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HIGHLIGHTS

e Combined ARC and DSC to link small-scale Li-electrolyte reactions with full-cell thermal runaway in NCM811/Cu AFLMBs.
e Thermal runaway of AFLMBs is more severe at higher SOC, higher C-rate, and after cycling.
e LHCE forms a dense, LiF-rich SEI that postpones exotherms and lowers the max heating rate compared with LP40.

ABSTRACT

During battery safety tests, there is a typical discrepancy between small-scale coin cells and large-format pouch cells. Academic studies usually employ small-scale
coin cells using differential scanning calorimetry (DSC) for fundamental understanding, whereas industry relies on large-scale cells using accelerating rate calo-
rimetry (ARC) to evaluate safety risks, leading to a critical knowledge gap in translating lab-scale findings to practical applications. In this work, we assessed the
safety of anode free lithium metal batteries (AFLMBs) for both large and small scales by comparing DSC and ARC. The higher state of charge (SOC) and cycling
numbers will reduce AFLMB safety, and higher charge rates tend to form a more reactive lithium metal anode. The passivation effect of solid electrolyte interphase
(SEI) on deposited lithium can reduce the self-heating temperature rate of the battery after cycling. This work bridges the understanding of AFLMBs' safety from small
scale to large scales, which will greatly benefit the knowledge translation between academia and industry.

1. Introduction

Anode free lithium metal batteries (AFLMBs) are promising candi-
dates for the next-generation lithium-based batteries due to their higher
energy density and low manufacturing costs [1,2]. However, their
commercialization is hindered by short cycle life and safety concerns
related to thermal runaway that are exacerbated by dendrite growth,
electrolyte instability, and thermal incompatibility between compo-
nents [3,4]. Before developing battery safety related electro-
de/electrolyte modification and interface engineering strategies, a
rational and standardized approach to evaluate the battery safety and
quantify the thermal runaway is a prerequisite for improving thermo-
dynamic safety performance for AFLMBs. In many thermal performance
tests, the thermal runaway measurement of batteries is simulated by
destructive and extreme condition tests [5-7]. Although the simulation
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of battery failure has approached the actual application scenarios, the
battery state condition used for battery safety tests lacks a reliable and
consistent benchmark. Besides, there are gaps between the under-
standing and testing of battery safety on an industrial scale and that on a
laboratory scale. These gaps are derived from (1) differences in cell
formats (pouch or cylindrical cells for industry, coin cells for labora-
tory), and (2) differences in measurement methods, for examples, nail
penetration (NP) or accelerating rate calorimetry (ARC) for industry and
differential scanning calorimetry (DSC) for laboratory [8-10]. As a
result, different thermal runaway evaluation methods are often applied
to different types of cells. However, there is a certain preference for the
reliability of data obtained when using the same method to test different
battery stages. Therefore, for a more comprehensive assessment of bat-
tery safety, a detailed thermal analysis protocol is also required in
addition to the benchmark of the state conditions of the battery to be
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tested.

Current safety evaluation methods regarding thermal runaway
include NP (commonly used for cylindrical cells and pouch cells) [11,
12], ARC (for pouch cells) [3,13], and DSC (for laboratory-scale battery
components) [14,15]. The NP based on abuse tests exhibits poor
repeatability, as microscopic structural inconsistencies may lead to
different rates of thermal propagation at different probing positions.
Furthermore, such penetration often induces different types of internal
short circuits and makes it difficult to pinpoint the initiation site of
thermal runaway, thus limiting its reliability for systematic studies [5,
11,16]. ARC and DSC have emerged as two promising thermodynamic
assessment techniques to evaluate not only the heat generation and
exothermic reactions in lithium batteries but also the thermal compat-
ibility between battery components [15,17,18]. However, these two
methods are limited by the battery cell format. ARC is the industry
standard for cell-level safety, integrating all coupled thermal and gas
evolution processes. Thus, it is hard to identify the specific contributions
of individual battery components, especially in pouch cells, for which
the burst of thermal runaway is a collection of enthalpy changes of many
micro-short circuits [19,20]. DSC excels in laboratory mechanistic
studies, providing a more accessible approach to evaluate the reaction
enthalpy and phase transitions of small size battery components. It is
conducted under controlled, small-scale, and typically inert conditions,
but real-world hazards (runaway onset, peak temperature) as measured
by ARC are typically understated by DSC alone [21,22]. Therefore, the
knowledge gap between these two techniques lies in the interaction
between the heat release of micro-short circuit and total thermal
runaway of the integral device and correlation of evaluation indicators,
which makes the understanding and quantification of thermal runaway
remain stagnant.

