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High safety and cycling stability
of ultrahigh energy lithium ion batteries

Shanhai Ge,1 Ryan Sheldon Longchamps,1 Teng Liu,1 Jie Liao,1 Yongjun Leng,1

and Chao-Yang Wang1,2,*
SUMMARY

High-nickel layered oxide Li-ion batteries (LIBs) dominate the elec-
tric vehicle market, but their potentially poor safety and thermal sta-
bility remain a public concern. Here, we show that an ultrahigh-
energy LIB (292 Wh kg�1) becomes intrinsically safer when a small
amount of triallyl phosphate (TAP) is added to standard electrolytes.
TAP passivates the electrode-electrolyte interfaces and limits the
maximum cell temperature during nail penetration to 55�C versus
complete cell destruction (>950�C) without TAP. The downside of
this reliable safety solution is higher interfacial impedance andhence
lower battery power; however, thermalmodulation for battery oper-
ation around 60�C can restore power completely. When cycled at
60�C, the cell stabilized with TAP achieved 2,413 cycles at 76%
capacity retention. Such an unconventional combination of inter-
face-passivating electrolyte additive with cell thermal modulation
renders the most energy-dense LIBs even safer than LiFePO4 chem-
istry, while enjoying high power and cycling stability concurrently.
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INTRODUCTION

As a growing number of governments have set time frames to phase out internal

combustion engine vehicles (ICEVs) (https://theicct.org/blog/staff/global-ice-

phaseout-nov2020), the era of electric vehicles (EVs) powered by lithium-ion batte-

ries (LIBs) has reached apparent irreversibility, as further evidenced by the rapid

growth of their market share (https://www.mckinsey.com/industries/automotive-

and-assembly/our-insights/mckinsey-electric-vehicle-index-europe-cushions-a-global-

plunge-in-ev-sales#), expansion of infrastructure (https://www.nrel.gov/docs/fy20

osti/77508.pdf), governmental support (https://www.acea.auto/fact/overview-

electric-vehicles-tax-benefits-purchase-incentives-in-the-european-union/), and commit-

ment from automobile manufacturers (https://www.wsj.com/articles/gm-sets-2035-

target-to-phase-out-gas-and-diesel-powered-vehicles-globally-11611850343). A key

driver for the viability of this trend is the extension of EV range. In the past

decade or so, discovery of high-voltage, high-capacity cathode materials like

high-nickel ternary layered oxides LiNi0.8Co0.15Al0.05O2 (NCA) or LiNi0.8Co0.1

Mn0.1O2 (NCM811)1 has enabled an increase of cell-level energy density from

�150 Wh kg�1 to �300 Wh kg�1, which supports an �400-mile (�644 km) range,

nearing parity with that of ICEVs. As such, current long-range EVs often prefer

NCM811 or NCA (e.g., BMW iX3 [https://pushevs.com/2020/07/15/bmw-ix3-gets-

a-ncm-811-battery-from-catl/], Tesla Model 3 [https://www.evspecifications.com/

en/news/49c5377], and Volkswagen MEB [https://pushevs.com/2020/09/28/catl-

ncm-811-battery-cells-are-problematic/]), foregoing the much safer but less energy

dense alternative LiFePO4 (LFP).2–4
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Unfortunately, high-nickel cathodes possess poor thermal and chemical/electro-

chemical stability,5–9 and when paired with flammable electrolytes, they are prone

to violent thermal failure (i.e., thermal runaway), resulting in fire and explosion.8,9

Although EVs are generally safer than ICEVs,9 battery fires and explosions still

receive intense public scrutiny and remain a major hurdle as the automotive industry

quickens its shift to an electrified future.

Internal short circuit (ISC) is commonly recognized as the primary cause of fire acci-

dents,10,11 and nail penetration (NP) is a standard test to simulate the ISC condition

and represents the most stringent safety test of LIBs. Because ternary-cathode-

based cells cannot pass the NP test, some national standards have simply removed

the NP qualification to accelerate the commercial introduction of these materials. In

consequence, the safety issue persists, as seen in numerous highly publicized EV

fires and/or explosions.10 A recent report showed that 95% of EV safety incidents

in China in 2019 were on EVs powered by ternary batteries and only 5% were on

LFP batteries. Considering that 65.2% and 32.5% of passenger EVs use ternary

and LFP cathodes, respectively,12 ternary batteries are roughly 10 times more

dangerous than LFP cells in the field.

