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Abstract

Enabling fast charging capability of lithium-ion battery is of great importance to widespread
adoption of electric vehicles. Increasing the charging rates from state-of-the-art 2C (30 minutes)
to 6C (10 minutes) requires deep understanding on the cell aging mechanism. In this study, 400
mAbh pouch cells are cycled at 1C, 4C and 6C charging rates with 1C discharging rate. Capacity
fading, cathode structural changes, Li inventory loss, electrolyte composition changes and Li
plating on graphite electrodes are thoroughly studied by various characterization techniques. The
rapid capacity fading in cells at 6C charging rate is mainly due to Li inventory loss from cathode
structure and metallic Li plating on graphite electrode at higher charging rate. Post-mortem
analysis also revealed changes in electrolyte such as increased salt molarity and transesterification

during fast charging.
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1. Introduction

The development of Li-ion cells with fast-charging capability is critical to further progress the
widespread of electric vehicles [1]. The charging of an electric vehicle should ideally cost a similar
amount of time compared to refueling a gasoline engine vehicle, which is 15 minutes or less. High-
power Li-ion cells with thin electrodes are capable of recharging in short time (10~15 minutes).
However, these cells have lower energy density and would lead to higher cell cost compared to
state-of-the-art high energy density cells. A calculation by Ahmed et al. found a 10 minutes fast
charging cell design with 19 pm thick anode increase the cell cost sharply to $§ 196/kWh, compared
to $107/kWh with 87 um thick anode capable of 47 minute charging [2]. In the high energy density
Li-ion cells, fast charging can adversely lead to degradation in battery safety, energy density and
cycle life.

Li plating has been identified as one of the most critical issues affecting battery performance [2—
7]. It occurs on the surface of the graphite electrode when large overpotentials in a cell decrease
the local potential to below 0 V (vs. Li*/L1)[8-10]. Gallagher et al. have systematically studied the
effect of electrode loading (thickness) and charging rate on Li plating [11]. It was found a relatively
moderate charging rate of 1.5 C (40 minutes charging) can have significant impact on Li-ion cells
with 3.3 mAh/cm? loading, leading to capacity decrease and metallic Li deposition. Li plating can
result in irreversible capacity loss due to the removal of active Li inventory in the cell [12]. Fully
discharging of the cells with Li plating even at a low rate did not strip the deposited Li back to the
positive electrode [11]. Another issue with Li plating is its high tendency to form dendrites with
high surface area, which increase the parasitic reactions with electrolyte, forming isolated (dead)
lithium, and thus reducing the Coulombic efficiency [13—15]. Li dendrite would also short the cell,

cause catastrophic failure of the battery, and even inducing fatal safety hazards [16—-19].



Fast charging can also lead to rapid temperature rise from the high heat generation rate due to the
large current applied to the cell. With embedded thermal couple in a 2-Ah pouch cell, Huang et al.
observed the temperature of the cell rose from room temperature (23 °C) to 38 °C under 5C
charging rate and 45 °C under 7C within 5 minutes [20]. This increased temperature can result in
a decrease of the cell resistance to improve kinetics. Yang et al. have shown the cell performance
during fast charging can be improved by intentionally heat the cell by internal heaters [21].
However, performance degradation can be aggravated by exposing the cell to elevated operation
temperature. This is because parasitic reactions, like SEI growth, are intensified with increased
temperatures [22]. Increase in the temperature can also worsen other unwanted reactions such as
transition metal dissolution and binder decomposition [23,24].

