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ABSTRACT

In this paper, we report the effects of temperature on the deterioration of graphite-based negative electrodes during the long-

term cycling of lithium-ion batteries (LIBs). After cycling 75 Ah pouch-type LIB full cells at temperatures of 45oC (45-

Cell) and 25oC (25-Cell) until their end of life, we expected to observe changes in the negative electrode according to the

temperature. The thickness of the negative electrode of the cell was greater after cycling; that of the electrode of 45-Cell

(144 µm) was greater than that of the electrode of 25-Cell (109 µm). Cross-sectional scanning electron microscopy analysis

confirmed that by-products caused this increase in the thickness of the negative electrode. The by-products that formed on

the surface of the negative electrode during cycling increased the surface resistance and decreased the electrical conduc-

tivity. Voltage profiles showed that the negative electrode of 25-Cell exhibited an 84.7% retention of the initial capacity,

whereas that of 45-Cell showed only a 70.3% retention. The results of this study are expected to be relevant to future anal-

yses of the deterioration characteristics of the negative electrode and battery deterioration mechanisms, and are also

expected to provide basic data for advanced battery design.
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1. Introduction

With recent rapid technological developments, the

use of fossil fuels has drastically increased, posing

environmental concerns such as global warming and

air quality deterioration due to the presence of partic-

ulate matter such as fine dust. Renewable energies,

such as solar energy and wind energy, have been con-

sidered as promising alternatives to reduce the use of

fossil fuels [1-6]. However, the energy generated by

renewable energy sources varies significantly and is

dispersed because of its strong dependence on envi-

ronmental conditions. Therefore, energy storage sys-

tems (ESSs) should be installed for the stable use of

renewable energy systems and stable delivery in

response to consumer demand [5-10].

Among the many batteries used in ESSs, lithium-

ion batteries (LIBs) have been used widely as a

power source because of their relatively high voltage

(~4.7 V vs Li) and high energy density (650 W h kg-1)

[11]. Long-term reliability is necessary to utilize

LIBs in ESSs; however, many drawbacks associated

with the long-term use of LIBs have been reported

recently in ESSs employing LIBs. In many cases,

these drawbacks are related the locations where the

ESSs are installed (e.g., in a hot and humid climate).

The electrochemical performance, such as the cycle-

life performance, of LIBs installed in ESSs thus dete-

riorates quickly in comparison to the performance of

LIBs operated under normal conditions. Therefore,

investigation of the failure mechanism or degradation

behavior of LIBs with temperature is crucial for the

enhanced design and effective use of LIBs in ESSs.

Although there are some reports related to this degra-

dation behavior [12-15], further studies need to be

conducted, because the origin of the performance

degradation of LIBs remains to be fully elucidated
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due to their complex failure mechanisms.

In this study, we focused on elucidating the degra-

dation behavior of graphite-based negative electrodes

in LIBs with temperature. For this purpose, pouch-

type LIBs with a capacity of 75 Ah were subjected to

cycling tests at temperatures of 25oC and 45oC until

their end of life (EOL) was reached. LIBs that reached

their EOL were disassembled, and the physicochemical

and electrochemical changes in the negative electrode

before and after cycling were analyzed systematically.

Thus, by analyzing the deterioration characteristics of

the negative electrode with temperature, we acquired

data that will be useful for the enhanced design and

effective use of LIBs in ESSs in the future.

2. Experimental

Pouch-type LIBs with a capacity of 75 Ah com-

posed of NCM333 as the positive electrode and

graphite as the negative electrode were purchased. To

analyze the degradation behavior of the negative

electrode with temperature, the LIBs were subjected

to cycling tests at 25oC and 45oC until they reached

their EOL state, which was defined as the state at

which the LIBs possessed a capacity equivalent to

70% of the initial capacity. The cut-off voltages for

the charge-discharge tests were 3.0 and 1.4 V, respec-

tively, at a rate of 1 C. 