Activematerial surfacemodification/coating by salt or solvent additives is a common

approach for improving the performance of NCM cathode materials, but most

studies focus on improving the electrochemical performance for a better cycle life

at conventional or high cutoff voltages rather than improving the safety in the event

of ISC.13–17 In this work, we present a new and commercially viable strategy for an

extremely safe, energy dense battery (SEB). The SEB strategy harnesses (1) in situ

interface passivation by the additive triallyl phosphate (TAP) to guarantee a benign

response to abuse conditions such as NP as well as long service life and (2) thermo-

modulation before battery use to deliver high power and energy. We demonstrate

that our 292-Wh kg�1 SEB cells with NCM811 as the cathode can limit cell temper-

ature to 55�C during NP, which is well below flammability limits of LIB materials and

even lower than the peak temperature of LFP cells (79�C) during NP, as measured by

Sandia National Laboratories.18 Rapidly elevating cell temperature to 60�C before

battery use by a self-heating structure19 then delivers on-demand power and high

deliverable energy that exceed those of the baseline cell at room temperature

(RT). Whether at rest at RT or in operation at high temperature, the stable elec-

trode-electrolyte interfaces (EEIs) of the SEB enable long cycle/calendar life and sup-

press cell swelling/resistance growth to minimize power fade.
RESULTS

Intrinsic safety

To establish high specific energy (�290 Wh kg�1; Tables S1 and S2) and energy

density (658 Wh L�1), we develop all cells with high areal capacity graphite anodes

(4.58 mAh cm�2) and NCM811 cathodes (4.04 mAh cm�2). Baseline cells use a

standard electrolyte (1 M LiPF6 in ethylene carbonate [EC]/ethyl methyl carbonate

[EMC] [3/7 wt] + 2 wt % vinylene carbonate [VC]). Two simple modifications are

made in the SEB electrolyte to significantly improve safety:20 (1) a reduction in

EC content with an EC/EMC ratio of 1/9 by wt and (2) the addition of a small

amount of TAP (0.5, 1.0, 1.5, and 2.0 wt % for SEB-1, -2, -3, and -4, respectively).

The TAP is polymerized on the anode and cathode at a cell voltage of �2.73 V

(Figure S1) to form a strong and resilient solid electrolyte interphase (SEI) layer

and cathode electrolyte interphase (CEI) layer in situ during the initial charge/

discharge cycle.20–23
2 Cell Reports Physical Science 2, 100584, October 20, 2021



Figure 1. Extreme safety achieved with passivation and self-healing

(A) Relative reactivity, defined as Rct,baseline@RT/Rct, versus temperature for baseline and SEB-3 cells

as obtained from electrochemical impedance spectroscopy (Figure S2). The robust passivation

layers of the SEB reduce cell reactivity to provide extreme safety in the event of internal short circuit

as well as long calendar life through the suppression of side reactions/self-discharge. Thermal

modulation by rapid and efficient self-heating provides power on demand and augmented

deliverable energy. At high temperatures, the stable EEIs continue to provide safety while ensuring

long battery life.

(B) Schematic of SEB passivation layers that inhibit side reactions and provide protection and self-

healing in the event of cell puncture. In a process analogous to platelet agglutination at an open

wound in the human body, TAP diffuses to freshly exposed metallic surfaces to create an insulation

film that hinders electron transport during internal short circuit. The thick protective layers on the

surfaces of graphite and NCM particles also act as an electrical insulator.

(C) Interfacial resistance of copper and aluminum foils after cyclic voltammetry (CV) in different

electrolytes. Each CV cycle takes only 1 min, indicating the rapid nature of the self-healing process.

(D and E) Cell voltage and temperature evolution during nail penetration of a SEB-3 and baseline

cell, respectively. The baseline cell enters complete thermal runaway to temperatures nearing

1,000�C, whereas the SEB cell with TAP limits maximum cell temperature to only 55�C.
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Relative to the baseline, the strongly passivated EEIs in an SEB cell yield a 33 reduc-

tion in reactivity (Figure 1A), as measured with electrochemical impedance spectros-

copy (EIS; Figure S2). This reduces the cell discharge rate and hence the energy

release and ensuing temperature rise during ISC, which is the underlying cause of

thermal runaway in over 90% of cases.11 In a process analogous to platelet aggluti-

nation at an open wound in the human body, TAP in the electrolyte also offers
Cell Reports Physical Science 2, 100584, October 20, 2021 3
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protection against ISC by quickly passivating any unintentional conductive pathways

(e.g., penetration by metal object during vehicle crash) and blocking short circuit

current, as illustrated in Figure 1B. To verify this mechanism, we measured the elec-

tronic interfacial resistance of bare current collectors passivated by each electrolyte.

In the SEB electrolyte, high interfacial resistance evolves rapidly, and the resistance

of both the aluminum and copper current collectors is at least two orders of magni-

tude higher than that of the baseline case (Figure 1C).