In this work, we first compare the working principle, temperature
indicators, and pros and cons of three common thermal analysis
methods (NP, ARC, and DSC). Thermal stability between the cycled
lithium metal anode and electrolyte is assessed with DSC, while the
thermal runaway tests of AFLMB pouch cells are performed with ARC.
We study the effects of state of charge (SOC), cycling number, and
electrolyte recipes on AFLMB battery safety. By analyzing the onset
temperature of DSC and temperature rate (dT/dt) of ARC, it can be
found that different solid electrolyte interphases (SEIs) derived from
different electrolytes can affect the thermal stability of deposited Li,
resulting in different thermal runaway paths and maximum tempera-
tures. Through the ARC-DSC combined diagnosis, we find that local high
concentration electrolyte (LiFS:DME:TTE = 1:1.2:3 by mol, denoted as
LHCE) improves the thermal stability of the battery via the passivation
of deposited Li by SEI. Furthermore, the morphology and surface
composition of the anode before and after cycling is studied via scanning
electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS).
It reveals that the SEI derived from LHCE can passivate Li metal and
generate a more uniform lithium deposition. While the deposited
lithium in the 1M LiPFg in EC/DEC (1/1, v/v) (denoted as LP40) elec-
trolyte was much more dendritic, especially after cycling at high current
densities, leading to a change in reactivity of lithium. Consequently, in
safety tests of different battery systems, the ARC-DSC combined diag-
nosis explains the safety difference between lithium ion and anode free
batteries.

2. Results and discussions
2.1. Comparison of battery safety test methods

There are many types of thermal analysis experiments for assessing
battery safety. NP, ARC, and DSC are intensively applied in both in-
dustry and academia. NP and ARC are mostly used for large-scale pouch
cells, while the DSC is used to study the thermal stability of single/
multiple components in batteries. These battery safety data are usually
collected independently, without cross-comparison, due to the
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knowledge gap of the scale effect. As shown in Fig. 1a, nail penetration
experiments are applied to simulate an internal short circuit by inserting
a nail into the pouch cell, which will lead to a rapid temperature rise and
potentially thermal runaway. The temperature sensor is usually
embedded in the tip of the nail, providing localized heat generation
during penetration. Although it is widely used as a crucial test in the
battery industry, the repeatability of this test is poor [12]. Even with
automated equipment, the detected peak temperature will vary greatly
based on the nail penetration position, needle angle (vertical or in-
clined), and penetration speed.

ARC tests measure the thermal stability and thermal runaway (TR)
characteristics of a pouch cell with heat-wait-search (HWS) mode under
adiabatic conditions. It can determine the onset and peak temperature of
thermal runaway and analyze self-heating rates. The HWS system
compares the heating rate to find whether there is an exothermic reac-
tion. If not, it actively heats a temperature gradient until the exothermic
reaction is detected [13]. As shown in Fig. 1b, the onset temperature (T1,
the point first exit the HWS mode), the critical point of self-heating (T5,
when dT/dt = 10 °C min~?), and the highest temperature of thermal
runaway (T3 or Tpax) can be determined, which defined three stages for
thermal runaway process [7,23-26]. The data of ARC can be plotted as
both temperature dependence on time and self-heating rate dependance
on temperature. From the plot of tempereature rate vs temperature, we
can clearly define three stages. In stage I, the instrument is in HWS
mode, and self-heating has not occurred. In stage II, thermal-induced
side reactions cause self-heating, and heat accumulates gradually. In
stage III, the thermal runaway process is caused by direct reaction of the
cathode and anode or short-circuiting of the cell that releases a large
amount of joule heat [27,28]. Since ARC measures self-heating rates
under adiabatic conditions, it primarily detects exothermic reactions
that drive thermal runaway.

The DSC test (Fig. 1c) is used to characterize the thermodynamic
properties of a substance by measuring the heat flow between the
sample and the reference. Since there is no heat transfer between the
sample and reference, DSC is of relatively high accuracy and repeat-
ability in quantitative calculations. Compared with ARC, DSC uses
continuous external heating to detect thermodynamic behavior in the
crucible, which is a kind of steady-state thermal analysis technique. The
data from DSC can reflect the onset temperature of exothermic/endo-
thermic reaction (Topser), the peak temperature of heat flow (Tp), the
reaction ending temperature (T,), and the enthalpy change represented
by the peak area (AH). Since this information is from typical thermo-
dynamic tests, they are more reliable in characterizing the exothermic
reaction or endothermic reaction process of the electrode. However,
DSC is more concerned with chemical reactions instead of electro-
chemical reactions and is limited by a small test scale, making it difficult
to characterize the safety of large batteries. For instance, with batteries
assembled of the same material, the effects of different stacking pro-
cesses and cell forms on thermal runaway are difficult to distinguish by
DSC [3].

