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Abstract

The structure degradation of commercial Lithium-ion battery (LIB) graphite anodes with
different cycling numbers and charge rates was investigated by focused ion beam (FIB) and
scanning electron microscopy (SEM). The cross-section image of graphite anode by FIB
milling shows that cracks, resulted in the volume expansion of graphite electrode during
long-term cycling, were formed in parallel with the current collector. The crack occurs in the
bulk of graphite particles near the lithium insertion surface, which might derive from the
stress induced during lithiation and de-lithiation cycles. Subsequently, crack takes place along
grain boundaries of the polycrystalline graphite, but only in the direction parallel with the
current collector. Furthermore, fast charge graphite electrodes are more prone to form
cracks since the tensile strength of graphite is more likely to be surpassed at higher charge

rates. Therefore, for LIBs long-term or high charge rate applications, the tensile strength of



graphite anode should be taken into account.
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1. Introduction

Today one of the greatest challenges of modern society is to stabilize a consistent energy
supply that will meet the growing energy demands. This demand has expanded beyond energy
density to include the need for power density as applications such as hybrid/full electric
vehicles, and aircraft backup power. Due to the high energy and power density of Li-ion
batteries (LIBs), it has become a promising candidate for these portable devices.[1-5]
Increasing efforts have been made to investigate the electrode materials to achieve LIBs with

good performance, low cost, and safety.

Various anode materials, including graphite, nitrides, tin oxides and tin-based alloys and
cathode materials such as LiCoO,, LiMn,O,, LiNi,Mn,Co;.,,0O,, LiNi,Co,Al,.., O, and
LiFePO4have been studied.[3, 5-11] Among these candidates, Graphite-LiFeOy is one of the
most widely used systems of commercial LIBs, owing to its superb safety feature and
prolonged cycle life.[12-14] The long-term failure and degradation mechanism of the
Graphite-LiFeO, batteries are mainly due to the degradation of the graphite anode, although
the detailed mechanisms have not been fully identified. To be noted, understanding the
degradation mechanisms of LIBs is beneficial to address the life time and safety challenges,
to make precise lifetime predictions, and to improve the battery performance.[15] It was
found that compared to the stable LiFeO, electrode,[16] the stability of graphite electrode is
more critical to the long-term failure and degradation of the corresponding LIB.[17-20]
Therefore, investigating the degradation mechanism of graphite electrodes in
Graphite-LiFeOy, batteries would help us understand the decline of battery performance along

cycles.

In our previous work, we have studied the stability of graphite particles and PVDF binder in

graphite-LiFeO, batteries and found that the PVDF remain stable but the size of graphite



particle after long-term cycling was ~30% larger than the average size of the particles before
cycling, and the d-spacing of the graphene layer distance remains the same before and after
cycling. ¥ This expansion can hardly be solely explained by the SEI layer growth on the
surface of the graphite particles. Thus, in this work, we use the focused ion beam (FIB) and
scanning electron microscopy (SEM) to further investigate the origin of the graphite
expansion in lithium-ion batteries after long-term cycling. By using the FIB, it is possible to
selectively mill material to prepare a series of cross-sectional surfaces of interest, so that we
could examine the third dimension of the anode and explore hidden internal microstructure.
The microstructure of the graphite anode is further investigated by using the SEM and

Transmission Electron Microscope (TEM).

2. Result and discussion

To study the graphite anode volume expansion and the change of the micro and nano structure
of the graphite particles, the cells were cycled at 200 and 800 times at 1C. To further
investigate the effect of cycling rate, they were also cycled 200 times at different C-rate
including 0.5C and 4C at 30 °C. To ensure that all the cells were fully discharged before they
were opened, they were charge-discharged twice after the cycling test. All tested cells were
disassembled. The graphite anodes were thoroughly washed by DMC and dried. The micro
and nano structure of the graphite anode was investigated by FIB-SEM. A schematic diagram
of the geometry of the FIB and SEM columns and typical sample orientation for the
serial-sectioning experiment is shown in Figure 1. The standard serial-sectioning procedure
for FIB-SEM begins with cross-section FIB milling. FIB is used as a “nano-knife” to slice the
electrode materials and to prepare a series of cross-sectional surfaces of the electrode. By
investigating the cross-section image of the electrode, the hidden internal micro and nano
structure of the material can be revealed.[22, 23] FIB is a relatively gentle process and will be
able to preserve the sample integrity as compared to conventional mechanical grinding or
polishing methods. Features, such as porosity, crack and comparatively-soft phases, can be
well preserved after milling process.[24] Therefore, in this work SEM was employed to
analyze the anode internal microstructure after ion milling. The results are presented in Figure