The net benefit to safety is assessed throughNP testing of fresh cells beginning at RT,

during which the SEB of 3.275 Ah displayed a maximum temperature of only 55�C
(Figure 1D) with no signs of violent failure (Video S1) versus >950�C accompanied

by smoke and fire in the baseline cell of equal capacity without the TAP additive (Fig-

ure 1E; Video S2). In comparison, NP of NCM cells from Sandia National Labora-

tories18 and BYD (https://insideevs.com/news/406839/byd-blade-battery/) (peak

temperatures of 549�Cand>500�C, respectively) confirms the great danger of unpro-

tected ternary LIBs. The temperature threshold for safety (T1), which is the tempera-

ture at which the cell materials begin to exothermically decompose and initiate the

process leading to thermal runaway, was characterized by accelerating rate calorim-

etry (ARC; Figure S3). For both the baseline and SEB cells, self-heating began at

�87�C (T1) followedby thermal runaway initiation at�181�C (T2) and amaximum tem-

perature of�506�C (T3); thus, the SEB avoided the threat of thermal runaway, remain-

ing 32�C below T1 duringNP. To test the safety of SEB cells under harsher conditions,

we also performed NP after heating the SEB to 60�C (Video S3). Even in a more reac-

tive state, the SEB neither reached T1 (Figure S4) nor triggered thermal runaway. In

fact, the cell temperature decreased immediately upon NP, indicating that the stable

EEIs and self-healing electrolyte additive between nail and current collectors effec-

tively limited heat generation even when the SEB was initially at the elevated temper-

ature. For perspective, the safest EV batteries based on LFP cathodes can restrict

peak temperatures to 63�C, 79�C, 122�C, and 187�CduringNP, avoiding violent ther-

mal runaway as reported in references 2,3,4,18, respectively. In a commercial setting,

the BYD blade battery with an LFP cathode is considered the safest EV battery on

the market and can restrict peak cell temperature during NP to 60�C (https://

insideevs.com/news/406839/byd-blade-battery/). The long, blade-like shape

(�100-cm length) along with a rigid aluminum case provide a large thermal mass to

reinforce its safety. Unfortunately, such safety in LFP-based cells comes at a sacrifice

to energy density. In contrast, the SEB without a rigid casing/large thermal mass can

provide a level of safety comparable to that LFP cells while simultaneously offering

high energy density to satisfy range requirements in the evolving EV market.

The extreme safety of the SEB cell is also supported by the electrical behavior of the

cell during NP. The voltage of the SEB cell drops from 4.183 V to 3.770 V in the first

second after NP, then recovers to 3.912 V, and stabilizes within 5 s after penetration,

evidencing a slow and controlled discharge ensured by the high shorting resistance

and rapid self-healing mechanism (Figure S5). To quantify the short-circuit current in

the nail, we use Ohm’s law as follows:

ishort =
VOCV � Vcell

Rcell
=

Vcell

Rshort
=

VOCV

Rcell +Rshort
(Equation 1)

where VOCV and Vcell are open circuit and cell voltages, respectively, and Rcell and

Rshort are the cell internal and short-circuit resistances, respectively. Based on the

SEB cell resistance at RT and 100% state of charge (SOC) (54.45 mU; Table S3),

the short circuit resistance, including contact resistances between the nail and cur-

rent collectors, reached 786.07 mU, whereas the short-circuit current was limited
4 Cell Reports Physical Science 2, 100584, October 20, 2021
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Figure 2. Temperature dependence of cell power performance

(A and B) Temperature dependence of direct current resistances (DCRs) of discharge and charge,

respectively, at 50% state of charge for SEB cells versus the baseline LIB cell.

(C) Relative discharge power, defined as DCRbaseline@RT/DCR, of SEB cells versus the baseline LIB

cell, showing that thermally modulated SEB cells operated at appropriate elevated temperatures,

e.g., SEB-3 at 33.5�C, can deliver equal power to the baseline at the ambient temperature.

(D) Energy-power relationship of SEB-3 at 60�C and baseline cell at room temperature.
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to only 6.135 mA cm�2 or 1.52C in C-rate (Table S4). When penetrated at 60�C, the
SEB voltage dropped to 4.063 V, implying a short-circuit current of 5.324 mA cm�2

or 1.32C. In the baseline cell that immediately entered thermal runaway, the cell

voltage dropped from 4.187 V to 0.109 V within 5 s after penetration, which corre-

sponds to a short circuit resistance of only 0.89 mU and a short circuit current of

151.1 mA cm�2 or �37C. The lack of voltage recovery in the baseline case indicates

that TAP is responsible for this effect in the SEB cell. Thus, in the event of an ISC

caused by penetration by a metal object, stray conductive particles inside the cell,

or lithium dendrites that penetrate the separator, all of which are covered by an elec-

trically insulating film due to presence of TAP, the SEB can provide a�95% reduction

in short circuit current at any operating temperature—the key to ensuring passenger

safety in long-range EVs.

