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The overcharge protection performance of LiNio.sC00.:Mno.1O2 as the positive electrode materials for the
lithium-ion batteries is significantly enhanced by adding 3,4-ethylenedioxythiophene (EDOT) into the
electrolyte. The effect of anti-overcharge on LiNiogC00.1Mno10Ozelectrodes are analyzed by
microelectrode linear scan voltammetry measurement, electrochemical impedance measurement,
constant current charge/discharge and overcharged tests. The cycled electrodes are also tested by
scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis. The results show that the
EDOT additive can react with the base electrolyte and easily form a polymer layer on the surface of
LiNio.sC00.1Mno.10- electrodes at a stable platform of 4.4 V (vs Li/Li*). The time for the voltage rising
to the overcharge state is apparently delayed from 25 h to 58 h. After 100 cycles at 0.5 C rate, the capacity
retention rate of the half-cell is increased from 80.1% to 93.4% after adding the EDOT additive. The
results demonstrate that this promising anti-overcharged and cyclic performance are attributed to the
protective film generated by EDOT which may enhance the interfacial stability of
LiNio.sC00.:Mno.102/electrolyte.

Keywords:3,4-ethoxylenedioxythiophene, electrolyte additive, overcharge, LiNio.sC00.1Mno.1Oz,
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been widely applied in all kinds of devices ranging from
portable electronic devices to electric vehicles (EVs), as well as large-scale energy storage systems [1-
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3]. In order to meet the growing demand for energy density, LiNiosC00.1Mno.10> as the positive electrode
materials have received extensively attention due to its promising theoretical capacity [4-7]. However,
the electrolytes are prone to undergoing the decomposition and further form some lithium dendrites
under high voltage and overcharge conditions, which may lead to leakage and explosion and cannot meet
the demand for the fast-developing electric vehicles [8,9]. In order to solve this problem, Some the anti-
overcharged additives are introduced to the electrolyte by preventing the excessive redox and electro-
polymerization reaction. When the voltage continues to rise, the additive could inhibit the oxidative
decomposition of the electrolyte. This internal protection mechanism can effectively improve the safety
of lithium-ion batteries [10-13]. For example, aromatic compounds such as alkyl 3,3,3-
trifluoropropanoate [14] and 4-bromoanisole [15] are used as anti-overcharge additives, which can
preferentially form a stable film covering the surface of the electrodes, and finally restrain the increasing
of internal voltage.

Therefore, some efforts have been made to explore suitable electrolyte additives for the high
energy density lithium-ion batteries under extreme working condition. Xiao et al. introduced biphenyl
as an anti-overcharged electrolyte additive, and discovered that a conductive film is formed on the
surface of positive materials attribute to the electro-polymerization reaction in 4.5 V, which is effective
to restraining overcharge behaviors [16]. Zhao et al. discovered that the electrolyte with methyl
benzenesulfonate (MBS) can form a group of faults when the voltage of the cell exceeds the MBS electro
polymerization potential, thereby preventing the further decomposition of the electrolyte and effectively
improving the safety of the lithium-ion batteries [17]. It has been reported that 3,4-
ethylenedioxythiophene (EDOT) can be directly used as an electrolyte additive for LiCoO lithium-ion
batteries, which can significantly improve its cyclic stability under extreme working condition [18,19].
However, the impact on the safety performance of Ni-rich positive materials of lithium-ion batteries
have not been studied. Herein, we have directly introduced EDOT as the functional electrolyte additive
for the Ni-rich positive materials. Its electro-polymerization behavior on the anti-overcharge and cyclic
performance of lithium ion battery are detailedly explored.

