


transport properties of electrolyte for fast charging without Li

plating are ionic conductivity, diffusivity and transference

number.[16,17] Therefore, inspired from the pioneering work,

developing a new high-performance electrolyte system and

validating the performance in pilot-scale pouch cells for XFC is

essential.

Herein, a novel high-performance electrolyte (HPE) for the

XFC application is proposed. The proposed electrolyte is a

matrix of LiFSI, LiPF6 and carbonates. Electrolytes using the LiFSI

salt have been shown to improve the ionic conductivity due to

a higher degree of dissociation than LiPF6.
[10,18] The addition of

LiPF6 in the LiFI-based electrolyte formulation has shown to be

beneficial to battery performance.[15,19] The HPE electrolyte

contains 30 wt% dimethyl carbonate (DMC). DMC has a lower

viscosity (0.59 cP) and higher dielectric constant (3.12) com-

pared to ethyl methyl carbonate (EMC) ( viscosity of 0.65 cP and

dielectric constant of 2.9).[20] Electrolytes with a lower viscosity

will have a higher conductivity because the ions move more

easily. A higher dielectric constant will also improve conductiv-

ity as it shields the ions from the attraction of ions with

opposite charge, thus preventing ion pairing in the electrolyte.

The performance of HPE electrolyte is then demonstrated in

a 2-Ah, pilot-scale pouch cell, which is an important step for the

realization of new battery technology from laboratory scale to

industry.[21–23] Indeed, the developed HPE delivers better

performance than the state-of-the-art Gen2 electrolyte. More-

over, the chemistry of the formed cathode electrolyte inter-

phase (CEI) layers and solid electrolyte interphase (SEI) layers is

probed for the very first time, demonstrating the proposed HPE

can lead to robust electrolyte passivation layer for long-term

cycling under XFC conditions. Therefore, this work not only

suggests that the developed HPE electrolyte should be

considered as a promising candidate for EV XFC applications

due to the observed superb electrochemical performance and

material accessibility, but also would potentially enlighten the

research and development of electrolyte for high-performance

LIBs.

Results and Discussion

Figure 1 shows the ionic conductivities of electrolytes in this

study. In the baseline Gen2 electrolyte, LiPF6 is the salt of choice

due to its balance of low cost, high ionic conductivity, relative

stability, and relatively high degree of dissociation in carbonate

solvents.[24] However, fast charging of LIBs has demanded

electrolyte formulations with higher ionic conductivity and

higher Li+ transference numbers. LiFSI has been shown to

improve the ionic conductivity due to a higher degree of

dissociation than LiPF6.
[10,18] The HPE electrolyte also has 30 wt%

of DMC to lower its viscosity and increase its higher dielectric

constant over those of EMC.[20] With all these factors combined,

HPE electrolyte shows consistent improvement of ionic con-

ductivity compared to Gen2 electrolyte. Both electrolytes show

increase of conductivity at elevated temperature, which can be

attributed to the added thermal agitation that weakens the ion

pairing and decreases viscosity. Previous reports have found

that cell temperature can increase considerably from the heat

generation during fast charging.[13,25] Therefore, the improve-

ment in electrolyte conductivity at higher temperature will be

beneficial towards fast charging application. Li ion transference

number (tLi+) measurement confirmed that HPE electrolyte has

a tLi+ of 0.5, which is much higher than tLi+ of 0.3 for Gen2

electrolyte.

Figure 2(a) shows the self-heating rate (SHR) versus temper-

ature results for 2.5-mAh of lithiated graphite heated with 7 mg

electrolyte between 50 °C and 350 °C. Compared to the Gen2

control electrolyte, HPE electrolyte shows a similar reactivity

across a wide temperature range, which indicates that the use

of HPE electrolyte will not compromise the thermal stability of

anode material. Figure 2(b) shows the SHR versus temperature

results for 2.5 mAh of delithiated NMC heated with 7 mg

electrolyte between 50 °C and 350 °C. It is worth noting that the

use of HPE electrolyte increases the onset temperature from

~100 °C to ~140 °C compared to the Gen2 electrolyte. Generally,

the use of HPE electrolyte will improve the thermal stability

Figure 1. Ionic conductivities of HPE electrolyte and Gen2 electrolyte at

different temperatures.