It is noteworthy that a small amount of TAP additive (1–2 wt %) can effectively passivate

EEIs and largely restrict energy release during internal shorting for absolute safety. In

practice, such a solution appears to be superior to using flame-retardant electrolytes,

fire-extinguishing additives, or phase change materials for heat absorption, of which

all require a substantial amount of mass (several-fold of battery mass) to absorb all elec-

trical energy released from a LIB, as estimated from a simple thermodynamic analysis.
Power and energy restored through thermal modulation

Although the addition of TAP greatly enhances battery safety, the strongly passiv-

ated EEIs inevitably impede power generation. This is shown in Figures 2A and 2B
Cell Reports Physical Science 2, 100584, October 20, 2021 5
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in the form of direct current resistance (DCR) measured with hybrid pulse power

characterization (HPPC). However, temperature modulation and battery operation

at elevated temperatures can readily restore power to practical levels, representing

the second key component in the SEB concept. For example, heating SEB-3 from RT

to 33.5�C achieves parity with the power performance of the baseline at RT (Fig-

ure 2C), and further heating to 60�C provides 59% more power over the baseline

at RT, reaching high power levels designed for plug-in hybrid EV applications.

Therefore, power performance is not sacrificed for safety but rather increased in

the SEB. Moreover, at low ambient temperatures (Tambs) such as 0�C, the baseline

cell relative power drops to 0.41, whereas the thermally modulated SEB-3 operated

at 60�Cmaintains a relative power of 1.59, representing a�43 boost in power when

working in freezing environments.

The practicality of power on demand hinges on rapid and energy-efficient cell heat-

ing. This requirement is satisfied by the self-heating cell architecture reported

earlier,19 which briefly discharges the cell energy through a mm-thick, internal nickel

foil(s) stacked with the electrode layers to create substantial heat and uniformly

warm the cell at rates of 1�C s-1–2�C s�1. The SEB cells have a specific heat of

�860 J kg�1 �C�1 or 0.239 Wh kg�1 �C�1 (Table S2) and a nominal specific energy

of 292 Wh kg�1, meaning that heating energy consumption is only 0.082% �C�1.

Thus, heating the SEB from 22�C to 60�C consumes only 3.1% of cell energy and

takes 19–38 s in situations in which peak power is demanded instantaneously. In cases

in which sub-peak power is needed, the SEB can be operated from the Tambwith natural

warmup and no forced self-heating, i.e., consuming zero electrical energy.

Beyond power on demand, the SEB also provides an increase in usable energy (Fig-

ure S6). All electrochemical energy storage systems suffer a loss of deliverable energy

with increasing power (Figures 2D and S7). However, thermally modulating the SEB

to 60�C shifts the trend upward, reducing the severity of this inherent dilemma. For

example, the SEBprovides a 24%boost in deliverable energy at�500Wkg�1 operation

(2C discharge), which represents high sustained power for EV batteries.24 High power

and energy achieved in a single-cell design indicate that an EV powered by SEB tech-

nology can deliver long range regardless of the power demands during the drive cycle.

Furthermore, the benefit to energy is not completely sacrificed for cell heating. Consid-

ering the 3.1%heating energy required to reach 60�C, SEB-3 could still deliver 11.35Wh

of its total 11.71 Wh at 60�C and 1C rate as compared to the 11.01 Wh of the baseline

cell at RT and the same rate (see Figure S6B). Thus, the SEB energy after pre-heating is

still �3% greater than that of the energy-dense baseline.

High stability and long service life

To be cost-effective and considerate of limited material resources, batteries must

have a long cycle/calendar life. Battery degradation is highly temperature depen-

dent, and elevated temperatures accelerate EEI layer growth and gas evolution,

which both reduce cell capacity, increase resistance, and cause swelling. Such side

reactions/effects are detrimental to EV performance and give rise to safety con-

cerns.25,26 For LIBs using traditional electrolytes that form thin EEIs with low thermal

stability, cycling at an elevated temperature of 60�C leads to significant capacity

fade from material fracture and Li consumption by side reactions. In contrast, the

SEB exhibits robust high-temperature cycling performance. At 80% capacity reten-

tion, the baseline cell achieved only 303 cycles at 60�C and 1,706 cycles at RT (Fig-

ures 3A and S8), and a large reduction in coulombic efficiency was observed in the

late stages (Figure S9B). In comparison, SEB-3 performed 1,914 cycles at 60�C
before reaching 80% capacity retention, representing a 6.33 and 1.13 increase,
6 Cell Reports Physical Science 2, 100584, October 20, 2021



Figure 3. High-temperature cycling stability

(A–D) For cycling of SEB and baseline cells at 60�C; capacity retention (A), DCR (B), high-frequency and charge transfer resistances (C), and normalized cell thickness

(D). The robust EEIs in the SEB-3 significantly extend cycle life over the baseline while reducing gas evolution, cell swelling, and resistance increase.

