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Abstract: The mechanism for capacity fading of 18650 lithium ion full cells under room-temperature (RT) is discussed
systematically. The capacity loss of 18650 cells is about 12.91% after 500 cycles. The cells after cycles are analyzed by XRD, SEM,
EIS and CV. Impedance measurement shows an overall increase in the cell resistance upon cycling. Moreover, it also presents an
increased charge-transfer resistance (R.) for the cell cycled at RT. CV test shows that the reversibility of lithium ion
insertion/extraction reaction is reduced. The capacity fading for the cells cycled can be explained by taking into account the repeated
film formation over the surface of anode and the side reactions. The products of side reactions deposited on separator are able to
reduce the porosity of separator. As a result, the migration resistance of lithium ion between the cathode and anode would be

increased, leading the fading of capacity and potential.
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1 Introduction

Because of the high energy, high power, and long
lifetime, lithium-ion batteries have promoted the rapid
development of electric vehicles (EV), hybrid electric
vehicles (HEV) and plug-in hybrid electric vehicles
(PHEV), and these new types of vehicles become more
practical in order to alleviate the air pollution arising
from the increasing number of automobiles [1—4]. 18650
secondary lithium-ion batteries are one of the typical
cylindrical cells. Given their low costs and high
automation level and good consistency, 18650 cells are
considered to be widely used in EV, HEV and PHEV. For
example, Tesla Model S cars are equipped with
approximately 7000 pieces of 18650 cells that provide
about 85 kW-h power.

Despite many advantages have been noticed, the
capacity fading of lithium-ion batteries is inevitable due
to the deterioration over time as the system is cycled
repeatedly through multiple iterations of charge and
discharge [5—7]. Considering the importance of life time
of secondary lithium-ion battery, many researchers
investigated the mechanism of capacity fading [8—11].
The capacity fading of Li-ion batteries can be attributed
to the unexpected side reactions caused by electrolyte

decomposition, structural changes, passive film
formation and active material dissolution as well as
corrosion of current collector during cycling
process [12,13]. Several other capacity fading
mechanisms namely complete exfoliation of the
electrode material due to solvent co-intercalation [14]
and electronic isolation of active mass [15] have also
been clearly addressed. By the use of electrochemical
impedance spectroscopy (EIS), ZHANG et al [16]
investigated the capacity fading of commercially
available LiCoO, based Li-ion cells and found that the
capacity loss was attributed to the higher impedance of
LiCoO, celectrode with cycling, which results from
continuous electrolyte oxidation under overcharging
condition. PREMANAND et al [10] paid attention to the
capacity fading of commercially available spinel based
Li-ion cells. Their results indicate that the capacity
fading of the cell depends on both the charging rate and
the cut-off potential used to charge the cell and they
attributed capacity fading to the structural degradation at
the cathode and the decrease of active materials at both
electrodes.

Although many mechanisms of capacity fading
have been presented, it is hard to justify which one is the
main reason due to different electrochemical systems
as well as different shapes. Therefore, in this work, we
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focused on estimating the capacity fading mechanism of
commercial 18650 cylindrical Li-ion cells for the
purpose of enhanced lifetime. 18650 cylindrical Li-ion
cells are widely used in the battery technology and are in
a typical full-cell shape with fixed shape and size.
Moreover, in order to increase the energy density and
decrease the cost of Li-ion cell, LiNiysMng3Co(,0, was
selected as cathode materials to replace traditional
LiCo0O,[17,18].

2 Experimental

The composition of the cathode electrode was 96%
LiNiysMng;C0020,, 1% KS4, 1% SP and 2% (mass
fraction) polyvinylidene fluoride (PVDF). The anode
electrode was composed of 95.6% graphite with 1% SP,
1.4% CMC and 2.0% SBR. The rated capacity was about
2200 mA-h. 1 mol/L LiPF¢ was used as the electrolyte in
a 1:1 (volume ratio) mixture of ethylene carbonate (EC),
and dimethyl carbonate (DMC). Celgard 2320, 20 pm in
thickness, was used as a separator.