2. EXPERIMENTAL

2.1 Preparation of electrolytes and electrodes

The electrochemical properties of different electrolytes were investigated through the CR2032-
type coin cells, consisting of LiNio.sC001Mno 102 as a working electrode, lithium foil as a counter
electrode. The blank electrolyte solution was 1 mol L LiPFs in a mixed solvent of ethylene carbonate
(EC)/ethyl methyl carbonate (EMC) (in a volume ratio of 3:7). 0.5 wt.%, 1.0 wt.%, 2.0 wt.% EDOT was
added to obtain the EDOT containing electrolyte, and named as E1, E2, and E3, respectively. The
electrolyte was mixed in a vacuum drying oven. The water and free acid (HF) contents in the electrolyte
were kept below 20 and 50 ppm, respectively LiNiogC00.1Mno.102 (Hunan Shanshan Toda Advanced
Materials Co., Ltd) was selected as the active electrode materials. The positive electrodes were prepared
with a slurry of 80 wt.% LiNio.gC00.1Mno.102 powders, 10 wt.% polyvinylidenefluoride (PVDF) and 10
wt.% acetylene black binder in N-methyl-2-pyrrolidone (NMP). The slurry was cast on aluminum foil
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to prepare working electrodes. Finally, the CR2032-type coin cells were assembled in a glove box filled
with Ar (MIKROUNA Universal (2440/750/900)).

2.2 Electrochemical measurement

The electrochemical behavior of electrolyte with or without EDOT was studied by
microelectrode linear sweep voltammetry (LSV) through an electrochemical workstation (CHI660C,
China). LSV was performed in a three-electrode cell using Pt as working electrode, a Li metal as counter
and reference electrodes with a scan rate of 0.1 mV s™. The charge and discharge test system (Land
CT2001A, China) was used to conduct constant current measurement and overcharge test. Firstly, the
battery was conducted with the voltage range of 2.8-4.2 V at the current density of 0.2 C for 3 cycles,
then charge/discharge process was performed at a constant current density of 0.2 C and a cut-off voltage
of 5 V.

The electrochemical impedance spectroscopy (EIS) of as prepared samples were also tested by
the same electrochemical workstation (CHI660C, China) before and after overcharging. The frequency
range from 100 kHz to 10 mHz with an amplitude of 5 mV. In order to valuate the influence of EDOT
on cycle performance, charge-discharge measurements were conducted by Land CT-2001A battery
tester with the voltage range of 2.8-4.7 V at 0.5 C.

2.3 Morphology and structural characterization

The overcharged coin cells were disassembled in an argon-filled glovebox. The
LiNiogC00.1Mno.10> positive materials were rinsed with high-purity dimethyl carbonate (DMC) to
remove residual electrolyte, and then dried in a vacuum oven at 60°C for 12 h. The surface morphology
of the electrodes before and after overcharging were analyzed by scanning electron microscopy
(TESCAN VEGAS3 SBH).

3. RESULTS AND DISCUSSION

3.1 Electro-polymerization behavior of EDOT

Fig. 1 shows the linear scanning curves of LiNio.sC00.1Mno.102 working electrode with a three-
electrode cell indifferent electrolyte solutions. In the blank electrolyte, the oxidation current is increased
when the voltage is rising up to 4.2 V, which is caused by the oxidation reaction of the electrolyte on the
platinum electrode. However, the scanning curves in the electrolyte with different content of EDOT
exhibit significantly different. The oxidation currents are increased rapidly with the voltage rising when
the working potential is close to 4.0 V. Finally, the oxidation currents are reached the maximum at 4.4
V. This is because that the EDOT adsorbs on the Pt electrode will undergo an electrolyte oxidation
reaction and generate a weak current. Furthermore, a large amount of EDOT in the electrolyte undergo
an oxidation reaction and the current will rise sharply at high voltage state. This process is controlled by
the diffusion of EDOT in the electrolyte [14]. The linear scan curves indicate that EDOT has a suitable
oxidation potential as an overcharge protection additive for Ni-rich positive materials.
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Figure 1. Potentiodynamic polarization curves of Pt microelectrode in 1 mol-L? LiPFs/EC/DMC with
or without EDOT at sweep rate 0.1 mV-s™,

Fig. 2 plots the CV curves of four different samples at a scan rate of 0.5 mV-s™. It can be clearly
seen that the blank sample exhibits a pair of redox peaks appear in the range of 2.8-3.2 V, which
corresponds to the reversible Li* intercalation and desorption reaction of the blank sample [5, 20], which
also exhibits an oxidation peak at a voltage of 4.5 V. Compared with the blank one, the CV curves of
other three samples also show a pair of redox peaks in the range of 2.8-3.2 V, respectively, indicating
that the addition of EDOT does not influence the electrochemical performance of LiNiosC00.1Mng.102
electrodes. In addition, the significant oxidation peaks are observed at 4.4 V, corresponding to the
oxidation reaction of the EDOT and the electrodes. This results indicates that the sacrificial oxidation of
the EDOT additive on the cathode surface can easily generate a protective film at high voltage state.
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Figure 2. CV curves of LiNio.sC00.1Mno 102 microelectrode in 1 mol-L* LiPFs/EC/DMC with or without
different content EDOT, scan rate 0.5 mV-s™,
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3.2 The effect of EDOT on the overcharge performance of the battery.