(E and F) F 1 s and C 1 s XPS spectra for fresh and aged baseline (403 cycles) and SEB-3 (2,413 cycles) cells, verifying the presence of the advantageous

SEB EEIs as compared to the baseline. Additional XPS results are presented in Figure S10.
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respectively. Moreover, SEB-3 underwent 2,413 cycles with only 24% capacity loss

and showed no signs of impending cell failure, such as a rapid drop in capacity or

visible cell swelling/deformation. The average discharge capacity of these 2,413 cy-

cles is 85.8% of an equivalent full cycle. Assuming a 644-km (400-mile) driving range

for an EV equipped with a 100-kWh battery pack (e.g., 2021 Tesla model S), 2,413

cycles corresponds to �1,333,000 km (828,000 miles) of lifetime.

As suggested, minimization of resistance growth and suppression of cell swelling un-

derlie this dramatic extension of cycle life. In the case of SEB cells, the DCR of the

fresh cell is initially larger than that of the baseline cell by design; however, its rate

of increase is much slower due to the strongly stabilized coatings on both the

graphite and NCM811 particles (Figures 1A and 3B). Moreover, the charge transfer

resistance increases much faster than the high-frequency resistance for both the

baseline and SEB cells, indicating that the resistance at the interfaces dominates

the DCR increase and in consequence capacity and power fade (Figures 3C and

S10). As for cell swelling, the baseline cell swelled 16.9% in thickness after 403 cy-

cles, whereas the SEB-3 cell expanded only 6.7% after 2,413 cycles, indicating

that the expansion rate of the baseline cell is�153 that of the SEB-3 cell (Figure 3D).

To investigate EEI dependence on TAP, we conducted X-ray photoelectron spec-

troscopy (XPS) on the SEB-3 and baseline electrodes after 2,413 and 403 cycles,
Cell Reports Physical Science 2, 100584, October 20, 2021 7
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respectively (Figures 3E, 3F, and S11). For the graphite anodes, the SEB-3 SEI has

much higher C and P contents than the baseline cell (Figure S12). The detailed peaks

show that the baseline sample has more LiF (F 1 s, 684.5 eV), O-C = O (C 1 s, 288.8

eV), and poly(O-C = O) (C 1 s, 290.1 eV), which are the decomposition products of

organic solvents.27 In comparison, more LixPyFz/LixPyOFz (F 1 s, 686.9 eV), C-C (C

1 s, 284.6 eV), and C-O (C 1 s, 286.1 eV) are found in the SEB-3 SEI, suggesting

the decomposition of TAP on the anode. This finding agrees with previous reports

that the decomposition products of TAP are richer in LixPyFz/LixPyOFz species.21

On the cathode, the CEI contains considerably higher contents of P and O for

SEB-3, which is also due to the decomposition of TAP. The much weaker peak cor-

responding to poly(O-C = O) (C 1 s, 290.1 eV) in the SEB-3 CEI suggests that TAP

suppresses the oxidative decomposition of the organic solvents on the cathode (Fig-

ure 3F). It is also found that the peak corresponding to lattice O2
� (O 1 s, 529.2 eV) is

much weaker with the addition of TAP, which suggests that the CEI formed on the

SEB-3 cathode is much thicker than that of the baseline cathode and is consistent

with previous reports by Dahn’s group for a coated NCM424 surface21 and our

group for a coated NCM622 surface,20 both in the presence of TAP additive.

We also performed scanning electron microscopy (SEM) on the electrodes of both

cells (Figure S13). The expansion of the graphite anode during cycling squeezes

out some graphite particles in both aged baseline and SEB-3 cells as opposed to

the smoother surface in the fresh anodes. On the cathode, the high-nickel NCM par-

ticles are prone to micro-cracks along grain boundaries,28–30 leading to more severe

electrolyte oxidation31 and rock salt formation,32 as well as potential electronic isola-

tion of active material.33 For both cells, the aged cathodes present similar yet minor

levels of cracking around the perimeter of the particles, indicating that the SEB with-

stood 63more cycling before reaching a similar level of degradation to the baseline.

Differential capacity analysis confirms the similarity of degradation from a bulk elec-

trode perspective (Figure S14). From the XPS, SEM, and differential capacity analysis

results, we confirm that TAP plays an important role in the formation of thick and pro-

tective EEIs on the electrodes.