Figure 2. Self-heating rate vs. temperature for a) lithiated graphite and

b) de-lithiated NMC reacting with HPE electrolyte compared with the Gen2

control electrolyte. These experiments used 2.5 mAh (NMC) and 2.5 mAh

(graphite) electrode and ~7 mg electrolyte.
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under the lean electrolyte condition from the perspective of

cathode.

Figure 3(a) shows the voltage and current curves for 2-Ah

pouch cells filled with the HPE and Gen2 electrolyte. Under the

6 C charging rate, the cell voltages gradually increase during

the constant current (CC) charging and reached the cutoff

voltage (4.2 V) in around 2.6 min (Gen2) and 5.6 min (HPE). The

cells are further charged using the constant voltage mode with

a decreasing trickle current until the overall charging time

reaches 10 min. The large gap (shaded areas in Figure 3a)

between the plots of current vs. time indicates that more

capacity can be stored when the cell has a longer CC charging

time. A calculation (similar to our prior report[10]) shows that a

60-Ah LIB filled with the HPE electrolyte would achieve energy

density of 180 Wh/kg, which is much higher than 156 Wh/kg

obtained with Gen2 electrolyte.

Figure 3(b) shows the cycling performance of the 2-Ah

pouch cells under different C rates. HPE electrolyte shows

excellent cycling performance under standard C/3 charge/

discharge with 92.2% of capacity retention after 700 cycles. This

demonstrates HPE electrolyte has no adverse effect on standard

C/3 rate battery operations. Under 10-minute XFC protocol, 2-

Ah pouch cell with HPE electrolyte delivers 1.54 Ah capacity,

which is ~15% higher than 1.34 Ah from the cell with Gen2

electrolyte. This can be ascribed to the improved Li+ mass

transfer properties as discussed earlier. The cells with both

electrolytes show similar cycling performance with HPE cell

capacity retention of 92.3% and 90.6% from the Gen2 cell after

500 XFC cycles. A calculation of the cell energy density yields

166 Wh/kg for cells with HPE, which is much higher than DOE’s

target of 144 Wh/kg after 500 XFC cycles. With further cycling

of the cells, HPE-based cell can still deliver 80.2% of capacity

after 1500 cycles, which triples the cycle life of capacity

retention criteria in DOE’s target (80% after 500 cycles). It is also

much higher than that of the Gen2-based cells, which has

72.1% capacity retention after 1500 cycles.

Figure 4 shows the cell resistance before and after 1500 XFC

cycles as measured using the Hybrid pulse power character-

ization test (HPPC). By comparing the discharge voltage profile,

the cell with HPE electrolyte has ~9% capacity loss when

charged at C/3 rate after XFC cycles, and the cell with Gen2

electrolyte has twice of capacity loss of ~18%. This demon-

strates the superior capacity retention using HPE electrolyte

when the cell is switched back at C/3 standard rate even after

1500 XFC cycles. Similar cell resistances are observed in both

cells except the HPE cell is a consistently lower by a small value.

The cell resistance with Gen2 increases significantly by ~69% at

80% SOC after repeated XFC cycles. The resistance increase

with HPE electrolyte is much lower at ~34% at 80% SOC. HPE

electrolyte has demonstrated as a better electrolyte for fast

charging due to its ability to retain more capacity and gain

smaller increase in cell resistance after repeated XFC cycles.

Figure 3. a) Voltage and current versus charging time for cells charged at the 6 C with a time cutoff of 10 min and discharged at the 1 C rate. b) Long-term

cycling performance of 2-Ah pouch cells filled with different electrolytes cycled at C/3 standard rate and XFC protocols.