In the present study, we study the effects of fast charging (+1C, +4C and +6C) on the capacity
fading, electrode microstructural changes and electrolyte changes in LiNig¢Mng,Coy,0,
(NMC622) /graphite pouch cells. A detailed post-mortem analysis is performed to study the aging
under different fast charging rates via electrochemical testing, neutron powder diffraction,
inductively coupled plasma atomic emission spectroscopy (ICP-OES), gas chromatography—mass

spectrometry (GC-MS), etc.
2. Experiments

Electrodes and pouch cells with capacity of 400 mAh were prepared in a dry room (dew point < -
50 °C) at the DOE Battery Manufacturing R&D Facility (BMF) at Oak Ridge National Laboratory
(ORNL). The cathode was NMC622 (Targray) electrodes with 2.3 mAh/cm? areal capacity loading
and calendered to 30% porosity. The anode was graphite (Superior Graphite 1520T) electrodes

with 2.6 mAh/cm? areal loading and calendered to 30% porosity. The electrolyte filled into the



pouch cell was 1.2 M LiPFg in ethylene carbonate (EC) : ethyl methyl carbonate (EMC) 3:7 by
weight (soulbrain MI).

The cell cycling was carried out on a battery cycler, Maccor Series 4000, in an environmental
chamber at 30 °C. The cells were cycled between 2.8 and 4.2 V with a constant voltage holding at
4.2 V (trickle charging). A total time limit was imposed to guarantee that the duration of the
charging step did not exceed the intended time for each C rate (10 minutes for 6C charging, 15
minutes for 4C, and 1 hour for 1C charging). Half coin cells were built to test the Li inventory loss
in cathodes. Both NMC622 cathode and graphite anode electrodes were punched from aged
NMC622 pouch cells after disassembling in the Ar-filled glove box. The electrodes were then
assembled into Li coin cells with Li metal as the counter electrodes. The electrolyte was fresh
electrolyte, and the half coin cells were charged and discharged at a constant rate of C/10 between
2.5Vand4.2 V.

NMC and graphite powder samples were collected from the electrodes after discharging the cell
to 2.0 V and disassembled in Ar-filled glove box. Room temperature neutron total scattering data
were collected at the NOMAD beamline at the Spallation Neutron Source (SNS) at ORNL][25].
About 3.0 g powder sample was loaded into a 3 mm quartz capillary. The detectors were calibrated
using scattering from a diamond powder standard prior to the measurements. The average structure

refinements using neutron diffraction data were carried out in TOPAS Academic, version 6 [26].

The gas generation during fast charging cycles was studied by using Archimedes principle, similar
to previous report [27]. The cells were hung below an analytical balance and suspended in silicone
mechanical pump oil at room temperature. The test was carried out after 50 cycles and 200 cycles.
The electrolyte after long-term cycling was analyzed by ICP-OES following a similar procedure

reported by Thompson et al. [28]. The pouch cells after cycling were cut open in the dry room and



sealed in centrifuge tube, then they were centrifuged under 2000 rpm for 20 minutes to extract
cycled electrolyte. The extracted liquid electrolyte (~ 0.10 g) was first diluted with ~ 20 grams of
2 wt% HNO; with ~ 0.2 g CH,Cl, added for organic separation. The 15! diluted solution was then
centrifuged under 2000 rpm for 30 minutes for fully extraction of Li* into the aqueous HNO; and
phase separation. Then ~ 1 g of 15! diluted solution from the top layer was added into ~ 10 g 2%
HNO; and shaken for 15 minutes. The 2" diluted solution was then analyzed using Agilent
Technologies 5110 ICP-OES to obtain the different elemental concentrations.

GC-MS was used to analyze the composition changes in the electrolyte solvents after long term
fast charging cycles. One drop of the recovered electrolyte from cycled pouch cell was diluted in
polytetrafluoroethylene vials with ~15 mL of CH,Cl, and ~0.1 mL deionized water for the
complete extraction of Li salts [28,29]. The vial was machine-shaken for 30 minutes in two
directions and centrifuged for 30 minutes under 2000 rpm for complete separation. The organic
layer (electrolyte solvents in CH,Cl,) was removed by diluting into CH,Cl, again, followed by
another machine-shaken of 15 minutes. The organic layer was then analyzed by an Agilent 6850
GC—MS system. The GC inlet temperature is 250 °C with a split ratio of 1:10. Carrier gas was
helium at a linear velocity of 1.5 mL/min. The column temperature started at 40 °C and ramped
up to 250 °C at a heating rate of 8 °C/minute. The interface and ion source temperature for MS

were 250 and 200 °C, respectively.