EV batteries spend a significant portion of their lifetime at rest (90%–95%), and degra-

dation persists even in this state, the significance of which increases in systems with

highly reactive materials such as NCM811. We conducted constant voltage storage

tests at both RT and 60�C for the baseline and SEB-3 cells at 100% SOC to assess cal-

endar aging. For all four cases, the self-discharge current decreases as the EEIs develop

and stabilize, but the fresh SEB cells show self-discharging currents 63 and 73 lower

than those of the baseline at RT and 60�C, respectively (Figure 4A). After 20 days of

storage, the self-discharge currents begin to plateau. Beyond this point, the SEB in

the dormant state (RT) is 33 lower than that of the baseline on average. Even in the

active state (60�C), the SEB self-discharge rate is comparable to that of the baseline

at RT, albeit it is slightly higher. Thus, regardless of the SEB thermally activated state,

the protective EEIs achieve a calendar life similar to or better than the baseline at RT.

The calendar aging test also shows that the SEB cell does not generate gas at either RT

or 60�C as opposed to�1.4 mL generated by the baseline in only 20 days at 60�C (Fig-

ure 4B). Moreover, a loss of vacuum pressure and substantial swelling was apparent in

the baseline cell at high temperature within only 7 days. The suppression of cell

swelling from EEI growth and/or gas evolution in the SEB is evidenced by the dramatic

slowing of cell thickness evolution (Figure 4C). The net effect is an overall extension of

calendar life, which is quantitatively represented by capacity retention in Figure 4D

where, again, the SEB demonstrates equivalent or slower calendar aging at 60�C
and RT, respectively, than that of the baseline at RT.
8 Cell Reports Physical Science 2, 100584, October 20, 2021



Figure 4. Calendar aging performance

(A) Self-discharge current density at 22�C and 60�C for the baseline and SEB-3 cells.

(B) Gas volume evolution for the baseline cell produced during calendar aging at 60�C.
(C and D) Cell thickness and C/3 capacity retention of the baseline and SEB-3 cells during calendar

aging at 22�C and 60�C.
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In the previous discussion of cycle life, we focused on the advantages of SEB-3 with

1.5 wt % TAP. With regard to electrolyte optimization, the results show that incre-

mentally increasing TAP content up to 1.5 wt % provides benefits to cycle life in a

monotonic fashion (Figure 3). When 2 wt % TAP was introduced, the performance

regressed; therefore, we conclude that an optimal SEB electrolyte formula consists

of �1.5 wt % TAP. We also investigated the effect of EC content on cycle life at 60�C
for cells containing 0 wt %, 10 wt %, and 30 wt % EC with 1.5 wt % TAP in each case

and found that EC content is optimal at ca. 10 wt % (Figure S15). Lastly, a 60�C cycle

aging test of a cell with 1 M LiPF6 in EC/EMC (1/9 wt) + 2% VC without TAP shows a

marginal (12.2%) reduction in cycle life relative to the baseline electrolyte case (Fig-

ure S16), indicating that the addition of TAP is largely responsible for the high-tem-

perature stability of the SEB. With the near-optimal electrolyte formula of SEB-3, we

have shown that stable, long-term, and high-temperature operation of energy-

dense cells is possible even when normally unstable NCM811 is used.34

DISCUSSION

In addition to the primary benefit to battery safety, the SEB offers cost, weight, and

power savings for the battery thermal management system (BTMS) through a reduc-

tion in cooling requirements, which permits BTMS simplification or even elimination.

Assuming an Tamb of 25�C and operation of the SEB-3 and baseline cells at 60�C and

30�C, respectively, the SEB cell provides a heat dissipation rate (h(Tcell � Tamb)) 73

larger than that of the baseline case. Moreover, the internal resistance of the SEB-3

cell at 60�C (16.5 U cm2) is lower than that of the baseline cell at 30�C (22.2 U cm2),

indicating that the heat generation rate (I2Rcell) of SEB-3 at 60�C is 1.353 less than

that of the baseline cell at 30�C. In balancing heat generation and dissipation, the
Cell Reports Physical Science 2, 100584, October 20, 2021 9



Figure 5. Satisfying performance and safety metrics with a single cell

Radar chart comparing the safety (European Council for Automotive R&D, EUCAR), specific energy,

energy density, power density, cycle life, calendar life, and cost between SEB and baseline cells.

Performance of state-of-the-art LFP cells is also presented as a reference. The SEB possesses the

high performance of ternary cathodes as well as the safety and stability of LFP cathodes.
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heat transfer coefficient (h) required for a SEB BTMS is reduced to one-ninth of that

for a baseline battery pack. In this case, conventional active liquid cooling can be re-

placed with passive air cooling, which is much simpler, less costly, lighter, occupies

less volume, and does not require parasitic pumping power.

