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HIGHLIGHTS

Micron-scale Li dendrite (�2.8 3

10�4 mg, 50 mm) growth can

trigger H2 capture

The battery pack surface

temperature was still very low

(35.6�C) when H2 captured

The H2 gas capture time was 639 s

earlier than smoke and 769 s

earlier than fire

The Li dendrite growth and

thermal runway could be

prevented once H2 captured
Li dendrite growth is a critical and predominant reason for separator piercing and

cell shorts and is very difficult to detect in the early state. Here, we developed a

new sensitive detection method based on hydrogen (H2) gas capture generated

from reaction of metallic Li with polymer binders. The proposed method could

detect trace amounts of Li-metal formation down to the micron scale for very early

safety warnings, which could help improve battery safety.
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Detection of Micro-Scale Li Dendrite
via H2 Gas Capture for Early Safety Warning

Yang Jin,1,* Zhikun Zheng,1 Donghui Wei,2 Xin Jiang,1 Hongfei Lu,1 Lei Sun,3 Fengbo Tao,3

Dongliang Guo,3 Yang Liu,3 Jinfeng Gao,1 and Yi Cui4,5,6,*
Context & Scale

State-of-the-art Li-ion batteries

(LIBs) can reach a specific energy

of �250 Wh kg�1, and greater

energy density technology

beyond 500 Wh kg�1 (1,800 kJ

kg�1) is under exploration

worldwide. However, due to the

flammable organic electrolytes

and the intrinsic thermal

properties, LIB safety accidents

frequently occur due to Li

dendrite growth on graphite

anodes under overcharging or fast

charging situations, necessitating

an effective method to detect Li-
SUMMARY

Li-ion battery safety issues related to fires and explosions are
frequently triggered by Li dendrite growth, which is a predominant
reason for separator piercing and cell shorts and is very difficult to
detect in the early state. Here, we developed a sensitive detection
method based on H2 gas capture that could detect trace amounts
of Li dendrite formation. H2 gas was generated due to reaction of
metallic Li with polymer binders. Even micron-scale Li dendrite
(�2.8 3 10�4 mg and 50 mm) growth can trigger H2 capture.
Overcharge experiment with a LiFePO4-graphite battery pack
(8.8 kWh) shows that H2 was captured first among H2, CO, CO2,
HCL, HF, and SO2, and the capture timewas 639 s earlier than smoke
and 769 s earlier than fire. The Li dendrite growth can be completely
prevented once H2 is captured, with neither smoke nor fire
observed, which provides an effective method for early safety
warning.
metal dendrites as early as

possible. Here, we developed a

new sensitive detection method

based on hydrogen gas capture

that could detect trace amounts of

Li-metal formation down to the

micron scale for very early safety

warnings. H2 gas was generated

upon the growth of very small

amounts of Li metal due to the

reaction of metallic Li with

polymer binders. Even micron-

scale Li dendrite metal (�50 mm)

growth on a graphite anode can

generate enough H2 gas to be

captured for early safety warning,

which could help improve battery

safety.
INTRODUCTION

In recent years, the development of electrochemical energy storage technology has

received extensive attention. Lithium(Li)-ion batteries (LIBs) have become one of the

most competitive electrochemical energy storage technologies for portable de-

vices, electric vehicles, and stationary energy storage due to their high energy den-

sity and reduced cost.1–3 State-of-the-art LIBs can reach specific energy of �250 Wh

kg�1, and greater energy density technology beyond 500 Wh kg�1 (1,800 kJ kg�1) is

under exploration worldwide. However, due to the flammable organic electrolytes

and the intrinsic thermal properties during charge and discharge,4–6 LIB safety acci-

dents, called battery thermal runaway, frequently occur due to Li dendrite growth on

graphite anodes under overcharging or fast charging situations,7 necessitating an

effective method to detect Li-metal dendrites as early as possible.8–11

LIBs are composed of electrodes (Li-metal-oxide cathode and graphite anode), a

polymer separator, and a liquid electrolyte (containing Li salt and an organic solvent)

and are usually sealed in an aluminum, stainless-steel or plastic package.12 The

above sealing materials and design inevitably lead to poor thermal dissipation

considering that the battery intrinsically produces joule heat during charging or dis-

charging, especially under extreme conditions such as overcharging or fast charging

situations where Li dendrite grow on the graphite anode and pierce the polymer

separator.13,14 A large amount of heat is easily produced inside a dendrite-shorted

battery, which can subsequently increase the internal temperature and induce addi-

tional violent exothermic chemical reactions for further heat generation, producing

vast quantities of gases and even resulting in catastrophic fire.15–18 For stationary
Joule 4, 1–16, August 19, 2020 ª 2020 Elsevier Inc. 1
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energy storage, thousands of LIB cells are stacked in an energy storage cabin (mo-

lecular weight [MW] level), and the safety conditions are more severe. Therefore,

exploration of early detection methods for Li-metal dendrite formation is critical

