
containing the T-ZnO-coated negative electrode. Once the nail had halted, the temperature increased
gradually from room temperature to 70°C, stayed at this temperature for 300 seconds, and then cooled
down. The voltage did not significantly decrease over time, and after the test, it was 3.5 V. After
penetration test, we dismantled the battery and discovered that the nail’s point had caused invasive
damage to the cell, but cell failure had not occurred. The coating negative electrodes may protect the
surface of the active powders in electrodes while maintaining an interparticle electronic pathway [27],
besides, T-ZnO powder can adopt a three-dimensional protective structure when used to form a heat-
resistant layer. The layer dissipates heat caused by microscale short circuits, having a strong positive
impact on cell safety. In summary, batteries containing T-ZnO heat-resistant layers have excellent charge
and discharge qualities while being highly safe.

4. CONCLUSIONS

This study employed T-ZnO-coated negative electrodes in batteries with a charge capacity of
1.56 Ah, reversible discharge capacity of 1.33 Ah, and coulombic efficiency of 83.3%. After undergoing
375 cycles at a high temperature of 55°C, the batteries had 80% capacity retention. In overcharge and
penetration test, the T-ZnO heat-resistant layer was discovered to effectively prevent thermal shocks and
enhance safety. These positive characteristics can be attributed to the three-dimensional network
structure of the T-ZnO powder, with which a highly porous coating layer can be produced. This unique
structure enables lithium ions to diffuse more quickly than they do in a dense heat-resistant layer,
enabling construction of batteries, even if they contain inactive substances that retain high
electrochemical performance.
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