With regard to material cost, TAP has a similar price as current standard solvents;

thus, the addition of 1.5 wt % TAP will not significantly affect LIB cost. Moreover,

the SEB electrolyte does not increase viscosity or reduce ion mobility/conductivity

relative to conventional electrolytes, unlike many promising for next-generation bat-

teries, such as high concentration,35 ionic liquid,36 or solid-state37,38 electrolytes. In

addition, NCM811 contains only 6 wt % cobalt, which is costly and resource limited,

and thus cuts the price gap between NCM811 and LFP cells to �25% and aids LIB

sustainability. The slight cost disadvantage of NCM811 can be justified by the

53% and 69% increase in specific energy and energy density, respectively, when

NCM811 is chosen over LFP (Table S1). Figure 5 summarizes the cost and perfor-

mance of the baseline and SEB-3 cells in this work along with LFP-based LIBs. The

overlap of SEB traits with the best of the other two clearly illustrates the defiance

of the many dilemmas that plague the traditional NCM811 and LFP cells. Overall,

the SEB exhibits an alternative approach to ensure battery safety while simulta-

neously achieving high energy and power for EVs and more stringent applications

(e.g., military, aeronautics, and space exploration).

More broadly, the proposed strategy of building robust interfacial layers for safety/

long life and elevating operating temperature for high performance has profound

implications for the future direction of battery materials development. Similar to

high-nickel NCM, promising next-generation materials (e.g., Li metal,39–41 silicon

based,42 Li rich,43,44 or LiNi0.5Mn1.5O4
45) often sacrifice stability for high energy

and/or power. Interfacial passivation with analogous methods can lend stability
10 Cell Reports Physical Science 2, 100584, October 20, 2021
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and safety to these inherently reactive materials while thermal modulation restores

battery power in use.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the Lead Contact, Chao-Yang Wang (cxw31@psu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are available upon request without restriction.

Cell design and fabrication

We fabricated 3.275-Ah pouch cells using LiNi0.8Co0.1Mn0.1O2 for cathodes and

graphite for anodes. The capacity ratio of the negative to positive electrode, or

NP ratio, is 1.13. The 3.275-Ah pouch cell contains a stack of 11 anode and 10 cath-

ode layers. A Celgard-2325 separator of 25 mm in thickness is used. The loadings of

NCM811 on the positive electrode and graphite on the negative electrode were

20.81 and 13.09 mg cm�2, respectively.

The cathodes were prepared by coating a NMP-based slurry onto 13-mm-thick Al

foil, whose dry material consists of NCM811 (97.7 wt %), Super-P (1.0 wt %), and pol-

yvinylidene fluoride (1.3 wt %) as a binder. The anodes are prepared by coating a de-

ionized-water-based slurry onto a 8-mm-thick Cu foil, whose dry material consists of

graphite (97.7 wt %), styrene-butadiene rubber (1.3 wt %) and carboxymethyl cellu-

lose (1.0 wt %). A total of 1 M LiPF6 dissolved in EC/EMC (3/7 wt) + 2 wt % VC is used

as the baseline electrolyte (Soulbrain, MI). To build SEB cells, 0.5–2.0 wt % TAP was

mixed into the EC/EMC (1/9 wt) + 2 wt % VC electrolyte as an additive. A total of

6.97 g of electrolyte was used in all cells, regardless of electrolyte type.

Each experimental pouch cell has a 110 3 56 mm footprint area, weighs 48.7 g, and

has 3.275-Ah nominal capacity with specific energy of 249 Wh kg�1 and energy den-

sity of 449 Wh L�1. All the cells were initially cycled at RT and C/10 for 3 cycles and

had a capacity of 3.275 G 0.010 Ah. Discharge performance of the pristine baseline

and SEB cells at RT is shown in Figure S7 as a function of C-rate.

Cycle aging tests

Cycle aging tests of the pouch cells were performed using the Land instrument bat-

tery testing system (model CT2001B; Land Instruments). A forced-air oven was used

to control the ambient temperature. For each aging cycle, the cell was charged to

4.2 V at a constant current of 1.637 A (0.5 C-rate) and then charged at a constant

voltage of 4.2 V until the current decreased to 0.164 A (C/20). After resting for

5 min, the cell was discharged to 2.8 V at constant current of 3.275 A (1 C-rate) fol-

lowed by a final rest period of 5 min. When the cycle number reached a specific value

(e.g., 403, 1,006 cycles), reference performance tests were performed by cycling at a

charge and discharge rate of C/3 to characterize the capacity of the cell.