To analyze the negative electrode, LIBs that had

reached their EOL were disassembled when in the

fully discharged state. The negative electrode was

washed twice with dimethyl carbonate (DMC) and

dried at 90oC to remove the LiPF6 salt. The thickness

of the negative electrode was then measured using a

micrometer. To measure the electrical conductivity of

the negative electrode, a sample with dimensions of

1 cm × 1 cm was cut, and its resistance was measured

using the four-probe method. The morphology and

microstructure of the negative electrode were charac-

terized by field-emission scanning electron micros-

copy (FE-SEM, Jeol JSM7000F) and energy-

dispersive X-ray spectroscopy (EDX), respectively.

X-ray diffraction (XRD, PANalytical Empyrean

XRD system) and Raman analysis (Bruker Senterra

Grating 400) with a He-Ne laser (wavelength of

943 nm) were performed to analyze the structural

changes in the negative electrode.

3. Results and Discussion

As shown in Fig. 1, both samples undergo similar

capacity changes through the initial 300 cycles, but

there is a distinct difference thereafter. The LIBs that

underwent cycling at 25oC (denoted as 25-Cell)

showed a relatively gradual decrease in capacity and

a long cycle life. On the other hand, the LIBs that

underwent cycling at 45oC (denoted as 45-Cell)

exhibited a rapid decrease in capacity after 300

cycles, and EOL was reached rapidly, indicating that

the cycle life of LIBs is strongly affected by the tem-

perature.

Fig. 2 shows photographs of the negative elec-

trodes extracted from the fresh cell, 25-Cell, and 45-

Cell. The surface of the negative electrode from the

fresh cell was clean and moistened with the electro-

lyte, and showed no physical deformation (Fig. 2a).

In contrast, the surfaces of the negative electrodes

extracted from 25-Cell and 45-Cell exhibited many

by-products caused by side reactions with the electro-

lyte (Fig. 2b and 2c, respectively). In particular,

numerous by-products covered the surface of the

negative electrode of 45-Cell. To determine the thick-

ness of the by-products, the thickness of the negative

electrode (post cycling) was measured using a

micrometer. The average thickness of the negative

electrodes extracted from 25-Cell was 109 µm,

whereas that of the negative electrodes extracted

from 45-Cell was 144 µm. Fig. 3 shows cross-sec-

tional SEM images of the negative electrodes from

25-Cell and 45-Cell, which confirm that the by-prod-

ucts cause an increase in their thickness. Considering

Fig. 1. Charge/discharge cycles reaching EOL for 25-Cell

and 45-Cell.
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the original thickness of the negative electrodes, the

by-products formed on the negative electrode of 45-

Cell were much thicker than those formed on the

negative electrode of 25-Cell. These observations

indicate that by-products form more rapidly at high

temperatures.

Because the by-products that formed on the surface

of the negative electrode during cycling might influ-

ence the electrical conductivity of the negative elec-

trode, we analyzed the electrical conductivity by

measuring the surface resistance of each sample. As

summarized in Table 1, the average conductivity of

the negative electrode extracted from the fresh cell

was 3.29 × 10-1 S cm-1, that of the negative electrode

of 25-Cell was 4.12 × 10-2 S cm-1, and that of the neg-

ative electrode of 45-Cell was 5.39 × 10-6 S cm-1.

Therefore, the surface resistance was enhanced by

the by-products that accumulated on the surface, and

concurrently, the electrical conductivity decreased.

Comparison between the results for the sample thick-

ness and electrical conductivity confirmed the cor-

relation between the physical and electrochemical

changes.

To determine the constituents of the by-products

formed on the surface of the negative electrode, FE-

SEM and EDX were performed. As shown in Fig. 4,

carbon (C) has a higher weight and atomic composi-

tion than oxygen (O) on the surface of the negative

electrode extracted from the fresh cell. Furthermore,

phosphorus (P), fluorine (F), C, and O are equally

detected in the by-products of both samples. This

indicates that these by-products were formed by con-

tinuous electrolyte decomposition on the surface of

the negative electrode during repeated cycling. In

addition, we can speculate that the temperature did

Fig. 2. Surface changes in the (a) fresh cell, (b) 25-Cell, and (c) 45-Cell.

Fig. 3. Cross-sectional SEM images of negative electrodes in (a) fresh cell, (b) 25-Cell, and (c) 45-Cell.