Charge—discharge studies were carried out in the
potential range of 3.0—4.2 V, and discharge current was
1C. For charging, the conventional constant current—
constant voltage (CC—CV) protocol was adopted. A
direct current of 1C (2.3 A) was used to charge the cell
during the constant current part and the cut-off voltage
was set to be 4.2 V. Subsequently, the voltage was kept
constant at 4.2 V till the current decreased to 0.02C
(46 mA). By using this protocol, the cell could be
completely charged to obtain the nominal capacity.
Between charge and discharge, the cells were left at open
circuit for 1 h to be stabilized.

Cycle voltammetry (CV) was conducted with
electrochemical workstation (CHI6600). Electrochemical
impedance spectroscopy (EIS) was carried out by means
of a potentiostat galvanostat (Schlumberger SI 1286) and
a frequency response analyzer (Schlumberger SI 1255).
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Scanning frequencies ranged from 50 kHz to 0.01 Hz,
and perturbation amplitude was 5 mV. The impedance
was measured at full charged states.

The morphological changes in both cathode and
anode after different cycles were observed with a field
emission SEM (FESEM, LEO—1530) at an accelerating
voltage of 15 keV and coupled with an EDS
(LEO—1550). Crystal structures of the graphite and
LiNiypsMny3Co00,0, were identified by X-ray
diffractometry (XRD, XD-5 with a Cu K, target,
wavelength 1.54056 A). Diffraction data were collected
by 4 (°)/min, ranging from 10° to 90°. Sample powders
of anode and cathode were scraped off the current
collector of electrodes.

3 Results and discussion

3.1 Cycle performance

Figure 1(a) presents the cycle performance of 18650
cells when cycled at room temperature (RT). The
capacity loss was about 1.03%, 2.24%, 3.61%, 7.41%
and 12.91% for 100, 200, 300, 400 and 500 cycles,
respectively. It is obvious that the capacity loss
became more and more grievous along with the increase
of cycle numbers. Figure 1(b) shows the charge—
discharge obtained from different cycles.
Comparing the discharge profiles of them, the voltage
plateau decreases along with the increase of cycle
number. The drop in the cell voltage at the beginning of
discharge is found to increase with the cycle number, and
the increase gradient becomes significantly larger with
the increase of cycle number too. The charge curve trend
shows opposite behavior in which the voltage plateau
increases along with the increase of cycle number. As a
result, as the cycling goes on, the electrode voltage
polarization tends to be enlarged, indicating an increase
in the high frequency impedance of the cell [19].
Moreover, the decrease in discharge voltage leads to a

curves

4.4

2nd
100th

\
200th

Cell voltagel/V

0 0.5

1.0 1.5
Capacity/(A-h)

2:5

Fig. 1 Electrochemical performance of 18650 cells at 1C under room temperature: (a) Cycle performance; (b) Charge—discharge
profiles of 18650 cell at 1C in 2nd, 100th, 200th, 300th, 400th and 500th cycle
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loss of power density of the cell.

3.2 Kinetics studies

Figure 2(a) shows the EIS results of the cells after 1,
300 and 500 cycles. The cell was tested at full charged
state. The equivalent circuit used to fit the Nyquist plots
is presented in the inset of Fig. 2(a), where R, represents
the ohmic resistance of the cell, Ry is the SEI film
resistance and CPE; is the corresponding capacitance to
Ry, R is the charge-transfer resistance, CPEy is the
double-layer capacitance, and W is the Warburg
impedance. The semicircle in the high- frequency range
corresponds to the surface film resistance and is
composed of the smaller semicircle, which is mainly
generated from the resistance and capacitance of the SEI.
In the middle-frequency range, the semicircle resembles
the charge-transfer resistance, and the linear section in
the low-frequency range represents the solid-state
lithium-ion diffusion in the bulk electrode particles. The
semicircle high-frequency range almost remains the
same after hundreds cycles, while the middle-frequency
range semicircle increases significantly after cycles. The
results indicated that the increase of charge-transfer
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resistance may be the primary reason for the capacity
loss. The possible reason of the increase of R may be
the incrassation of SEI film by the way of ceaseless
dissolution or the decrease of activation sites. The
increased R reflects that the electrochemical reaction
becomes more and more difficult along with cycles. As a
result, the cell experiences capacity fading. Figure 2(b)
shows the cycle voltammetry results after 1 and 500
cycles, which show that the oxidation and reduction peak
positions barely change after the cycles. However, the
peak area reduces significantly after cycles, indicating a
substantial reduction of reversibility of lithium ion.