to prevent safety accidents.19

The existing safety warning system of LIB-based BESS (battery energy storage sys-

tem) mainly relies on special gas detection, smoke detection, and battery manage-

ment system (BMS) protection. For gas detection, CO and hydrocarbons have been

regarded as effective indicators for safety warning (heat abuse or overcharge condi-

tion).20–22 However, the above gases come from the reduction and oxidation of the

electrolyte or solid electrolyte interface (SEI) decomposition (>90�C)18,23,24 and

cannot serve as indicators during the Li dendrite growth period when battery internal

temperature is low (<50�C), and thermal runway has not yet occurred. Smoke detec-

tors send an alarm signal when a fire has already broken out and cannot realize the

function of early safety warnings.23,25 BMSs are regarded as crucial battery protec-

tion systems for safety accidents, such as thermal runway.26 Current BMS can detect

the battery cell external surface temperature, voltage, and state of charge (SOC),

thus protecting a battery from overcharge and sending an alarm signal if the battery

external temperature exceeds the normal range.24 However, the SOC estimation

precision is not sufficient, and the error rate increases in a large battery capacity envi-

ronment (such as MW-level BESS).27–29 There is a large difference between the bat-

tery internal and external temperatures due to the poor thermal conduction of many

cell components.30–32 Thus far, SOC and external temperature measurements have

been unable to detect the Li dendrite growth and prevent battery safety failure,

causing many recent catastrophic events (Tesla electric car battery fire and Samsung

Note 7 fires and explosions). A more reliable method is needed that can precisely

and timely perceive safety issues in a very early Li dendrite growth stage as a warning

and allow enough time for precautions, such as personnel evacuation and cutting off

chargers.

It is reported that various techniques were developed for Li dendrite detecting, such

as in situ X-ray,33 in situ Raman,34 in situ neutron diffraction,35 electron paramagnetic

resonance (EPR),36 and nuclear magnetic resonance (NMR) spectroscope,37 etc.,

which enable to obtain information about the Li dendrite morphologies, formation

mechanism, and quantitative descriptions. However, the added manufacturing

complexity making it differs from actual battery structure, and the dependent expen-

sive equipment retards its large-scale application. Other indirect strategies were

proposed, such as detecting Li plating on anode by external electrochemical char-

acteristic (voltage, capacity, etc.),38–40 while data error is unavoidable and the com-

plex criteria enhances incompatibility with BMS. Despite the high importance, so far,

no analytical technique compatible with current battery manufacturing technique

has been practically realizable for physically and directly detecting Li dendrite

growth without extra battery structural modification.

Here, we, for first time, propose a detection method for micron-scale Li dendrites by

H2 gas capture for very early safety warning. This method relies on the spontaneous

reaction between Li-metal and common electrode polymer binders, such as polyvi-

nylidene difluoride (PVDF) or styrene-butadiene rubber (SBR) and carboxymethyl-

cellulose (CMC), which produces H2 gas at a very early stage. While H2 gas is

released from battery cell through valve, it can be captured by H2 gas sensor imme-

diately and serve as an effective abnormal indictor of Li-metal formation for early

safety warning. The proposed technique works without changing the commercial

LIBs structure and is compatible with existing BMS as it serves as independent
2 Joule 4, 1–16, August 19, 2020
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Figure 1. Schematic of Li Dendrite Growth Detection by H2 Gas Capture

(A) Illustration of the in situ optical observation of Li dendrite growth and in situ capture of H2 gas.

(B) Illustration of the H2 gas generation mechanism. Li dendrites react with the PVDF binder, thus generating H2 gas.

(C) Chemical reaction mechanism of Li dendrites and PVDF binder.
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warning criteria. The technological maturity of H2 gas sensor reduces the installation

cost and complexity.41 Next, we will study the reaction mechanism through in situ

optical observation and H2 gas capture experiment and verify the practical applica-

tion through overcharge and warning experiment of commercial LIB packs (both

prismatic and pouch cells) and clusters in real BESS cabin.

RESULTS

Schematic of Li Dendrite Growth Detection by H2 Gas Capture

An in situ optical observation and H2 gas capture platform was built to demonstrate

the schematic of Li dendrite growth detection by H2 gas capture. As shown in Fig-

ure 1A, the gas generated by a self-assembled LIB, which consists of a Li iron phos-

phate (LiFePO4) cathode, graphite anode, EC (ethylene carbonate), EMC(ethyl

methyl carbonate) and PC(propylene carbonate) electrolyte sealed in a glass bottle,

was carried into a gas chromatograph and detected automatically (with argon as the

carrier gas). The dendrite formation behavior can be recorded by optical microscopy

simultaneously. In normal situations, Li ions are deintercalated from the cathode and

intercalated into the graphite anode with LiC6 formation.42 Under overcharge or fast

charge conditions, Li dendrites start growing on Li-saturated parts of graphite anode

and react with polymer binder thus generating H2 gas (Figure 1B).