2.
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Figure 1. Schematic diagrams of the sample geometry relative to the FIB and SEM columns

for serial-sectioning via (a) cross-section milling and (b) SEM imaging.*

The cross section areas of both pristine graphite electrode and graphite electrode from anode
cycled 200 times at 1C were examined by SEM. As Figure 2(a) shows, the pristine graphite
particles before cycling are dense materials with no internal void space. Under SEM, the
cross-sections of pristine graphite particles are smooth and free of void space and cracks.
After 200 cycles at 1C rate, lots of cracks, being parallel to each other and to the current
collector, were observed inside cross section of the cycled graphite particles (Figure 2(b)).
The extensive cracks must be formed during the cycling process. We further investigate the
effect of the cycling time and cycling number on the crack. As depicted in Figure 2(c), for the
graphite particles from the cell cycled 800 times at 1C, cracks could also be observed inside
the particles. Furthermore, there are more cracks and significantly larger crack in graphite
particles from the cell cycled 800 times compared with those cycled 200 times, indicating the
crack size growing with the cycling time and number. Although it is puzzling that the crack
only formed in parallel with the current collector and with each other, this is a polymer based
laminate pouch cell. The direction perpendicular to the electrode is not subject to large
confinement force except the vacuumed pouch confinement. Therefore, cracks on the direct
parallel to the current collectors can effectively release the force to the direction perpendicular

the current collector, where there is least confinement.



Figure 2. Cross-sectional SEM image of (a) the pristine graphite particles, graphite particles

from cells cycled (b) 200 cycles and (c) 800 cycles at 1C.

Furthermore, we employed the low magnification, bright-field TEM to investigate the crystal
structure of the graphite particles. Figure 3(a) and (b) are the bright-field TEM image and
selected area electron diffraction (SAED) pattern obtained from the pristine graphite particles,
respectively. It shows a characteristic polycrystalline diffraction pattern of graphite particles,
with d-spacing of 0.34 nm and 0.17 nm, corresponding to the (002) and (004) graphite planes,
respectively. In addition, diffraction ring patterns were obtained from (100) (d-spacing=0.20
nm) family of planes, again typical graphite planes. It demonstrates that this graphite particle

is a randomly ordered polycrystalline graphitic carbon with a well-defined layered structure.
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Figure 3. (a) A low magnification, bright-field TEM image of the pristine graphite particle. (b)

The SAED pattern obtained from the pristine graphite.



It is reported that the stress generation arising from the lithium insertion into carbon anode[25]
or cathodic lattices such as LiC00,,[25] LiMn,04[26] would produce cracks or fractures in
the material. Thus, the stress generated during long-term lithiation/de-lithiation would
likewise lead to structure degradation of the graphite anodes in this system at both micro- and
nano-scale levels. Noted that the micron size graphite particles are polycrystalline materials,
and are randomly distributed in the electrode, it can be deduced that the cracks are likely
happening along the grain boundaries of the polycrystalline graphite, which might be derived
from the stress induced during the lithiation and de-lithiation process, as illustrated in Figure
4. Upon long-term cycling, cracks propagate along the grain boundaries of the polycrystalline
graphite with least resistance, which would result in the volume expansion of the graphite
electrode reported previously.[21] As we described in the previous report, no crack observed
on the surface of these graphite particles due to the SEI formation, which masks the micro

crack on the surface. [21]
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Figure 4. Illustration of the crack formation of the graphite particles from the cycling cells.