Figure 4. OCV and cell resistances from HPPC test before and after 1500 XFC cycles for cells filled with a) Gen2 and b) HPE electrolyte.
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Figure 5 shows the optical and SEM images of graphite

electrodes in 2-Ah pouch cell with different electrolytes after

1500 XFC cycles. For Gen2 electrolyte, small areas of Li plating

can be clearly seen across the electrode surface. The graphite

electrode with Li plating and without Li plating can be easily

distinguished by SEM as area �2 and �1 , respectively. The

severity of Li plating is less than a previous report by Gallagher

et al. even though the same electrode loading and electrolyte

are used.[4] A big difference is the size of the cells: 2-Ah pouch

cell with multilayer double sides electrodes in this study, versus

~50 mAh pouch cell with single layer single sided electrode in

Ref. [4]. Errors can be magnified or accumulated in small cells

that lead to severe Li plating, which proves the importance of

having a high capacity LIB cell (2-Ah cell in this case) for

performance verification and validation. No Li plating is spotted

for electrodes with HPE electrolyte, which is mainly ascribed to

its improved Li+ mass transfer properties. The SEM images of

the NMC cathode are shown in Figure S1. There is no clear

difference in morphologies of the electrode from Gen2 cell and

HPE cell.

To understand what effect the HPE had on the surface

chemistry of the electrode, the SEI layer on graphite anode

(Figure 6) and CEI layer on NMC622 cathode (Figure 7) are

analyzed by XPS. Typically, an electrolyte goes through various

chemical/electrochemical reactions, including oxidation and

reduction at the positive and negative electrodes,

Figure 5. a) Optical and b–d) SEM images of graphite electrode from Gen2

cell after 1500 XFC cycles (�1 is area without Li plating, and �2 is area with Li

plating). e) Optical and f) SEM images of graphite electrode from HPE cell.

Figure 6. XPS analyses for SEI layers. a) XPS survey atomic ratio. B–d) C-1 s, O-1 s and F-1 s HRXPS spectra (700 cycles at C/3 for ORNL electrolyte, and

1500 cycles at XFC for both Gen2 and HPE electrolytes).

Figure 7. XPS analysis for CEI layers. a) XPS survey atomic ratio. b–d) C-1 s, O-1 s and F-1 s HRXPS spectra (700 cycles at C/3 for ORNL electrolyte, and

1500 cycles at XFC for both Gen2 and HPE electrolytes).
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respectively,[24] leading to the formation of inorganic species

(Li2CO3, LiF, Li2O, LixPOyFz and LixPFy) and organic compounds

(such as (CH2OCO2Li)2, other organic carbonates (R2CO3), poly-

ethylene glycol (PEO) oligomer, etc.).[26–31] Figure 6(a) shows the

concentration of each element in the SEI layers. It exhibits the

C-rich and O-rich feature for ORNL electrolyte, and Li-rich and

F-rich feature for Gen2 electrolyte. Additionally, the composi-

tion of the two SEI layers formed from HPE at different current

densities is highly similar, implying that HPE electrolyte exhibits

excellent electrochemical stability at high rate. Figures 6(b–d)

shows similar C 1s, O 1s and F 1s high-resolution XPS (HRXPS)

results for all three electrodes (Figure S2 shows the P 2p, N 1s

and S 2p HRXPS results). One noticeable difference is the F 1s,

where HPE cell shows much lower intensity than Gen2 cell. The

results suggest that HPE has less salt decomposition than Gen2

does during cycling, which is in line with the lower F content of

the SEI in HPE cell in Figure 6(a). The difference of the SEI

composition probably would affect the Li ion diffusion through

the SEI layer. A recent study suggests that the Li ion diffusivity

in amorphous Li2CO3 is at least 1 order of magnitude higher

than that in LiF.[32] They also found LiF-rich SEI can inhibit

efficient Li ion diffusion, leading to high overpotentials and

poor rate performance. In our study, the SEI from HPE cell

shows more carbonates and less LiF than Gen2 cell. This may

improve the Li ion diffusion in the SEI layer in HPE cell, and thus

enhance the XFC capability.

Figure 7(a) shows the elemental compositions of CEI after

cycling. Electrode with Gen2 electrolyte shows higher Li

content, further confirming extensive Li salt decomposition in

Gen2. This agrees with F 1s HRXPS in Figure 7(d) where LixPOyFz

and LiF (from salt decomposition) has higher intensity for Gen2

compared to HPE. In the O 1s HRXPS results in Figure 7(c), the

peak at ~529.5 eV can be attributed to M�O from the lattice

oxygen in NMC622,[33] the peak at ~531.7 is ascribed to C=O�

like oxygen from carbonate compounds (such as ROCO2Li),
[34]

and the peak at ~533.5 eV is assigned to �C�O� bonds from

ether derivatives.[35–37] The M�O peak almost disappears due to

the thick CEI layer formed from Gen2, indicating that the

degradation of Gen2 is more severe than that of HPE, thereby

which illustrates the excellent electrochemical stability of HPE.