The Li-PVDF reaction is expressed in Figure 1C. Here, the density functional theory

(DFT) calculations were performed using the Gaussian16 program43 to study the re-

action kinetic of Li-metal and PVDF binder. B3LYP44,45 method and basis set 6–

31G(d,p) were employed for all atoms involved in the model reaction. The solvent

effect was considered by using the IEFPCM model46,47 and setting dielectric con-

stant as 2.9 for all kinds of calculations. After the structural optimizations for all

the stationary points, frequency calculations at the same level of theory were carried
Joule 4, 1–16, August 19, 2020 3
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out to identify all of the stationary points as minima (zero imaginary frequency) or

transition state (only one frequency) and to provide corrections for free energies.

As shown in Figure S1, there are three steps for the structural transformation from

CH3CF2CH2CHF2 and Li2 to CH2=CFCH=CHF, two molecules of LiF, and one mole-

cule of H2. The first step is the abstraction of F� by Li2 via transition state TS1 with an

energy barrier of 10.5 kcal mol�1. The second step is the abstraction of a proton by

Li2F via transition state TS2 with an energy barrier of 21.0 kcal mol�1. The third step is

the abstraction of F� and H+ by HLi2F coupled with the dissociation of a molecule of

H2 and twomolecules of LiF via transition state TS3 with an energy barrier of 24.1 kcal

mol�1. The DFT calculation results theoretically demonstrate the reaction mecha-

nism of Li metal and PVDF binder at room temperature ambient.

It is well known that during the first few cycles of LIBs, side chemical reactions take

place to form the SEI layer.48,49 In PC- and EC-based solvents with common inor-

ganic salts, such as LiPF6, electrolyte reduction occurs with a graphite electrode

<0.9 V and is accompanied by gassing.50 This process is called ‘‘battery formation.’’

Different gases, such as CH4,
51 C2H2,

15 C2H4,
52 C3H6,

52 CO,51 and CO2,
51,53,54 are

generated from the reduction of EC and PC solvents during the formation. H2 gas

can be generated if there are water impurities in the electrolyte,55 but water will

be consumed quickly and can no longer generate H2 after formation; thus, the H2

gas will be vented before resealing.56 To further eliminate the trace water impurities,

the fabricated cells in our experiments had been pre-cycled multiple times (SEI

already formed) with purging the cell simultaneously by high purity Ar (99.999%) car-

rier gas until no H2 signal is detected. After the possible interfering, H2 gas was

totally purged, the cell could be used for the Li dendrite detection experiment.
In Situ Experiments of Li Dendrite Detection and H2 Gas Capture with Polymer

Binder

It is important to prove that H2 gas comes from the reaction of dendrites and poly-

mer binder. In situ experiments were carried out through above platform as seen in

Figure 1A (optical image in Figures S2 and S3). LiFePO4-graphite and Li metal-

graphite are used as electrodes, respectively, to exclude the effect of LiFePO4 cath-

ode. Both graphite anodes contained PVDF and carbon black, which were pre-dried

by a vacuum drier, and the mass ratio of graphite:carbon black:PVDF was 8:1:1. The

distance between two electrodes was about 5 mm. The active anode and cathode

electrode area were both 3 cm2. The theoretical area capacity of graphite anode

was 1 mAh cm�2, and the charging current density was 1 mA cm�2 (equivalent to

1 C rate).

Figure 2A shows the cell voltage profile during charging. For the LiFePO4-graphite

cell, charging process starts from 0% SOC at 0 s, and Li dendrite growth was

observed at approximately 683 s. The cell voltage was approximately 3.6 V. Due

to the relatively high cell overpotential and more concentrated current density on

electrode edge (simulation of current density distribution in Figures S4–S6), Li is

more easily to be deposited on electrode edge, and Li dendrites start growing at

early charging state (�10% SOC). At the same time, a H2 gas signal was detected

(Figure 2B) by gas chromatography, and H2 bubbles were observed by optical mi-

croscopy (Video S1) simultaneously. No CO signal was detected during the Li

dendrite growth. Due to the resolution limitation of microscopy, the initial dendrite

can be smaller than 1 mm and forms much earlier than 683 s. For the Li-metal-

graphite cell, charging process also starts from 0% SOC at 0 s, and Li dendrite

growth was observed at approximately 472 s, while the cell voltage was
4 Joule 4, 1–16, August 19, 2020



Figure 2. In Situ Experiments of Li Dendrite Detection and H2 Gas Capture with Presence of Polymer Binder

(A) Voltage-time profiles of self-assembled LIBs (anode area of 3 cm2 and charge current of 3 mA).

(B) H2 gas was captured at 683 and 472 s for the two kinds of assembled LIBs through automatic gas chromatography detecting.

(C) Microscopy images of graphite anode surface during the charging process. The cell consists of a LiFePO4 cathode and graphite anode (with PVDF

binder).