The crack formation and propagation also highly depends on the cycling rate (or current
density). We further investigate the crack formation inside the graphite particles from cells
cycled at different charge and discharge rates. Figure 5 shows the SEM images of the
cross-section of graphite particles from cells cycled 200 times at 0.5C (Figure 5a) and 4C
(Figure 5b), respectively. Compared to the graphite particles from cell cycled at 1C, cell
cycled at 0.5C has very few cracks and much smaller cracks formed inside the particles. In
contrast, there are many cracks inside the graphite particles at 4C compared to the graphite at
0.5C rate 200 cycles and 1C rate 800 cycles. However, the cracks are smaller that of the 1C
rate 800 cycles. Thus, it can be concluded that the crack initiation sites and crack size of the
graphite particles increase with the cycling rate. The crack size is also depending on the

cycling time and numbers. Cycling the LIBs at higher rate (higher current density) induces



higher mechanical strain on the graphite lattice of the anode electrode due to the steep
gradient of lithium ions.[19, 27] Therefore, the tensile strength of polycrystalline graphite is
likely to be surpassed at higher cycling rate, which means crack is prone to form under high
current through the electrode. In general, when the crack formed internally in the graphite
particles, the surface area of the graphite particle increases gradually even in the high rate
(high current) scenario, the elasticity of the SEI layer could accommodate the surface area
increase along with the gradual additional SEI formation. However, when the cracks formed
on the surface of the graphite particles, new SEI needs to form immediately to stabilize the
new crack surface. Both scenarios cause continues electrolyte consumptions, leading to

lithium loss and electrolyte starvation, a leading form of cell failure in graphite-LFP batteries.

These findings are significant toward the application of graphite based battery design. First, in
the designing of hybrid electric vehicles (HEV), the battery capacity is relatively small.
Usually, a current pulse rate of at least 7C is required for the HEV application. This will
induce significant graphite anode based degradation due to the graphite cracks discussed here.
A relatively large over capacity of the battery maybe needed for improved cycle life
performance. Fast charging at 10C rate, eg. 5 minutes to full capacity, is a very desirable
properties of the battery at its current energy density, however, graphite may not be the right

choice for anode for this application due to the possible poetization of graphite particles.

Figure 5. Cross-sectional SEM image of graphite particles from cells with 200 cycles with

difference cycling rate: (a) 0.5C and (b) 4C.



3. Conclusion

In summary, the mechanism of structure degradation in commercial graphite electrode was
investigated by electron spectroscopy methods. Commercial graphite/LiFePO, batteries were
cycled at different cycling condition (i.e. cycle number and charge/discharge rate). The cycled
cells were analyzed by FIB, SEM and TEM. It was found that cracks were initiated and
propagated due to the stress induced during lithiation and de-lithiation process. Subsequently,
cracks take place along grain boundaries of the polycrystalline graphite. These micro-cracks
grow during long-term cycling, which are resulted owing to the volume expansion of the
graphite particle, and hence expansion of the overall cell volume. The crack formation sites
and the crack size are related to the cycling rate (current density), whereas cycled at high
charge rate is prone to have more crack initiation since the tensile strength of graphite is more
liable to be surpassed at high charge rates. Thus for the long-term or high charge rate

application, the tensile strength of graphite anode should be taken into account.

4. Experiment

4.1 Preparation of graphite anode for FIB/SEM test

The graphite anode samples studied are got from the commercial polymer punch cells which
consist of LFP cathode and PVDF binder. The designed capacity of each cell is 1 Ah. The
cells were customer fabricated by ATL Co. The graphite anode material were analyzed and
documented before they were used. The formation of these cells was done before sending to
Lawrence Berkeley National Laboratory for testing and analyses. The galvanostatic
charge-discharge tests were performed on those cells using Maccor 4000 at 30 °C between 3V
and 4V and different C-rate. Some cells were cycled for 200 times at 0.5C, 1C, or 4C, and
some cells were cycled for 200 or 800 times at 1C-rate. One cells was fully charged and
periodically recharged to maintain the fully charge state at the time other cells are being
cycled. At last, all the cells were charged and discharged 2 times at 0.1C and stopped at
discharged state for material harvesting and analyses. Before FIB-SEM testament, all the cells
were disassembled in glove box filled with argon. The anodes were washed with DMC
thoroughly and dried in the glove box at room temperature. The resulted graphite anode

samples were then used for the FIB-SEM test.



4.2 FIB and SEM tests

The cross sectional images of the samples were obtained using a combination of a
field-emission scanning electron microscopy with a focused gallium ion beam milling system
(FEI Quanta 3D Dual Beam FEG FIB-SEM). Using a 5 nA Ga-ion beam current, a first
coarse cross-section was milled as a viewing channel for SEM observation. The exposed
surface of this cross-section was fine polished by lowering the ion beam current down to 1.1
nA. Subsequently, the cross-section images were obtained at a 5 kV acceleration potential

using the field-emission SEM.
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