Comparing these methods, the NP simulates internal short circuits
with direct mechanical abuse, providing realistic failure data quickly
(seconds to minutes). However, it lacks a controlled thermal environ-
ment and is destructive. ARC offers precise thermal runaway analysis
under adiabatic conditions, capturing self-heating rates and onset tem-
peratures, yet it is slow (hours to days) and limited to thermal triggers.
DSC excels in material-level thermal analysis (e.g., electrolyte decom-
position) with fast, high-resolution heat-flow data, but its small sample
size and non-adiabatic conditions underestimate full-cell risks. Fig. 1d
and Tables S1-S3 summarize the key parameters of three techniques in
characterizing thermal runaway of lithium-ion batteries, lithium metal
batteries and anode-free lithium batteries. For the nail penetration
experiment, the index of the maximum temperature of the NCM/Gr
battery shows a large temperature range (400-1000 °C), similar to Tpax
obtained in the ARC test, indicating that the repeatability of these two
experiments is poor. Besides, the average value of the Tpax from nail
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Fig. 1. Schematics of three different thermal analysis measurements, including nail penetration, ARC, and DSC. (a) Nail penetration setup for data collection.
The temperature signal is significantly affected by the location, depth, and rate of the probe. (b) ARC setup and the battery safety information that can be extracted
from ARC test curves. (c) DSC setup and the thermodynamic information that can be extracted from DSC test curves. (d) Comparison of safety parameters of different
lithium batteries using ARC, DSC and nail penetration. Data using pouch cells data that come from Tables S1-S3. In the ARC section, a comparison was made between
lithium-ion batteries (NCM/graphite), lithium metal batteries (NCM/Li), and Anode-free batteries (NCM/AF). In the DSC section, the parameters of the first
exothermic peak among different components, for example anode plus electrolyte (Li + Ele) and cathode plus electrolyte (NCM + Ele), were summarized. (e) Scale
effect of battery safety test. The pouch cells are usually used in the nail penetration and ARC test. The coin cells are used in the DSC test.

penetration is lower than the that of ARC, since the nail penetration test
is not in a adiabatic condition and characterizes local short-circuit heat
release, while ARC represents thermal runaway heat release throughout
the entire battery package. Therefore, ARC is relatively more accurate
than nail penetration. Notably, anode free cells show higher Topser and
lower Tpax than the NCM/Gr cells and NCM/Li cells. For the DSC test,
the onset temperature of reaction between Li metal and electrolyte is
lower and closer to the Tonset of ARC measurement. This demonstrates
that metallic lithium may be an important factor influencing the onset
and maximum temperature of thermal runaway, but the specific causes
and pathways of thermal runaway are difficult to analyze by one single
testing technique.

Both ARC and DSC can be operated on either materials or cells.
However, ARC only uses external heat source when in HWS mode. The
subsequent reactions are driven only by the heat released from onset
reactions, making it ideal for evaluating the intrinsic thermal stability
and abuse tolerance of energy storage devices. In contrast, DSC
continuously heats the sample with an external source and activates
reactions once a sufficient temperature is reached, so it is better suited
for identifying and quantifying battery side reactions. To better under-
stand battery safety of AFLMBs, the configuration parameters of the
pouch cell can be simulated into the coin cell to achieve exothermic
diagnosis, due to the uniformity of materials and structures (Fig. 1e).
However, the scale effect within pouch cells and button cells can cause a
huge difference in thermal failure. For example, in pouch cells, the
electrode area and stacking pressure (0.2-1.4 MPa) of the electrode
sheets are higher than those of coin cells (10-100 kPa) [29,30]. Quantity

of electrolyte in coin cells is difficult to control due to the large dead
volume, while the electrolyte/capacity (E/C) ratio of pouch cells is
controlled to be 3 g/Ah. This means that the heat required to raise the
temperature of a coin cell by one degree will be higher than that of a
pouch cell. Furthermore, the limitations of thermal analysis techniques
expand the scale effect. For example, ARC can not pinpoint the local
reaction of thermal runaway, like Li reaction with electrolyte and SEI
decomposition. While DSC can only monitor chemical processes instead
of electrochemical processes. Understanding these differences is
particularly important for optimizing battery safety evaluation.