The thick electrolyte passivation layer in Gen2 cell can impede

the Li+ transport kinetics, resulting in poor rate capability.

Thereby, such observation is consistent with the obtained XFC

tests above, implying the effectiveness of HPE for XFC LIB

application.

Another important cell testing for fast charging is high

temperature calendar life assessment. We have found that the

temperature in a 2-Ah pouch cell can increase considerably

during fast charging.[25] Figure 8 shows the calendar life of 2-Ah

pouch cells with Gen2 and HPE electrolytes. After 160 days of

high temperature (50 °C) life testing, the cell with HPE electro-

lyte still has 79% of original capacity, which is much higher

than the 56% capacity retention for the cell with Gen2

electrolyte. LiPF6 is known for its instability at high temperature,

which produces HF with trace amounts water in electrolyte that

can damage SEI and cell performance.[24,38] On the contrary, LiFSI

has been demonstrated to be more stable at elevated

temperatures.[39,40] The calendar life test at 50 °C proves that HPE

electrolyte is better than Gen2 electrolyte when high temper-

ature events occur during battery operation.

Figure 9 shows the cell resistance before and after 160 days

calendar life test at 50 °C. By comparing the discharge voltage

curve, the cell with HPE electrolyte has ~19% capacity loss

while the cell with Gen2 cell has lost ~32% of its original

capacity. This demonstrates the superior capability of using HPE

Figure 8. High temperature (50 °C) calendar life testing of 2-Ah pouch cells

with Gen2 and HPE electrolyte.

Figure 9. OCV and cell resistances from HPPC test before and after 160 days of high temperature (50 °C) calendar life testing for cells filled with a) Gen2 and

b) HPE electrolyte.
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electrolyte when the cell is exposed to high temperature

operation. The increase of cell resistance for HPE cell after high

temperature test is also much smaller than Gen2 cell. The cell

resistance with Gen2 increases significantly by an average of

~150% after 160 days. The resistance increase with HPE electro-

lyte is much lower, ~90%.

Conclusions

In conclusion, a novel high-performance LiFSI-LiPF6-carbonate

electrolyte system was successfully developed for XFC of LIBs.

The proposed HPE, indeed, delivered excellent electrochemical

performance in the 2-Ah, pilot-scale pouch cells, which is highly

practical and transferable for EV applications. Such achievement

is rooted in the desirable electrochemical and thermal stability

of HPE and the high Li+ conductivity. Therefore, it is believed

that this work not only establishes a new HPE for fast-

rechargeable LIBs, but also establishes some fundamental

understanding that can potentially enlighten the research and

development of next-generation electrolytes.

Experimental Section

Electrolyte formulation: Electrolyte and solvents used in the study

were purchased from SoulBrain MI. The baseline Gen2 electrolyte is

1.2 M LiPF6 in ethylene carbonate (EC)/ EMC 30/70 wt%. The HPE

for fast charging was formulated by first dissolving 1.5 M LiFSI into

a solvent mixture of EC, EMC and DMC at a ratio of 40/30/30 wt%.

Then, 10 wt% of Gen2 electrolyte was added to obtain the final

product. Karl-Fisher titration (Mettler Toledo) was carried out to

verify the water content (<25 ppm) in the electrolyte. Ionic

conductivity was measured using a conductivity cell (Cole-Parmer),

which was calibrated using standard KCl solutions. The conductiv-

ities were measured using electrochemical impedance spectroscopy

(EIS) from 10 Hz to 1 MHz with a 6 mV perturbation voltage using a

potentiostat (Bio-Logic).[10] Li ion transference number was meas-

ured using Li/Li symmetric cell filled with HPE electrolyte or Gen2

electrolyte. A voltage bias of 5 mV was applied during the

potentiostatic polarization experiments, and the impedances were

measured in the frequency range of 1–100 kHz with a 5 mV

perturbation voltage using a Bio-Logic potentiostat.[10]