Resistance and thickness characterization

For impedance tests at different temperatures, the cells were fully charged and then

discharged at a rate of C/3 to 90% SOC. Electrochemical impedance spectroscopy
Cell Reports Physical Science 2, 100584, October 20, 2021 11
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(EIS) was performed with an AC voltage amplitude of 5 mV in the frequency range of

50 kHz to 0.01 Hz. For DCR tests, the cells were fully charged and then discharged to

50% SOC at C/3-rate, and then hybrid pulse power characterization (HPPC) was per-

formed at the characterization temperature. HPPC consisted of a 10-s discharge at

5C, a 40-s rest, and a 10-s charge at 3.75C. The DCRDischarge and DCRCharge were

determined with Equation 2 where V10swas the cell voltage at the end of the respec-

tive discharge (or charge) pulse. For thickness measurement, cell thickness was

measured at 10 positions by using a micrometer (Mitutoyo) and then averaged.

DCRi =

�
�
�
�

VOCV � V10s

ii

�
�
�
�

(Equation 2)

Calendar aging tests

Calendar aging tests were performed at different ambient temperatures in a forced-

air oven. By use of the Land system, the cell voltage was held constant and the cur-

rent was measured. When the calendar aging time reached a specific value (e.g., 30,

60, 120, and 180 days), the cell was cycled at a charge and discharge rate of C/3 to

determine the capacity of the cell. Then impedance and DCR tests were conducted

under the same conditions as those for the cycle-aged cells. The volume of gas

generated by the baseline cell was measured using the Archimedes principle. Cells

were first weighed in air and then weighed while submerged in water to obtain the

volume of water displaced and thus the cell volume.

Interfacial resistance characterization

For electronic interfacial resistance tests, copper or aluminum foil was soaked in the

baseline or SEB-3 electrolyte. Cu (or Al) was set as the working electrode, and Li foil

was set as the counter and reference electrodes. Cyclic voltammetry was used to

passivate the current collector samples. Scan windows for Cu and Al were 0.05–1.6 V

and 2.7–4.3 V, respectively. Scan rate was set as 50 mV s�1. After being scanned for

1, 10, and 50 cycles, the samples were extracted and washed with EMC three times.

Two pieces of passivated foil were overlapped partially and clamped under a pressure

of 0.3 MPa for each case. The overlapping area was 1 cm2. Resistance was determined

by applying a constant current while measuring voltage.

Nail penetration

For nail penetration tests, each cell was fully charged (0.3 C CCCV charge with cut-off

voltage of 4.2 V and cut-off current of C/20), and all cells had the same construction

(i.e., same capacity) as the baseline experimental cell in Table S1. Two thermocouples

were placed at 5 mm away from the geometric center of the cell, with one on either

side. The nail diameter was 5 mm and was made of heat-resistant steel (point angle

of the nail was 60�; nail surface was clean, free of rust or oil). The rate of penetration

was 30mm s�1. The nail was driven through the geometric center of the cell, perpendic-

ular to the electrode plane, and remained inside the cell. For RTNP tests of the baseline

and SEB cells, NP was performed directly. In the high-temperature test of the SEB, an

external heater was mounted to the bottom of the cell, and the cell temperature was

slowly elevated to 60�C.Heating was stoppedwhen the nail penetrated the cell to simu-

late the cooling effect in a battery pack with a thermal management system. Note only

natural convection cooling was present during all NP tests.

Accelerating rate calorimetry

For accelerating rate calorimetry (ARC), the EV-ARC (Thermal Hazards Technology)

was used in the standard heat-wait-seek mode. The ARC test was started at 40�C,
after which the fully charged cell was heated in 5�C increments (heat step). After

each heating step, a wait time of 20 min was applied for thermal equilibration prior
12 Cell Reports Physical Science 2, 100584, October 20, 2021
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to checking for self-heating based on a standard temperature rate sensitivity of

0.02�Cmin�1. The ARC thermocouple was placed on the cell surface at the geomet-

ric cell center, and all electrical connections were isolated using polyimide tape.

SEM and XPS procedures

The SEM imaging and XPS analyses were performed by first extracting the electrode

samples from the fully discharged graphite/NCM811 pouch cells after cycling and

washing with EMC three times. XPS tests were conducted on a PHI VersaProbe II

scanning XPS microprobe. The samples were loaded in a glovebox and transferred

into the instrument through a vacuum transfer vessel. The CasaXPS software was

used to process XPS data. First, we calibrated binding using the C1s peak from

C-C at 284.3 eV. Then, we fitted the core peaks with a U 2 Tougaard-type back-

ground and optimized the peak position/areas using 70% Gaussian-30% Lorentzian

Voigt peak shapes and fullwidth at half-maximum (fwhm) constraint ranges. SEM im-

aging was performed on an FEI Nova NanoSEM 630 SEM instrument.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100584.
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