The morphology of the electrode was characterized by a scanning electron microscope (SEM, Carl
Zeiss Merlin)

3. Results and Discussion

Figure 1a shows the cycling performance of the NMC622/graphite pouch cell under different

charging rates of 1C, 4C and 6C. The capacity shown on the Y-axis is based on the mass of the



cathode materials NMC622. The capacity retentions after 200 cycles (compared the 1% cycle) are
94.0%, 89.4% and 73.8% under 1C, 4C and 6C charging rate, respectively. Figure 1b shows the
voltage curves of cells at the 1%, 50™ and 200t cycles under different charging rates. During the
1%t cycle, the capacities of the cell (corresponding to the mass of NMC622) are 164, 152 and 143
mAh/g under 1C, 4C and 6C charging rates, respectively. Huge polarization is observed with
increasing the charge current from 1C to 6C. The capacity decreases under increasing charging
current are due to the mass transport limitation in electrolyte and/or sluggish diffusion kinetics in

graphite [11,30,31].
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Figure 1. electrochemical performance of NMC622/graphite pouch cell under different charging
rates. (a) cycling performance; (b) voltage curves at 1%, 50" and 200™ cycle; (c) capacity from

constant current charging and capacity from constant voltage charging at 1%, 50" and 200™ cycle.

Figure 1c shows the capacities of the cells obtained within the specified time (60 minutes for 1C,
15 minutes for 4C and 10 minutes for 6C) from the 1%, 50™ and 200™ cycles. The capacities consist
of capacity from the constant current (capacity-CC) charging and that from the constant voltage
(capacity-CV) charging. The portion of capacity-CV in total capacity increases significantly with
the increase of charging current. It also increases with the cycling number, indicating continuous
aging and increasing polarization in the cell. Under 6C charging after 200 cycles, more than 50%
of the total capacity is from capacity-CV. This high voltage operation has been reported to cause

more degradation in Li-ion cells [32,33].

Figure 2a shows the bank 4 neutron diffraction patterns of the cathode at fully discharged states
after 200 cycles under different charging rates. In general, the layered structure of the NMC
materials is well maintained when fitted with the R3m [166] space group. However, peak shifting
and intensity changes can still be noticed. For example, Figure 2b shows the local magnification
of (108) and (110) peaks which are directly related to the a and c value of the unit cell. The shifting
of (108) to lower d spacing while (110) shifting to higher d spacing with increasing charging rates
indicates the increase of ¢ and decrease of a. This is also shown in Figure 2c of the unit cell
parameters derived from the refinement of neutron diffraction data. The structural expansion along
c direction indicates the loss of Li ions in the lithium slabs which increases the repulsive force
between adjacent oxygen slabs. The increase of ¢ with the increase of charging rates indicates less
Li ion inventory available for faster charging after long-term cycles. Bond length information is

shown in Figure 2d, and the absolute values of the bond lengths reveal only slight changes from



pristine state to fully discharged states after repeated cycling. However, the trend in changes can
be explained by the loss of Li inventory in the Li ion slab, and these changes demonstrate the fast
charging at 6C rate leads to the most Li loss after cycling. Figure S1 shows the neutron powder
diffraction of graphite after 200 cycles. The diffraction patterns are the same as pristine graphite
and can be indexed to space group P6s/mmc. This demonstrates electrode structural changes

mainly occurs in the cathode materials during cell aging, which is consistent with previous reports

[34,35].
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Figure 2. (a) Neutron power diffraction and the Rietveld refinement fitting to the curves. (b)
Diffraction patterns showing the shifting of (108) and (110) peaks. (c) Lattice parameters of a

and ¢ from the Rietveld refinement. (d) Ni-O, Li-O, O-O intra layer, and O-O interlayer bond

lengths.
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Figure 3. Voltage curves of Li coin cells assembled with NMC622 cathode after 200 cycles
under +1C/-1C, +4C/-1C and +6C/-1C charge/discharge rates. The material was delithiated first

and then lithiated at a constant rate of C/10 between 2.5 and 4.2 V.