(D) Microscopy images of graphite electrode surface during the charging process. The cell consists of a Li-metal electrode and graphite electrode (with

PVDF binder).
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approximately 0.3 V. H2 signal and bubbles were detected (Figure 2B) and observed

(Video S2) at that time.

Figure 2C shows optical images on graphite anode of LiFePO4-graphite cell at

different times and voltages. The Li dendrite continued to grow to micro-scale

size and were accompanied by H2 bubbles from 683 to 3,600 s. Figure 2D shows op-

tical images of Li-metal-graphite cell at different times and voltages. The same as
Joule 4, 1–16, August 19, 2020 5
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LiFePO4-graphite cell, with Li dendrites growing, H2 gas is generated from the root

of Li dendrites where metal react with polymer binder in graphite electrode and

gathered into big H2 bubbles. Above experimental results demonstrate that

whether in overcharge or normal charge conditions, H2 gas is immediately gener-

ated once Li dendrites start growing with presence of PVDF binder.

To further exclude the joule heat effect on Li metal-PVDF reaction during charging

caused by internal resistance, thermal simulation of the self-assembled cell was con-

ducted based on finite element method. The anode and cathode electrodes were

inserted in the electrolyte (Figure S7). The effective anode and cathode areas

were about 3 cm2, and the charging current was set as 3 mA (1 mA cm�2). The whole

charging process was about 1,900 s. Figure S8 shows the simulated temperature

variation of the cell from 0 to 1,900 s. During charging, the simulated maximum tem-

perature (Max), average temperature (Ave), and minimum temperature (Min)

increased at almost the same rate. The cell temperature variation in different areas

were almost the same, by �0.22 K from 0 to 1,900 s. Considering the ambient tem-

perature was about 20�C, the maximum temperature was about 20.22�C. Figure S9

shows the temperature field mapping of the cell at different time points. The tem-

perature near the LiFePO4 cathode was higher than that of the graphite anode as

more heat was emitted near the LiFePO4 cathode. It is obvious that the temperature

variation is very small and impossible to cause localized heat, thus affecting the

reaction.

A similar H2 gas generation process was observed for the assembled LiFePO4-

graphite cell with different polymer binders (SBR and CMC based, pre-dried by vac-

uum drier, graphite:carbon black:CMC:SBR = 90:4:3:3), as shown in Figure S10;

Video S3. For the LiFePO4-graphite cell (SBR and CMC based), charge process starts

from 0% SOC at 0s, and Li dendrite growth was observed at approximately 437 s,

while the cell voltage was approximately 3.5 V. The Li dendrite growth starting

time was shorter than that of LiFePO4-graphite cell (PVDF based), which may be

due to the higher reaction kinetic of SBR and CMC with Li metal than that of

PVDF. From Video S3, active materials on graphite anode continuously split off

with Li dendrites growing and H2 gas generation, as the SBR and CMC binder is

gradually consumed up with Li metal.
In Situ Experiments of Li Dendrite Detection without Polymer Binder

To exclude the interferences of electrolyte reduction and other substances, we

assembled another two LIBs (LiFePO4-Cu and LiFePO4-graphite cells) without any

polymer binder. The graphite and Cu foil anodes in both cells contain no polymer

binder, and the mass ratio of graphite:carbon black was 8:1. Figure 3A shows the

cells’ voltage profile during charging, both cells start from 0% SOC at 0 s. For

LiFePO4-graphite cell, Li dendrite growth was observed at 1,080 s, while the cell

voltage was about 3.6 V. The time interval was higher than that of LiFePO4-graphite

cell with polymer binder (Figure 2A) due to different selected areas for in situ obser-

vation. For LiFePO4-Cu cell, Li ions were directly plated on Cu foil surface to form Li

metal. However, due to the observation limitation of optical microscope, Li dendrite

growth (� 30 mm diameter) was observed at about 120 s while the cell voltage was

about 3.6 V. Figure 3B shows the H2 detection result. For both LiFePO4-graphite

and LiFePO4-Cu cells, no H2 gas signal was detected from 0 to 3,600 s, which means

no H2 gas was released. Figures 3C and 3D show the optical images of Li dendrite

growth on Cu foil of LiFePO4-Cu cell and graphite anode of LiFePO4-graphite cell

at different times and voltages, respectively. With Li dendrite growing, no H2 bubble
6 Joule 4, 1–16, August 19, 2020



Figure 3. In Situ Experiments of Li Dendrite Growth without Polymer Binder

(A) Voltage-time profiles of self-assembled LIBs (anode area of 3 cm2 and charge current of 3 mA).

(B) Automatic gas chromatography results show no H2 gas signal detected.

(C) Microscopy images of the Cu foil surface during the charging process. The cell consists of a LiFePO4 cathode and pure Cu foil current collector

(without polymer binder).

(D) Microscopy images of the graphite surface the charging process. The cell consists of a LiFePO4 cathode and graphite anode (without polymer

binder).
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was observed for both cells. The experimental videos can be seen in Videos S4

(LiFePO4-Cu) and S5 (LiFePO4-graphite).