Table 1. Changes in electrical conductivity of negative

electrodes.

Sample
Fresh cell 

[S/cm]

25-Cell 

[S/cm]

45-Cell

 [S/cm]

1 2.88 × 10−1 3.12 × 10-2 3.70 × 10−6

2 3.62 × 10-1 4.53 × 10-2 8.90 × 10-6

3 3.90 × 10-1 4.20 × 10-2 3.42 × 10-6

4 3.13 × 10-1 3.41 × 10−2 8.80 × 10−6

5 2.92 × 10−1 5.33 × 10−2 2.11 × 10−6

Avg. 3.29 × 10−1 4.12 × 10−2 5.39 × 10−6
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not affect the constituents of the by-products, but

instead influenced the amount of the by-products.

In terms of the physical degradation of the negative

electrodes, thus far, we have determined that by-

product accumulation on the surface of the negative

electrodes was independent of the operating tempera-

ture during cycling, but the amount of the by-prod-

ucts was dependent on the operating temperature.

Additionally, we found that the electrical conductiv-

ity of the negative electrode was strongly affected by

the formation of by-products. XRD and Raman anal-

yses were performed to further investigate the degra-

dation behavior of the negative electrode samples.

The XRD (Fig. S1) and Raman (Fig. S2) results indi-

cated no significant differences in any of the negative

electrodes, before or after cycling, suggesting that

structural changes could not be confirmed.

Fig. 5 shows the voltage profiles of the fresh and

negative electrodes cycled at a rate of 1C in a half-

cell configuration using Li metal as the counter elec-

trode. The negative electrode of 25-Cell exhibited an

84.7% retention of the initial capacity, but that of 45-

Cell showed only a 70.3% retention of the initial

capacity. In addition, the polarization (indicated by a

voltage drop) of the negative electrode extracted

from the fresh cell was much lower than those of the

cycled negative electrodes extracted from 25-Cell

and 45-Cell. This is mainly attributable to the

increased resistance of the cycled negative elec-

trodes resulting from the formation of by-products.

Interestingly, the polarization of the negative elec-

trode of 25-Cell was much lower than that of 45-Cell.

This result occurred because large amounts of thick

Fig. 4. Analysis of the by-products on the surface of negative electrodes.

Fig. 5. Voltage profiles of the fresh cell, 25-Cell, and 45-

Cell at a rate of 1C.
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by-products covered the surface of the negative elec-

trode of 45-Cell, leading to a larger increase in the

electrical resistance.

Based on the physical and electrochemical analy-

ses of the cycled negative electrodes, their perfor-

mance degradation mechanism was considered.

Regardless of the operating temperature during

cycling, we found that the by-products produced by

electrolyte decomposition were widely distributed on

the surface of the negative electrode after EOL had

been reached. In addition, the amount and thickness

of the by-products were affected greatly by the oper-

ating temperature during cycling, such that much

more and thicker by-products formed on the surface

of the deteriorated negative electrode at a high tem-

perature. Electrical conductivity measurements

revealed that the cycled negative electrodes exhibited

a significantly increased resistance because of the by-

products covering their surface. The capacity fading

of the cycled negative electrodes may thus be

attributed to the increased interfacial resistance due

to the formation of by-products.

4. Conclusions

The degradation behavior of graphite-based nega-

tive electrodes in LIBs with temperature was ana-

lyzed to provide a basis for the enhanced design and

more effective use of LIBs in ESSs in the future. The

negative electrodes used in 45-Cell had more by-

products and a lower electrical conductivity than

those used in 25-Cell. Moreover, the cycle life of 45-

Cell deteriorated approximately 31% faster than that

of 25-Cell. In terms of electrochemical properties,

45-Cell showed only a 70.3% retention of the initial

capacity in comparison to the 84.7% retention of the

initial capacity exhibited by 25-Cell. This study con-

firmed that temperature affects the deterioration of

graphite-based negative electrodes. We expect that

these results will be relevant to understanding the

deterioration characteristics of negative electrodes in

future studies on battery deterioration mechanisms.
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