2.2. The SOC effects in thermal runaway

Since the thermal stability of a battery depends strongly on its SOC
[31], the SOC effect on battery safety of NCM811/Cu AFLMBs using
LP40 electrolyte was first investigated by using different measurement
techniques. The 2Ah pouch cells were assembled for ARC tests. Fig. 2a—c
shows the temperature, voltage, and temperature rate profiles of the
NCMS811/Cu pouch cells at 0, 50 %, and 100 % SOC for the ARC test. As
shown in Fig. 2a—c, the onset temperature of the 100 %-SOC cell is about
61.5 °C (T;), where self-heating begins to accumulate heat. When the
cell temperature reached about 162.5 °C (T2), the temperature rate
increased to 10 °C min!, indicating that the heat generated by
self-heating has accumulated to a certain extent and triggered thermal
runaway. The thermal runaway temperature rate started to rise more
quickly. And it reaches its maximum temperature (T3) at 437.9 °C. The
cell voltage began to decrease instantly to almost OV (Fig. 2b), and an
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Fig. 2. State of charge effect on the safety of anode-free Li metal batteries. (a) The temperature profile with test time of the ARC test of the NCM811/Cu pouch
cell (2 Ah) at different SOCs with 1M LiPF EC-DEC (1/1, v/v), i.e. LP40 electrolyte. (b) Voltage profile with test time and (c) temperature rate profile. (d) Digital
photos of the disassembled anode from NCM811/Cu anode free battery under 0 % SOC, 50 % SOC, and 100 % SOC. (e) DSC profiles of NCM811/Cu micro-coin cell
under different SOCs without a separator in LP40 electrolyte. The table shows the corresponding setup parameters. The capacity loading of NMC811 is 0.674 mAh/g.
(f) Related thermodynamic parameters and total enthalpy change of the NCM811/Cu micro-coin cell from DSC.

obvious thermal runaway occurred, reaching a temperature rise rate of
about 13700 °C min . For the cell of 50 % SOC, as shown in F ig. 2¢, it
exited HWS-mode after 115 min at about 72.1 °C for the first time, and
after about 350 min of self-heating, it returned to HWS mode again.
When the cell was heated to 120 °C, it exited HWS-mode the second time
and constantly heated itself, until finally reaching the maximum tem-
perature of 288 °C, at which time short-circuiting occurred, and the
voltage dropped to almost 0 V. Fig. S1 summarized the T3 and maximum
dT/dt changes with increasing SOC. Notably, the dT/dt of 50 % SOC and
0 % SOC cells were much lower (less than 10 °C min’l) than that of 100
% cell, which means they experience very little or even no thermal
runaway. Therefore, in AFLMB cells, higher SOC is going to cause higher
T3 and self-heating rate.

As a complement, the NCM811/Cu micro-coin cells in different SOCs
were characterized by DSC. After the coin cell was charged to the
specified SOC, it was disassembled to obtain a cycled cathode and anode
(Fig. 2d), and then further assembled into a micro-coin cell without a
separator in a DSC crucible. Notably, as shown in Fig. 2e, the 100 % SOC
cell exhibits an exothermic peak at around 160 °C. It can be assigned to
the oxygen release and NCM811 decomposition [32,33]. However, no
significant exothermic peaks were observed in the 50 % SOC cell and 0
% SOC cell, which was consistent with the ARC results. Besides, the
endothermic peaks at 240 °C and 260 °C, and the exothermal peak at
around 250 °C are attributed to the reaction between the cathode ma-
terial and the electrolyte (Fig. S2). From the corresponding parameters
from Fig. 2f, the onset temperature of the 100 % SOC cell is significantly
lower than that of the 50 % SOC and 0 % SOC cells, which means that the

100 % SOC battery has a more violent exothermic reaction. In addition,
the total enthalpy change of the 100 % SOC cell is 0.33 J mg ™! higher
than the 50 % SOC (0.32 J mg™1) and 0 % SOC cells (0.16 J mg ™). When
considering the separator, as shown in Fig. S3, the exothermic peak of
oxygen release is suppressed, accompanied by a higher enthalpy change
(0.63J mg_1 for 100 % SOC) that varies with SOCs. This is because the
separator acts as a physical barrier between the cathode and the anode,
which in turn alters both heat and mass transfer. The separator layer
adds additional thermal resistance and contributes to thermal spreading,
slowing the local temperature rise and weakening the positive feedback
between oxygen evolution and exothermic reactions. Compared with the
ARC and DSC (Table S3), the detection results of DSC and ARC on the
thermal runaway reaction caused by the SOC effect are consistent. The
heat release in the battery showed a positive correlation with the in-
crease in SOC. Both ARC and DSC results confirmed the dependence of
the thermal stability of cells on SOCs and that cells with higher SOCs
have lower onset temperature and much higher temperature rate during
thermal runaway, meaning that fully charged cells have much more
severe safety concerns [34].