Above experimental results demonstrate that during the charging process, even

though Li dendrites started growing, no H2 bubbles was observed or detected

with absence of polymer binder in anodes. The electrolyte (EC, EMC and PC) can still
Joule 4, 1–16, August 19, 2020 7
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maintain its chemical stability under above cell voltages57 and room temperature

ambient.58 The results also prove that the H2 bubbles come from the Li-metal binder

reaction, and the EC, EMC and PC electrolyte or other substances do not take part in

H2 gas generation.
The Theoretical Calculation of H2 Gas Generation and Size of Li Dendrite

It has been proved that the H2 gas comes from the reaction of metallic Li and poly-

mer binder. To understand how much H2 gas can be released for capture and the

corresponding size of Li dendrite formation in our experiment, here, we theoretically

calculate the amount of H2 gas. The metallic Li-PVDF reaction can be expressed by

the following equation:
–CH2 – CF2 + Li / LiF + –CH = CF– + 0.5H2
 (Equation 1)

Similarly, this dehydrofluorination reaction also occurs on the SBR and CMC-based

anode with H2 generation during overcharging. In our experiments, argon gas

continuously flows through the pipe with the flow rate pre-set to be 5 mL min�1 to

carry the mixed gases into gas chromatograph. The injection volume of the mixed

gases during one determination cycle was pre-set to be 1 mL. The extremely low sol-

ubility and dissolution rate of H2 in electrolyte benefit fast H2 diffusion.
59,60While the

H2 gas concentration reaches 500 ppm in the mixed gases during one determination

cycle, it can be detected by the gas chromatograph. Thus, the minimal H2 content

can be calculated to be 4.5 3 10�5 mg at room temperature (20�C) under one bar

pressure. This is equivalent to a Li-metal particle with a radius of �50 mm (approxi-

mately 2.8 3 10�4 mg) plated on the graphite anode, which can result in detectable

H2 generation by gas chromatography. In practice, the deposited Li will be distrib-

uted in different areas (Li saturated parts) on graphite anode. Thus, the actual size of

Li will be smaller than 50 mm. It is noted that the first H2 signal detected by gas chro-

matography is very important, which means Li metal starts growing. It can be re-

garded as an early warning indicator. In our experiments, the detection precision de-

pends on the detectable minimal H2 concentration by gas chromatography.
Overcharge Experiments of LIB Pack with H2 Gas Capture

To verify the efficacy of proposed H2 gas capture method in practical applications,

we conducted overcharge experiment of commercial battery pack. As shown in Fig-

ure 4A, the overcharge experiment of LiFePO4 battery pack was conducted in a real

BESS cabin environment (approximately 86 m3). The optical image of real experi-

mental environment is shown in Figure S11. Six gas sensors were arranged immedi-

ately above the pack to detect concentration changes of H2, CO, CO2, HCL, HF, and

SO2. Two high-resolution optical cameras were installed for observation from

different perspectives. A K-type thermocouple was attached to the upper surface

of the pack (the upper cover was removed) to measure the surface temperature.

Real-time gas detection was carried out under overcharge conditions with a constant

current of 0.5 C (172 A) on a fully charged LiFePO4 battery pack (8.8 kWh, consisting

of 32 single prismatic cells with aluminum package). The rated voltage of the battery

pack was 25.6 V. According to the calculation above, the theoretical H2 yield can

reach 4.48 g if the PVDF binder (3 wt % of graphite anode) in the LiFePO4 battery

pack completely reacts with the metallic Li. Taking the volume of the BESS cabin

into account, the H2 gas concentration will reach a theoretical value of approximately

52.09 mg m�3 (�580 ppm).

Figure 4B shows the voltage profile and pack surface temperature variation during

the charging process. The battery pack was continuously overcharged to fire
8 Joule 4, 1–16, August 19, 2020



Figure 4. Overcharge Experiment of a LiFePO4 Battery Pack (8.8 kWh) with Online Detection of

Six Gases in a Real BESS Cabin

(A) Illustration of the experimental environment in a real BESS cabin. Six gas (H2, CO, CO2, HF, HCL,

and SO2) sensors were set above the battery pack.

(B) Voltage profile and surface temperature variation of the LiFePO4 battery pack during

overcharging (charge current rate: 0.5 C).

(C) Gas concentration variation of six kinds of gas 0–1,800 s.

(D) Enlarged gas concentration curves 960–1,100 s.

(E) Optical image of LiFePO4 battery pack at different time. t1 = 0 s, the initial time of overcharge;

t2 = 990 s, H2 gas was detected; t3 = 1,425 s, smoke appearance; t4 = 1,570, fire explosion.
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explosion, which was approximately 43 V (1.68 times the rated voltage value). Here,

we select four special time points to better elaborate the developing process as t1,

t2, t3, and t4. t1 = 0 s stands for the initial charging start time point; t2 = 990 s stands

for the H2 detected time point; t3 = 1,425 s stands for the smoking appearance time

point; t4 = 1,570 s stands for the fire explosion time point. Concentration variations

of the six gases detected in our experiment are shown in Figures 4C and 4D. Fig-

ure 4E presents the optical images at different time points of t1–t4. The whole over-

charge process was recorded in Video S6.