To evaluate the effect of EDOT on the overcharge behavior of LiNig.gsC00.1Mno10> lithium ion
batteries, the galvanostatic charge and discharge experiments was conducted. The half-cells were first
cycled thrice between 2.7-4.2 V at 0.2 C, and then charged to 5 V at the same rate. It can be seen in Fig.
3 that the U-t curves are nearly overlapped when the as prepared four samples with different EDOT-
containing are cycled in the range between 2.7-4.2 V, indicating that the EDOT does not apparently
affect the transportation of Li-ions under the 4.2 V. However, the U-t curves of four samples begins to
change when the applied voltage is greater than 4.2 V after three cycles, the charging voltage of blank
sample rapidly rises up to 5 V. In contrast, the potentials of other three samples containing EDOT rise
slowly (Fig.3c-d). Notably, there is a stable platform appears and the voltage does not increase after
reaching 4.4 VV when the additive content is upto 2.0 wt.%. This can be ascribed to the decomposition of
EDOT at 4.4 V and the subsequent oxidation products formation on the surface of the positive electrode,
which also may increase the resistance of the positive materials, thereby suppressing the voltage rise and
improving the safety performance of the battery. As can be seen from Fig. 3, as the EDOT content is
uptol.0 wt.%, the voltage platform can be effectively prolonged.
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Figure 3. U-t curves of the LiNiogCo01Mno102/Li half-cells during charge/discharge and overcharged
curves for four samples, respectively.

3.3 Electrochemical impedance spectroscopy

The improvement in anti-overcharged performance can be explained by the increase in the
impedance of the batteries after overcharge. The Nyquist plots and fitted value curves with different
EDOT-containing are shown in Fig. 4 (the inset in Fig. 4 is the equivalent circuit model diagram). It can
be clearly seen that each of the plots consists of a semicircle in high-medium frequency region, which
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presents charge transfer impedance (Rct). The oblique line in the low-frequency region is assigned to
Warburg impedance of lithium ions transferred in the electrode active materials [21,22]. After
overcharging, the electrolyte resistance (Rs) of the four as-prepared samples are increased from 1.4 Q,
1.7Q,3.6Q,and 4 Q10 5.9 Q, 6.8 Q,85Q, and 11.6 Q, respectively. The Ret of the blank electrolyte
sample is not significantly changed. By comparison, the R of the samples containing the EDOT additive
are obviously increased from 162 Q, 315 Q, and 386 Q to 386 Q, 508 Q, and 612 Q, respectively. It is
because the sacrificial oxidation of the EDOT additive on the surface of the positive materials can
effectively hinder the charge transfer under overcharge conditions. This result further supports the
previous conclusions of the overcharge test.
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Figure 4. Nyquist plots and equivalent circuit model of LiNio.8C00.:Mno.1O2/Li half-cells overcharged
with different mass ratio EDOT electrolyte.

Table 1. Fitting circuit parameters of LiNio.sC00.1Mno.1O2/Li half-cells.

Blank El E2 E3
Samples
P Rs Rot Rs Ret Rs Rt Rs Rt
overcharge 14 156 17 162 36 315 40 386
before
Overcharge o 232 70 386 9 508 12 612
after

3.4 Effect of EDOT on electrochemical performance of LiNiggC00.1Mno.102

Fig. 5 shows the cycling performance of the four as-prepared samples with different content of
EDOT additive at a high cut-off voltage of 4.7 V. The discharge specific capacity of the blank electrolyte
is decreased from the initial 185.38 mAh g to 148.57 mAh g. The capacity retention was only 80.1%
after 100 cycles. By comparison, after adding the EDOT additives, the capacity retention of other three
samples (E1, E2 and E3) are reached upto 90.2%, 93.4% and 90.0%, respectively, which are significantly
higher than that of the blank one. The improvement of the cycling stability is due to the sacrificial
oxidation of the EDOT additive on the electrode surface to generate a passivation film, which restrains
the electrolyte oxidation and crystal structural damage [18, 23-26]. The schematic diagram of the action
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process is shown in Fig. 6. The capacity retention of 2.0 wt.% EDOT is lower than that of the 1.0 wt.%
EDOT, indicating that the EDOT concentration is not favorite as high as possible, this is because the
excessive additive may hinder the migration of Li*, and the extra Li ions are easily deposited on the
surface of the negative electrode, resulting in capacity decay [27].
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Figure 5. Cyclic performance of different samples: (a) Blank, (b) E1, (c) E2, (d) ES.