2.3. Electrolyte and cycle number effects on battery safety

We further measured the changes in the thermal properties of
AFLMBs with different cycle numbers and electrolytes by using ARC and
DSC techniques. The thermal stability of NCM811/Cu pouch cell fully
charged at C/10 using LP40 electrolyte after 1 cycle and 20 cycles were
compared. For both electrolytes, a higher cycle number is going to
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increase the T3 of thermal runaway, which is consistent with Li ion
batteries. As shown in the DSC profiles (Fig. 3a), the 1-cycle cell of LP40
shows a significant peak at around 180 °C, which can be derived from
the direct reaction of melted lithium metal with electrolyte (Li-electro-
lyte) [35]. After that, a shoulder peak at around 240 °C indicates the
electrolyte decomposition. While the LHCE cell exhibits an endothermic
peak that can be assigned to Li melting at 180 °C, and begins to react
with the electrolyte at around 228 °C. In Fig. S4a, we performed the DSC
test of pure LP40 electrolyte. Compared to the data in Fig. 3a and b, the
peaks at around 260 °C and 335 °C can be assigned to electrolyte
decomposition [36]. For the 20-cycle cell in Fig. 3b, the Li-electrolyte
reaction of LP40 occurs earlier at around 140 °C. And peaks at around
238.5 °C and 262.5 °C are derived from the decomposition reaction of
the electrolyte. Compared with the thermal properties of the cell with
LP40 electrolyte, the cell with LHCE exhibits lower enthalpy changes
and a postponed starting point of exothermic reaction. Notably, the re-
action of Li and electrolyte occurred after Li melting in all LHCE cells.
This is because the SEI formed by LHCE is denser and inorganic-rich.
Even if there is a slight SEI breakdown and regeneration before Li
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melts, the net reaction rate of the lithium electrolyte and the related heat
release remain relatively low and cannot contribute to a peak in the DSC
curve. After Li melts, the interfacial wettability is enhanced, the specific
surface area and the mass transfer rate increase, inducing a more severe
Li-electrolyte reaction. However, LP40 tends to form a less dense, more
organic/porous SEI that is less protective, so significant Li electrolyte
reaction can already occur when Li is still solid, leading to earlier onset
and faster growth of self-heating, which indicating the properties of the
SEI play a crucial role in controlling the reactivity of Li with the
electrolyte.

Fig. 3c—d shows the temperature and temperature rate profiles of the
1-cycle cells. The LHCE cell reached its maximum temperature (Ts:
494.8 °C) after ~700 min, while the cell with LP40 electrolyte reached
T3 (437.9 °C) at ~410 min. From the temperature rate changes (Fig. 3d),
the T; and T of the 1-cycle LP40 cell are about 63.9 °C and 162.5 °C,
while for the LHCE cell, they are 53.3 °C and 176.9 °C, indicating that
although the onset temperature of LHCE is lower, the intensity of its
thermal runaway process is less than that of LP40. This can also be re-
flected in the temperature rate. The maximum temperature rate of LHCE
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Fig. 3. Electrolyte and cycle number effect on the safety of cycled Li metal anode and anode-free Li metal pouch cells (2Ah). (a) DSC profiles of LP40 and
LHCE electrolyte with Li deposited Cu foil under C/10 rate after 1 cycle. (b) DSC profiles of LP40 and LHCE electrolyte with Li deposited Cu foil under C/10 rate after
20 cycles. (c) The temperature and voltage profile of the ARC test of the NCM811/Cu full cell after 1 cycle with LP40 and LHCE electrolyte under C/10 rate. (d)
Corresponding temperature rate profile with temperature for 1 cycle cells. (e) The temperature and voltage profile of the ARC test of the NCM811/Cu cell after 20
cycles with LP40 and LHCE electrolyte under C/10 rate. (f) Corresponding temperature rate profile with temperature for 20 cycles cells. All the ARC and DSC tests are

performed under 100 % SOC and C/10 charging rate.
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(7361 °C min 1) is significantly lower than that of LP40 (13701 °C
min~1). For the 20-cycle cells in Fig. 3e, the maximum temperature of
the LP40 cell was 540 °C at 220 min, while the LHCE cell did not reach a
maximum temperature of 512.5 °C until 740 min. Under condition of 20
cycles in Fig. 3f, the LP40 cell shows lower T; (48 °C) and T; (152 °C)
than that of LHCE (T;: 68.8 °C, To: 182.3 °C), but higher maximum
temperature rate of 18434 °C min ! than that of LHCE (6143 °C min ™).
Fig. S5 compares the variation degree of key parameters of thermal
runaway caused by aging in different electrolytes. It can be seen that the
changes of LHCE batteries at the highest temperature T3 and the highest
temperature rate dT/dt after long cycles are significantly weaker than
those of LP40 batteries. These results indicate that LHCE can effectively
passivate Li and mitigate the severity of thermal runaway.