The battery pack (100% SOC) was overcharged from 28.40 V at t1 (0 s) with an initial

surface temperature of 28.4�C (Figure 4B). With overcharging, Li dendrites continu-

ously grow on the graphite anode and react with the PVDF binder, thus generating

H2 gas. H2 overflowed through the safety valves of the aluminum battery packages

and was the first gas to be captured at early time point of t2 = 990 s, as seen from

Figure 4C. At this time point, no smoke was observed (Figure 4E), and the surface

temperature was just 35.6�C as seen in Figure 4B. At t3 time point of 1,425 s, a dense

column of smoke suddenly appeared (Figure 4E), gradually spreading to fill the

whole space of the cabin and blocking the camera, and the pack surface temperature

was only 55.8�C (Figure 4B). At t4 time point of 1,570 s, a fire explosion abruptly

occurred when the surface temperature was approximately 64.3�C. Then the surface

temperature dramatically increased to 548.7�C in approximately 80 s, and the whole

battery pack was completely burned (Figure 4E).

From the concentration variation curves as seen in Figure 4C, the concentration

value of H2, CO, and CO2 (the measurement ranges are 0–1,000, 0–1,000, and 0–

2,000 ppm, respectively) increased significantly from time point of t2 = 990 s (H2 de-

tected) to t3 = 1,425 s (dense smoke appeared). HCL, HF, and SO2 maintained their

values at zero for a fairly long time and slightly increased after the battery pack

caught fire at time point of t4 = 1,570 s. It is noted that H2 was captured 435 s before

smoke appearance and 580 s before the pack catching fire, thus providing precious

time for personnel evacuation and fire prevention.

For better comparison, the concentration variation curves (from 960 to 1,100 s) of

the six gases are enlarged (Figure 4D). Here, we set a consistent warning value

as 20 ppm for H2 and CO and 50 ppm increment value for CO2. H2 was the first

to be captured at 990 s, CO was the second one at 1,065 s, and CO2 was the third

one at 1,120 s (Figure 4C). It is obvious that the warning time of H2 is 75 s earlier

than CO and 130 s earlier than CO2. The time of the gas captured is the most

important parameter. The earlier to be captured, the more time will be reserved

for safety action, such as personnel evacuation and cutting off charger power. It

is worth noting that, when H2 was detected at 990 s, the surface temperature of

the pack remained very low (35.6�C), much lower than the common temperature

warning value of 60�C, which also reflects the unreliability of current battery safety

warning technique by surface temperature. In general, above results verify the su-

periority of H2 capture method than other five gases and surface temperature in

achieving early battery safety warning. It also proves the effectiveness of Li

dendrite growth detection by H2 gas capture. In our experiment, Li dendrites start

growing on graphite anode and reacting with polymer binder thus generating H2

gas much earlier than CO and other gas from SEI decomposition. That is why the

detection time of H2 is earlier than other gases. Considering the time delay of H2

gas aggregation and leakage from cell valve, the actual Li dendrite growth and H2

generation time inside battery should be much earlier than t2 (990 s).
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Cell venting time can affect the detection of H2 gas. The venting time of the first 12

cells is listed in Table S1. H2 was immediately captured at 990 s after the first cell

venting at 971 s. The H2 captured time is associated with the first venting time of

cells. Here, almost 10 min was reserved for early safety warning, which is long

enough for precautions, such as personnel evacuation and cutting off chargers.

The H2 capture method can also be applied to cells that have no safety valve, such as

pouch cells. Here, overcharging experimental of pouch cells was conducted to verify

the effect of H2 capture. The battery pack consists of 72 LiFePO4 pouch cells (48 Ah).

The rated voltage of the pack was 38.4 V, and the total energy capacity was 11.1 kWh.

The battery pack was overcharged at 0.5 C rate from 100% SOC. Figure S12A shows

the cells swelling and deformation from 0 to 2,500 s. With overcharging process,

deformation gets serious. As the package of pouch cell is made of aluminum plastic

materials, it is easy to be cracked or broken with cell swelling. After cracking, a dense

column of smoke is gradually spreading to fill the whole space of the cabin and block-

ing the camera. At about 2,319 s, a fire explosion abruptly occurred. Thermocouples

are placed on top, left, and right surface of battery pack. Figure S12B shows the tem-

perature variation during overcharging process. The surface temperature dramati-

cally increased to 600�C in approximately 50 s, and the whole battery pack was

completely burned. It is noted that when smoke appeared at 2,061 s, the surface tem-

perature was just about 40�C. Figure S12C shows concentration variation of H2 gas. It

is obvious that the concentration value of H2 (the measurement ranges are 0–1,000

ppm) increased significantly from time point of 1,485 s (H2 captured). H2 was

captured 576 s earlier than smoke appearance (at 2,061 s) and 834 s earlier the

pack catching fire (at 2,319 s). The time interval between H2 capture and thermal

runaway was 834 s, which is longer than prismatic cells with aluminum package.