3.3 Morphological and structure changes

To investigate the structural and morphological
change after cycles, the cycled cells were disassembled
and washed with DMC solvent three times in Ar-filled
glove box, and analyzed by SEM and XRD. As shown in
Fig. 3, the XRD patterns reveal that there is hardly any
difference between the electrodes before and after 500
cycles, all maintaining the pristine crystal structure.
Carefully observing, we find that the peaks of
cathode shift to low 26 position, indicating a reduced cell
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Fig. 2 EIS results of full-charged cells with different cycle numbers (inset is equivalent circuit) (a) and cyclic voltammetry results
after 1 and 500 cycles (b)
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Fig. 3 XRD patterns of cathode (a, a’) and anode (b) before cycle and after 500 cycles



Jian-liang CHENG, et al/Trans. Nonferrous Met. Soc. China 27(2017) 1602—1607 1605

parameter of cathode material after cycles. It may be due
to the dissolution of transition metal ions into the
electrolyte. In the SEM images of cycled electrodes
(Fig. 4), many pores are found on the surface of anode,
which might be caused by the transition metal ion
dissolution. Moreover, in the SEM image of cycled
cathode material (Fig. 4(c)), a lot of small particles are
observed on the surface, which might be induced by
electrode  decomposition. Table 1 shows the
compositions of different elements of the cathode and
anode electrodes before cycle and after 500 cycles. For
cathode, the contents of transition metal elements
decrease slightly due to elemental dissolution in the
electrolyte. Moreover, the content of O is increased,
which indicates that on the cathode side, only the
solvents decompose and deposit on the surface while the
lithium salt is still in the liquid electrolyte [20]. For
anode, element P can be detected after only one cycle

and shows just a little increase with cycling going on
because the SEI film is formed during the first cycle and
tends to be stable during the following cycles. Elemental
F is significantly increased with cycling, indicating
continuous formation of LiF rather than LiPF, after the
first cycle [21]. Therefore, the SEI becomes thicker and
thicker, and finally hinders the charge and mass transfer
of the cell. As a result, the cycle performance becomes
worse at the later stage.

Figure 5 shows the SEM images of the
separator before and after cycles. It can be obviously
seen that the porosity of the separator is reduced after
cycles, which is due to the long-time side reactions
between electrode and electrolyte, the decomposition
products are deposited on the surface of the separator,
decreasing the pathways for Li'. As a result, the
resistance of lithium ion movement between cathode and

anode would be increased.

Fig. 4 SEM images of cathode (a, c¢) and anode (b, d) before cycle (a, b) and after 500 cycles (c, d)

Table 1 Compositions of different elements of cathode and anode electrodes before and after 500 cycles

Mass fraction/%
Electrode Cycle No.
C (6] F P Mn Co Ni
0 37.07 30 8.01 - 7.51 4.93 12.49
Cathode
500 36.07 32.12 7.97 - 7.37 4.65 11.82
0 88.42 6.05 5.04 0.49 - - -
Anode
500 82.79 7.86 8.81 0.54 - - -
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Fig. 5 SEM images of separator before cycle (a) and after (b) 500 cycles

4 Conclusions

1) The capacity loss of 18650 cells composed of
LiNigsMng3C0y,0, cathode and graphite anode was
1.03%, 2.24%, 3.61%, 7.41% and 12.91% for 100, 200,
300, 400 and 500 cycles, respectively.

2) Transition metal elements dissolution occurs
during cycling, damaging the structure of cathode
material.

3) SEI formation and LiF production on the surface
of anode side brought a barrier against the diffusion of
Li" on the surface, increasing the reaction resistance of
the cell.
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