For a better understanding of battery safety between coin and pouch
cells, we plotted DSC and ARC data with the same temperature scale. In
ARC test data analysis, the T; value is usually treated as the temperature
where self-heating begins (e.g., SEI decomposition). However, the Ty;.
elect caused by thermal decomposition of SEI in DSC is much higher than
the derived Ty, close to that of T5. As shown in Fig. 4a, for the 20-cycled
cell with LP40 electrolyte, the change in heat flow begins to increase as
early as 50 °C. At this point, it is when the self-heating stage begins for
the first time in the ARC. The SEI formed by the LP40 electrolyte after
cycling has poor thermal stability, since the heat released by self-heating
will cause the continuous decomposition of the SEI, thereby leading to a
continuous increase in the heat flow in the DSC. While this situation does
not happen for the 1-cycle cell due to insufficient SEI. Notably, for the 1-
cycle cell, the temperature at which lithium begins to react directly with
the electrolyte in DSC corresponds to the critical temperature point (T3)
of the ARC, while the same reaction occurs in advance in 20-cycle cells.
These differences caused by SEI are usually difficult to detect from the
assessment of ARC. In Fig. 4b, it can be seen from the DSC curve of the
LHCE cell that during the early heating process, the 20-cycle cell
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experienced a small temperature fluctuation, since the SEI formed by the
LHCE can stabilize heat release to a certain extent.

Considering these results of ARC and DSC and the existing literature,
[13,23,37,38] the thermal runaway process of cells with LP40 and LHCE
after cycling can be depicted as Fig. 4c-d. When the battery starts the
self-heating stage, the heat generated by self-discharge drives the
decomposition of the SEI. In the LP40 cells, the decomposition product
of LiPFg (PFs5) undergoes reactions with Li,O and Li;CO3 in the SEI to
form inorganic components [23]. The decomposition of the SEI further
leads to the reaction between the electrolyte and dendrite lithium,
generating a large amount of heat. Subsequently, the battery enters a
rapid internal short circuit stage, intensifying thermal runaway and
inducing decomposition of the cathode and electrolyte as well as
oxidation reactions of residual organic products. For the LHCE cells
(Fig. 4d), the decomposition of SEI is not accompanied by a severe re-
action between Li and electrolyte, but rather generate more inorganic
components to alleviate the Li-electrolyte reaction. A large amount of
heat release does not occur until Li melts. The SEI delays the premature
reaction of Li with the electrolyte and further generates
fluorine-containing components with high thermal stability in the sub-
sequent process. The thermal behavior of the battery in ARC also shows
the same trend, which enters the HWS mode multiple times after leaving
it for the first time, indicating that the SEI passivates heat transfer during
the self-heating stage of the battery. This is the reason the LHCE cells
show higher thermal stability than the LP40 cells.

2.4. Impact of charging rate on anode morphology and DSC results

For anode free batteries, lithium sources all came from the cathode,
whose deposition morphology and reactivity on the copper collector
determined the thermal runaway self-heating route [3]. Besides, the
decay of the cell mainly originated from degradation at the anode, which
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determined the battery safety. Therefore, the thermal properties of
deposited Li under different rates after 20 cycles in LP40 electrolyte
were measured by DSC as shown in Fig. 5a. The impact of increasing the
charging rate indicates that the starting points of all reactions are
advanced, which is consistent with the 1-cycle cells (Fig. S6a) [35]. The
initial columbic efficiencies and discharge capacity of these cells
decayed rapidly in the first 20 cycles at different rates (Figure S7a and
Figure S8). Compared with the capacity loss of cells under C/3
(Table S5), the AFLMB with LP40 electrolyte undergoes more capacity
loss as the increase of current density. The inefficiency in plating and
stripping caused the continuous formation of highly dendritic and
reactive lithium, which may lead to a higher self-heating rate. Fig. 5b—c
shows the morphology of the deposited lithium anode in LP40 electro-
lyte after cycling under a current density of C/3 and C/10. The SEM
grayscale standard deviation (StdDev) was further adopted to charac-
terize the surface roughness index of the electrode.Compared with the
1-cycle cell (Fig. S9), after 20 cycles, the anode under both C/3 and C/10
became a lot more dendritic. Moreover, with the increase of current
density, the StdDev value increases, which means the deposition
morphology of the anode became more and more disordered and more
lithium dendrites formed. In terms of deposition thickness (Fig. 5d), for
the LP40 electrolyte, lower current density tends to form a denser and
thicker lithium metal layer, while high current density shows a
mixed-phase dendritic-based deposition layer, which is consistent with
the capacity loss trend. This is because the formation of dendrites can
block the continued deposition of reversible lithium metal under high
current density.