In addition, to explore the H2 gas diffusion characteristic in BESS cabin, another

overcharge experiment was conducted on the same fully charged LiFePO4 battery

pack under a constant overcharge current of 0.5 C (172 A). H2 gas sensors were

directly mounted to the ceiling at 2-m intervals (named Hydrogen0, Hydrogen2,

and Hydrogen4), with Hydrogen0 mounted right above the overcharged pack. The

real experimental environment is shown in Figures S13 and S14, and the upper cover

remained. Similar to the former overcharge experiment, the whole process under-

went three phases (Figures S13C–S13F; Video S7): H2 capture, smoke appearance,

and fire explosion. The gas concentration variation curves of the H2 by the three sen-

sors are shown in Figure S13G (0–2,000 s) and enlarged in Figure S13H (980–1,120 s).

H2 was detected at 1,006 s by the Hydrogen0 detector, 46 s earlier than Hydrogen2,

83 s earlier than Hydrogen4, 639 s earlier than smoke appearance, and almost 780 s

earlier than fire explosion.

Results demonstrate that the H2 gas diffusion along horizontal direction will cause

detection time delay. In practical application, H2 sensor cannot be guaranteed to

install right above the accidental battery pack, so several H2 sensors are needed

to cover the protected BESS area. For standard BESS cabin with length of 12 m, at

least six H2 gas sensors are necessary. For an electric vehicle with length variation

from 4-6 m, two or three H2 gas sensors are sufficient.

Safety Warning Experiments of LIBs Battery Cluster with H2 Gas Capture

In real BESS condition, a crowd of battery packs connected to form a battery cluster

for higher capacity. The H2 gas detection environment will be more severe as other

battery packs will cause physical blocking for gas diffusion. To further study the

effectiveness of H2 gas capture and safety warning under real-operating condition
Joule 4, 1–16, August 19, 2020 11



Figure 5. Safety Warning Experiment of a LiFePO4 Battery Cluster (9 Battery Packs, 79.2 kWh)

with H2 Gas Capture

(A) Illustration of the experimental environment in a real BESS cabin, and three H2 gas sensors were

set at varying distances.

(B) Voltage profile and surface temperature variation of the LiFePO4 battery cluster during

overcharging (charge current rate: 0.5 C).

(C) H2 gas concentration variation curves of three sensors 0–2,500 s.

(D) Enlarged H2 gas concentration variation curves of three sensors 900–1,150 s.

(E) Optical image at the initial time of t1 = 0 s and t2 = 994 s when H2 gas was captured and the

charging process was stopped.
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(battery pack fully stacked), here, we carried out a safety warning experiment

involving nine fully charged LiFePO4 battery packs (79.2 kWh and consisting of

288 single cells) in the BESS cabin, as shown in Figure 5A (optical image can be

seen in Figure S15), to explore whether H2 diffusion would be hindered by other

packs. The packs were put in three layers to simulate the real-operating conditions

with more sufficient heat accumulation and shelter. Three H2 sensors named H2 (#0),

H2 (#2), and H2 (#4) were attached to the ceiling of the cabin at 2-m intervals, as

shown, with H2 (#0) attached right above the central pack.

The central battery pack was overcharged under a constant current of 0.5 C (172 A).

In addition, a K-type thermocouple was attached to the upper surface (under the
12 Joule 4, 1–16, August 19, 2020
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upper cover) of the overcharged pack. Figure 5B shows voltage profile and the pack

surface temperature variation during the whole process. Here, we select two special

time points to better elaborate the developing process as t1 and t2. t1 = 0 s stands for

the initial charging start time point with 100% SOC; t2 = 944 s stands for the first H2

detected time point by H2 (#0) sensor.

The overcharge process started at 0 s (t1) and was terminated as soon as H2 gas was de-

tected by the H2 (#0) sensor at 944 s (t2). From Figure 5B, the surface temperature of the

pack only increased from 33.4�C to a relatively low value of 51.9�C when H2 was first

captured at t2 and gradually tended to be stable once the charging process was termi-

nated, indicating that the heat accumulation inside the pack was suppressed as well.