Table 2. Electrochemical data of LiNiogC0o0.1Mno.1O2/Li half battery in different electrolytes.

Samples Initigl discharge lOOfh discharge Capacity retention
capacity (mAh-g?) capacity (mAh-g?) after 100 cycles (%)
Blank 185.38 148.57 80.1%
El 183.97 165.88 90.2%
E2 181.63 169.65 93.4%
E3 181.41 163.28 90.0%

We compared the overcharge potential and cycling performance of similar materials. The
relevant comparison data is shown in the Table 3. It is noted that the EDOT as an anti-overcharge
additive for NCM811 lithium-ion batteries can exhibit significant enhancement on anti-overcharge
protection and cycling performance. Itis also believed to the decomposition of EDOT and the formation
of the oxidation products on the surface of the positive electrodes, and this leads to the observed
improved cycling stability of Li/ LiNio.sC00.1Mno.1O2 cells at elevated potentials.
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Table 3. The comparison with the overcharge potential and cycling performance of similar anti-
overcharge additives for LIBs

Additives Oglgtr::t?;glge Cycling performance
Resorcinol bis (diphenyl i 0
phosphate)[28] 3.0-45V 1 C, 100 cycle, 86.2%
Lithium difluorophosphate[29] 3.0-45V 1 C, 250 cycle, 89%
Lithium difluorophosphate[30] 3.0-45V 1C, 100 cycle, 78.2%
3,3,3-trifluoropropanoate[31] 3.0-4.6V 0.2C, 100cycle , 76.1%
8- (Phenylsulfonyl) 3.0-4.4V 0.5C, 200 cycle, 92.5%
propionitrile[32]
3,4-ethylenedioxythiophene 28-4.7V 0.5C, 100cycle, 93.4%
(this work) o T T

(b) Without EDOT |

iy With EDOT

Figure 6. Schematic illustration of the overcharge/discharge process of LiNigsCo001Mng102
electrode:(a) before overcharged; (b) without EDOT; (c) with EDOT.

3.5 Morphological analysis

To further investigate the overcharge protection effect of EDOT on the LIBs with
LiNiogC00.1Mno.10; as the positive electrode material, the SEM images of the cathode electrode sheets
before and after overcharged are shown in Fig. 7. Fig. 7(a) shows the SEM image of the fresh positive
materials, which is uniformly distributed with sphere structure. After overcharged, the surface of the
sample Blank is distributed with loose particles (Fig. 7(b)). While there is little difference in cycled
material between EDOT-containing and Blank electrolytes, and the surface of the other three samples
after adding EDOT are covered with some dense polymer (Fig. 7(c-e)). This is due to the irreversible
reaction of oxidative polymerization of EDOT when the batteries undergo overcharging. The dense
substance of the reaction products can effectively increase the interface resistance and block off the rise
of voltage. Furthermore, it can effective preserve the active materials crystal structure.
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Figure 7. SEM images of LiNio.8C00.1Mno.1O2 electrodes before (a) and after overcharged with different
samples (b)blank, (c) E1, (d) E2, (e) E3.

4. CONCLUSION

In this work, 3,4-ethylenedioxythiophene is successfully introduced to improve the anti-over
charged and high voltage electrochemical performance of NCM811 positive materials. Importantly,
EDOT can be polymerized at 4.4 V (vs. Li/Li*) to consume excess charging current, and resulting in a
blocking effect for the oxidation of the electrodes and electrolyte. Moreover, the presence of 1.0 wt.%
of EDOT results in promising capacity retention after 100 cycles under a high cutoff voltage of 4.7 V.
The LSV, EIS and SEM analysis also indicate that EDOT is effective to protect its integrity of primary
morphology of NCM811 electrodes. This work provides a reference to develop anti-overcharge additive
for Ni-rich positive materials of lithium ion batteries.
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