To confirm the Li inventory loss after long-term cycling and evaluate the reversibility of the
cathode structures, coin cells were made from the aged NMC622 cathodes with fresh Li counter
electrodes and electrolyte as shown in Figure 3. The cells were charged and then discharged to
assess the Li inventory left in the structure and Li ions that can be intercalated back. The 1% charge
capacities of the cells are 161, 156, and 115 mAh/g for 1C, 4C and 6C, respectively. This is in
accordance with the neutron diffraction result that higher charging rate leads to more Li inventory

loss during cycling. However, all the three cells show similar discharge capacity of 171-175



mAh/g, indicating the reversibility of the cathode structure for Li intercalation/de-intercalation is
not affected by fast charging. Figure S2 shows the voltage curves of the aged graphite electrodes
in reassembled Li coin cells, which overlaps well with each other regardless of the charging rates
during pouch cell aging. This indicates the graphite electrode has good structural integrity without

exfoliation or disordering from rapid lithium intercalation during fast charging.
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Figure 4. Comparison of the gas volume measured by Archimedes' principle under different

charging rates. The pouch cells have an initial cell volume of ~4.0 mL.

Figure 4 shows the gas production of the cells after 50 and 200t cycles under different charging
rates. Gas generation during cell aging is mainly from the decomposition of the electrolyte at the
electrode/electrolyte interfaces [36—38]. A general trend in Figure 4 is that the gas production
increases with the increase of charging rate. The cell under +6C/-1C charge/discharge rate shows
more gas production after 50 cycles than after 200 cycles. We believe this phenomenon can be
explained by the cathode-anode cross-talk during cell aging. The gas generated from one electrode
can migrate to the other electrode, and the gas generated in initial cycles can be gradually

consumed in the following cycles, either electrochemically or chemically [39—41]. In this study,
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the scale of the gas production is relatively small (0.02-0.12 mL) compared to the total cell volume
of ~4.0 mL. This is also the case in previous report when cells were cycled at a moderate rate (C/3)
[28]. Therefore, gas production in the cells is not considered as an issue for fast charging of the

cells within normal voltage range (2.8-4.2 V).

Figure 5 shows Li ion molarity in electrolytes from ICP-OES measurement after 200 cycles under
different charging rates. The molarity is slightly increased in all three cases, which contrasts with
the report by Thompson et al. which shows a slight decrease in molarity for cells cycled at a
moderate rate of C/3 [28]. This suggests that the solvent has been consumed at a slightly higher
rate compared to Li ions in the cells. Nonetheless, the relative change of the Li molarity is small
(within 8%). Transition metal ion concentration was also measured in the ICP-OES test, all the
three elements (Ni, Co and Mn) were below 10 ppm or detection limits. Therefore, fast charging

has no impact on the transition metal ion dissolution from the crystal structure.
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Figure 5. Changes in Li ion molarity in the electrolyte after 200 cycles under different charging

rates.
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Figure 6. Chromatogram of (a) pristine electrolyte, (b) electrolyte after 200 +1C/-1C cycles, (c)

electrolyte after 200 +4C/-1C cycles, (d) electrolyte after 200 +6C/-1C cycles.