Preparation of pouch cells: The NMC622 and graphite electrodes

are prepared in a dry room (with a dew point of less than 50 °C and

a relative humidity of 0.1%) in the Battery Manufacturing Facility at

Oak Ridge National Laboratory. The graphite anode consisted of

94 wt.% graphite (Superior Graphite 1520T), 1 wt.% carbon black

(Timical C65) and 5 wt.% polyvinylidene fluoride (PVDF, Kureha

9300). The areal loading was 3.30 (�0.05) mAh/cm2 with a porosity

of 30% after calendering. The cathode consisted of 94 wt.%

NMC622 (Targray), 3 wt.% carbon black (Denka Li-100) and 3 wt.%

polyvinylidene fluoride (PVDF, Solvay 5130), with an areal loading

of 2.90 (�0.05) mAh/cm2 and porosity of 30% after calendering.

The multi-layered pouch cells were assembled with cathodes and

anodes stacking together separated by separators (Celgard® 2325).

The pouch cells were filled with electrolyte in the dry room and

vacuum sealed. The electrolyte volume factor is 1.2, which is

defined as the supplied electrolyte volume divided by the total cell

pore volume (the sum of pore volumes in anode, cathode and

separator). The cells were placed in between two aluminum plates

and bolted down with a pressure of 4 psi on the cells. The nominal

capacity of the pouch cells was 2.00 (�0.05) Ah.

Accelerating rate calorimetry (ARC) test: To prepare high state-of-

charge electrodes for thermal stability testing, NMC/graphite coin

cells were prepared and charged to 4.2 V at the C/40 rate. Once

reaching 4.2 V, the cells were allowed to relax under open-circuit

conditions for 15 min. The cells were charged to 4.2 V again, using

half of the original current, C/80. After four such cycles, where the

current was reduced a factor of two each time, the charged cells

were transferred to the glove box and dissembled to obtain the

lithiated graphite electrodes and de-lithiated NMC electrodes.

Samples (1 cm2) of delithiated NMC electrode (~2.5 mAh) or

lithiated graphite electrode (~2.5 mAh) were sealed with ~7 mg

electrolyte in a stainless-steel tube with tungsten inert gas welding

inside an Ar-filled glovebox. This will mimic the lean electrolyte

condition. The sample was then set on the thermocouple of an

accelerating rate calorimeter for following characterization. The

ARC starting and ending temperatures were set at 50 °C and 350 °C,

respectively, to cover a wide temperature range. ARC tests were

tracked under adiabatic conditions when the sample SHR exceeded

0.03 °C/min. ARC testing was set to be automatically stopped at

either 380 °C or when the SHR exceeded 10 °C/min for 0.5 min.

Cell performance validation: The pouch cells first went through

four formation charge/discharge cycles at the C/20 rate in the

voltage range of 3.0 and 4.2 V. Following formation cycling, the

cells were degassed and resealed under vacuum. The cells were

cycled between 2.8 and 4.2 V with a constant voltage hold at 4.2 V

(trickle charging). For XFC, a total time limit of 10 minutes was

imposed during charge to guarantee that the duration of the

charging step did not exceed the intended time, and discharge was

conducted at the 1-C rate. Standard cycle life test was performed

on cells with HPE electrolyte at C/3 charge/discharge rate. High

temperature calendar life was tested at 50 °C. HPPC was performed

at the 1-C rate (referred as low current HPPC test). Details on the

testing procedure and terminologies can be found in Battery Test

Manual For Electric Vehicles by J. P. Christopherson.[41]

Post-mortem analysis: The cycled pouch cells were opened in an

Ar-filled glove box for post-mortem analysis. The SEM images of

aged graphite anodes were obtained using a JEOL JSM-6610LV SEM

at 20.0 kV. X-ray photoelectron spectroscopy (XPS) was conducted

on the harvested electrodes using a PHI 5000 XPS VersaProbe II

system manufactured by Physical Electronics. The system was

connected to an Ar-atmosphere glovebox, and the samples were

introduced into the XPS analysis chamber through the glovebox,

ensuring no exposure to air. The core-level spectra were acquired

using an Al Kα radiation beam (hυ=1486.6 eV) with a beam

diameter of 100 μm, a power of 25 W, and an electron-beam

sample neutralizer. All core-level spectra were referenced to the

C1s hydrocarbon peak at 284.8 eV.
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