In comparison, as shown in Fig. 5e and Fig. S6b, the current density
has a more significant impact on the safety of the battery with LHCE.
With the decrease of the current density, the total enthalpy change in
LHCE cells decreases significantly. In addition, no exothermic reaction
between lithium and the LHCE was observed before the lithium melting
peak. From the battery performance, the capacities of the LHCE cells
were much steadier (Fig. S7b). The initial columbic efficiencies were
97.1 %, 96.19 % and 95.25 % for the cells cycled at C/10, C/6, and C/3,
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respectively. The average CE of cells was much higher (>97 %) than that
of LP40 cells. Besides, LHCE shows less capacity loss than LP40 elec-
trolyte while maintaining high capacity (Fig. S10). The thermal analysis
and battery performance indicate that the LHCE electrolyte has a much
higher compatibility with deposited lithium. The deposited lithium an-
odes in LHCE (Fig. 5f-g and Fig. S11) were further characterized. It can
be found that the size of the granules increased with decreasing current
density, while StdDev value decreased, indicating a more uniform sur-
face. Combined with the result from the LP40 anode, the electro-
deposited lithium under high current density has a smaller size and a
rougher surface and tends to release more heat due to its higher reac-
tivity (as shown in Fig. S12a). Correlate the deposition thickness and
total enthalpy changes (Fig. 5d and h, Figure S12b), the deposition
thickness under C/10 is thinner than that formed under higher current
density in LHCE cells, which is opposite with LP40 cells. However, the
deposition thickness is positively correlated with the total enthalpy
changes. This reflects that the morphological roughness and thickness of
the deposited lithium surface will affect its reactivity and thermal sta-
bility with the electrolyte. Smaller size, higher roughness and thicker
deposition thickness will lead to higher heat release.

In addition to the lithium deposition, the composition and uniformity
of SEI have a great effect on the deposition of lithium. Both can increase
concentration gradients of lithium ions, which may result in dendritic
growth of lithium before the bulk electrolyte diffusion limitation and
cause cell failure [39]. The XPS was used to study the elemental
composition of the surface of the anodes obtained from the disassembled
cells. In Fig. S13a, for a 1-cycle anode with LP40 electrolyte, the cells
showed inorganic species such as LiF (at about 684.2 eV) and LixPOyF,
(at about 686.2 eV), which may be due to decomposition of LiPFg. In C
1s spectra of Fig. S13b, peaks of C-C (285.0 eV), C-O (286.6 eV), O-C=0
(at about 288.8 eV), and poly(O-C=0) (at about 290.8 eV) can be
observed due to the decomposition of the carbonate solvents. After 20
cycles as shown in Fig. 5i, LiPFg (at about 688.4 eV from the F 1s peaks)
was detected. The binding energy of the Li,POyF, peak was decreased by
0.7 eV (685.5 eV) compared with 1-cycle anode. Besides, the binding

7; 40 Electrolyte
£ Li-electrolyte decompoeftion
2
E 2 —
: _ -
L o -/ M
T —C3
£ 0] — OB —1;:5-2 um
CH1o ¥
50 100 150 200 250 300 350 ——
Temperature (°C)
1 Fis o] ) o[cus LP40 kK e mee] | e LHCE
Li,PO,F. ; s . -
—~ LiF 0 o &
3 POy @ ce 3. LiF <:n‘ Cc-C
~ = c-0 S <
£ =y > 2 Cc-0
3 8 2 g
5 £ 5 NSO,-F 2 0-C=0
£ iPE £ |poly(0-C=0) £ o < = y
iPFg O-C= g poly(O-C=0)
690 683 686 684 682 680 292 200 288 286 284 282 690 688 686 684 682 291 289 287 285 283 281

Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV) Binding Energy (eV)

Fig. 5. Charging rate effect on battery safety of anode free Li metal batteries. (a) The DSC profile of NCM811/Cu coin cells with LP40 electrolyte after 20 cycles
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energy of peaks belonging to C-O (286.2 eV) and O-C=0 (288.4 eV)
were decreased as well after 20 cycles in Fig. 5j. These changes in peaks
indicate continuous decomposition of the electrolyte on the anode.

For the 1-cycle anodes with LHCE (Fig. S14), the SEI contains more
inorganic species compared to those with LP40 electrolyte. After 20
cycles, the content ratio of LiF on the LHCE in Fig. 5k and Fig. S15 was
much stronger, which is more thermally stable [40]. From the C 1s
spectra in Fig. 51, peaks of C-O and O-C=0 were decreased compared
with the anode using LP40 electrolyte. More lithium fluoride and
anion-based inorganic compounds were generated and became rela-
tively stable after SEI formation. This was likely due to the high con-
centration of LiFSI in the LHCE electrolyte, in which the solvation
structure of electrolytes was effectively altered with few free solvent
molecules. The anions participated in the solvation structure of Li ions
and desolvated on the anode, which rendered the inorganics-rich SEI
[41]. By correlating the inorganic LiF component and key parameters
from ARC as shown in Fig. S16, the influence of LiF content in SEI on the
thermal runaway process has been revealed. An increase in LiF per-
centage will raise T; and T, temperatures and reduce the maximum
temperature rate, which means that LiF in the SEI to some extent alle-
viates the severity of thermal runaway since its stable chemical prop-
erties can reduce the catalytic reactivity at the interface. Based on the
characterization of anode morphology and total enthalpy change anal-
ysis (Fig. S17), the LHCE derived SEI has better thermal stability and
lithium passivity compared to the LP40 derived SEI. When the current
density is C/10, LHCE tends to form a stable SEI due to relatively uni-
form lithium deposition. The more stable SEI passivates the reactivity of
deposited lithium, resulting in a lower enthalpy change than that of
LP40 cells.