Figure 6 shows the corresponding chromatograms of different electrolyte samples analyzed by
GC-MS. The carrying solvent, dichloromethane, has a huge peak at a retention time of 10.65
minutes, and was not included in this figure for better clarity on the carbonate solvents in Li-ion
electrolyte. In conjunction with MS analysis (Figure S3) on the retention peaks, the following
peaks are assigned to dimethyl carbonate (DMC), EMC, diethyl carbonate (DEC) and EC at 12.80,
14.75, 16.80, and 20.20 minutes, respectively. In the pristine electrolyte sample, only EMC and
EC are presented in Figure 6a, in consistent with its constituents. However, DMC and DEC are
generated via the transesterification of EMC after repeated cycles in all cases under different
charging rate. The presence of Li-alkoxides, one of the reduction products from EMC on

anode/electrolyte interface, is speculated to facilitate the transesterification reaction as firstly

12



reported by Yoshida et al. [42]. This transesterification has been extensively reported in cells with
slow and/or moderate charging rates [28,29,43]. Although the GC-MS method used in this study
is semiquantitative, the tentative conclusion is that transesterification decrease with the increase
of charging rate. This agrees with previous report that electrolyte reduction (SEI growth) follows
a parabolic growth law [22], which means time, not cycle count, dominates the parasitic reaction.
With cycling counts the same, faster charging rate has less time in total, which, in turn, leads to

less transesterification in the electrolyte.

Figure 7. (a) SEM image of the NMC622 electrode after 200 +6C/-1C cycles. Digital photos of
the graphite electrodes after 200 cycles under (b) +1C/-1C, (¢) +4C/-1C, and (d) +6C/-1C,

respectively.

Figure 7a shows the morphology of the NMC622 cathode after 200 +6C/-1C cycles. NMC622
secondary particles dispersed well in the carbon black matrix with good structural integrity. This
SEM image has little difference from the electrodes after 200 cycles under +1C/-1C or +4C/-1C
rates (Figure S4). As discussed above, the capacity loss is mainly from the Li inventory loss in the

13



layered crystal structures, not from loss of active material. Figure 7b, ¢ and d show the digital
photos of the graphite electrodes after 200 cycles under +1C/-1C, +4C/-1C and +6C/-1C,
respectively. The cells were disassembled at fully discharged state and was kept inside the Ar-
filled glove box. The surface color changed from the grey of graphite for +1C/-1C to pale white
for +6C/-1C, with the +4C/-1C in-between. This is in consistent with the cycling performance in
Figure 1. With the increase of charging rate, more capacity fading is observed due to Li ion mass
transport limitation [11,30,44]. Metallic Li plating leads to more parasitic reaction due to its high
reactivity and “dead” lithium from electrical disconnection to graphite electrode. This also explains
the Li inventory loss in the cathode in Figure 2, which converted into the Li plating in high

charging rate cells.

Conclusion

Pouch cells with a moderate loading of 2.3 mAh/cm? were tested under different charging rates at
1C, 4C and 6C to evaluate its fast charging capabilities. Rapid capacity deterioration was observed
for extreme fast charging (6C) cells with only 73.8% capacity retention after 200 cycles compared
to 94.0% and 89.4% for 1C and 4C, respectively. An increasing portion of capacity for 6C was
obtained from the high voltage (4.2V) trickle charging. Post-mortem analysis on the cathode
materials indicated Li inventory loss from the Li slab in the layered structure with a shrinkage of
a and expansion of c. Li coin cell test using the aged NMC622 electrodes confirmed the Li loss.
However, the cathode structure was not compromised as Li can be reversibly intercalated/de-
intercalated in the structure once the Li inventory was replenished. The electrolyte in the aged cells
showed a slight increase of Li molarity, indicating a higher consuming rate of solvent compared
to Li salt in the electrolyte. GC-MS analysis on the electrolyte solvents observed less

transesterification when higher charging rate was applied, which was attributed to the less charge
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time for higher charging rate. Metallic Li plating was severer at higher charging rate, which
accounted for the Li inventory loss in the cell. These findings deepen the understanding on cell
aging mechanism when fast charging was applied and can be used as benchmarks for future

improvement studies.
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