Concentration variations of H2 gas detected by the three sensors are shown in Figure 5C

(0–2,500 s) and are enlarged in Figure 5D (900–1,150 s). With overcharging process, H2

gas diffused and was successively captured by H2 (#0) at 944 s, H2 (#2) at 985 s, and H2

(#4) at 1,115 s. Figure 5E shows the optical images at time points of t1 and t2. As shown,

neither smoke nor fire was observed (Video S8). By cutting off the charger power imme-

diately once H2 gas is captured, the Li dendrite growth process inside battery was pre-

vented from further dendrite-shorted accident, and heat accumulation can be instantly

suppressed in themeantime. The above experimental results indicate that even blocked

by other packs in a real BESS cabin, the H2 gas can still serve as an early warning indica-

tor. As presented in Figures 4 and 5, in practical application, the proposed H2 capture

method is utilized for safety warning based on reaction between Li-metal and polymer

binder. The purpose of Li dendrite detection here is to eliminate the occurrence of ther-

mal runaway as early as possible.

While for electric vehicles, commercial LIB may not rupture under fast charging and

low-temperature charging, so it might be difficult for the proposedmethod to detect

Li dendrite growth during fast charging or low-temperature charging in commercial

cells. If the commercial cells vent during fast charging or low-temperature charging,

the proposed H2 capture method works. Without venting, an effective solution is

embedding a small H2 sensor inside the battery for early Li dendrite detection. How-

ever, it will inevitably increase the cost.
DISCUSSION

We developed a sensitive detection method for Li dendrite growth in LIBs by H2 gas

capture for early safety warning. The smallest amount of metallic Li dendrites that

can be detected is only 2.8 3 10�4 mg. Through gas detection experiments with a

LiFePO4 battery pack in a real BESS cabin, H2 gas was found to be the most sensitive

gas for detection and was captured much earlier than the other five gases that were

detected online. A safety warning experiment with a LiFePO4 battery cluster verified

that even sheltered by other packs, H2 gas can still be detected in the early stage.

The Li dendrite growth and thermal accumulation process inside battery can be

totally prevented by cutting off the charger at the time H2 gas is captured, with

neither smoke nor fire observed. Our H2 gas capture technique provides an effective

detection method of micron-scale Li dendrite formation for early safety warning and

will improve the safety level of LIB systems.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Yi Cui (yicui@stanford.edu).
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Materials Availability

This study did not generate new unique reagents.

Date and Code Availability

This study did not generate or analyze(datasets or code).
Fabrication of the In Situ Experimental Platform

The in situ experimental platform includes three parts: self-assembled LIB cells, gas

chromatography, and optical microscopy. The self-assembled LIB cell consisted of a

cathode electrode, anode electrode, EC (35%), EMC (60%) and PC (5%) electrolyte,

and separator. All the above materials were sealed in a 20 mL glass bottle. A silicon

rubber plug with two through holes was used as the cap of the glass bottle. One hole

was connected with the argon carrier gas, and one hole was connected with the gas

chromatography instrument. Gas chromatography used as an automatic detection

model. The cathode (3 cm2) and anode (3 cm2) materials were pre-dried in a vacuum

oven for 48 h to remove moisture contamination. The charge current was 3 mA.
H2 Capture Process by Gas Chromatography Instrument

High purity argon (99.999%) is used as carrier gas with the flow rate pre-set to be 5

mL min�1. Argon gas continuously flows through the pipe to carry the mixed gases

generated by the assembled LIB into gas chromatograph for H2 capturing. The injec-

tion volume of the mixed gases during one determination cycle of gas chromatog-

raphy was pre-set to be 1 mL. The gas intake gate automatically closes after the

mixed gases (1 mL) are injected into gas chromatography. H2 gas concentration

should be at least 500 ppm in the mixed gases during one determination cycle for

the gas chromatograph to detect.
Parameters of the LiFePO4 Battery Pack

The LiFePO4 battery pack used here consisted of 32 single cells. The rated voltage is

25.6 V, and the rated capacity is 8.8 kWh. The electrolyte inside the battery pack is

EC (35%), EMC (60%) and PC (5%). The anode electrode contains graphite, PVDF,

and carbon black, and the mass ratio of graphite:carbon black:PVDF is 90:7:3.
Calculation of Li-Metal Particle Diameter While Sensing H2 Gas

The H2 concentration should be at least 500 ppm in the mixed gases generated by

the assembled LIB to be detected during one determination cycle with the gas chro-

matograph. The injection volume of themixed gases during one determination cycle

of gas chromatography was pre-set to be 1 mL. The metallic Li involved in the reac-

tion (Equation 1) should be at least 2.863 10�4 mg (4.093 10�5 mol), indicating that

approximately 4.09 3 10�5 mol Li ions from the cathode (Equation 2) are reduced

into a metallic state (Equation 3) on the graphite anode during overcharging:
LiFePO4 – xLi+ – xe– / xFePO4 + (1 – x)LiFePO4
 (Equation 2)
xLi+ + xe– / xLi
 (Equation 3)

The number of electrons involved in this reduction reaction is calculated to be 2.463

1019 (4.09 3 10�5 mol 3 6.02 3 1023$mol�1), which is 3.94 C (or 1.09 mAh). This is

equivalent to a Li-metal particle with a radius of �50 mm plated on the graphite

anode.
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