2.5. Comparing safety of LIB and AFB

Furthermore, the thermal stability of the anode free cells and con-
ventional lithium-ion cells was compared by ARC-DSC combined diag-
nosis. As shown in Fig. 6a, the heat flow of LP40 electrolyte lithium-ion
battery with lithiated graphite (LP40-Gr LIB) was very steady and did
not show a peak until the temperature reached 245 °C. Since the reac-
tivity of lithiated graphite is lower than deposited lithium, the observed
exothermic peaks were weaker than the peaks of anode-free batteries,
and these peaks mainly originate from the electrolyte reaction with
metallic Li. These were consistent with the data from the ARC tests in
Fig. 6b, that the onset temperature of the LP40-Gr LIB was about
157.3 °C, which was far behind the AFB-LP40 (63.9 °C) and AFB-LHCE
(53.3°C). Similarly, the T5 of the LP40-Gr LIB was about 216.6 °C, which
was much higher than the AFB-LP40 (163 °C) and AFB-LHCE (181 °C) as
well. Also, the highest temperature rate for the LP40-Gr LIB was
significantly lower than the anode free cells, resulting in a lowest
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maximum temperature of 414.5 °C for LP40-Gr LIB that was 24.1 °C
lower than the AFB-LP40 and 86.6 °C lower than the AFB-LHCE. From
the overall DSC-ARC combined safety test, the safety of these three
batteries follows the following order: LP40-Gr LIB > AFB-LHCE > AFB-
LP40. Compared with LP40, LHCE does offer a relatively higher safety
margin, but AFLMB can still experience dangerous thermal runaway
events. This means that merely reducing Li inventory and adopting an
anode free battery configuration is not sufficient to make the battery
intrinsically safe.

3. Conclusions

In this work, we combined ARC tests on 2 Ah NCM811/Cu pouch
cells with DSC diagnosis on matched coin cells to compare thermal
analysis methods and clarify the thermal runaway mechanism of
AFLMBs in LP40 and LHCE electrolytes. By aligning the temperature
scales of ARC and DSC, we show that thermal runaway of AFLMBs is
mainly governed by deposited Li and its SEI, and that higher SOC, higher
C-rate, and longer cycling will all lower the onset temperature and in-
crease the self-heating rate, leading to more severe thermal runaway.
Comparing LP40 with LHCE reveals that the SEI derived from LHCE is
more inorganic-rich and compact, which suppresses large-scale Li-
electrolyte reactions until after Li melting, increases T1/T5, and reduces
the maximum dT/dt and the sensitivity to cycling, whereas LP40 forms a
more porous SEI that allows earlier Li-electrolyte reactions, more den-
dritic Li, and higher heat release. ARC-DSC combined with SEM/XPS
further indicates that higher LiF content and smoother Li morphology
improve thermal stability, while rough, dendritic and thicker Li deposits
are associated with stronger exothermic behavior. Under otherwise
similar conditions, conventional LP40-Gr lithium-ion cells show higher
onset temperatures, lower dT/dt, and lower Tmax than AFLMBs, which
means their safety is still better. Overall, our results suggest that the
current safety level of NCM811-based AFLMBs is not satisfactory; simply
reducing lithium inventory is not sufficient, and further safety
improvement will require careful engineering of SEI and controlling of
deposited-Li morphology.

4. Experimental details
4.1. Electrolyte and electrode preparation

The 1M LiPFg in EC/DEC (1/1, v/v) electrolyte (1 mol LiPFg in EC:
DEC = 1:1 (volume ratio)) and the localized high-concentration elec-
trolyte (LHCE, LiFS:DME:TTE = 1:1.2:3 in molar ratio) were prepared
in an argon gas filled glove box with O3 and H20 < 0.1 ppm. Commercial
LiNig §Cog.1Mng, 102 (NCM811, 3.8 mAh em ™2, with 2 wt% PVDF and 2
wt% Super P) electrode was obtained from Amperex Technology Limited
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Fig. 6. Comparison of battery safety for lithium-ion battery and AFLMB. (a) DSC profile of lithiated graphite or deposited lithium with electrolytes (electrode
materials were cycled under C/3 for 1 cycle, 100 % SOC, capacity: about 2 mAh); (b) ARC tests of a lithium-ion battery, anode-free battery using LP40 electrolyte

(Pouch cells (2 Ah) were cycled under C/3 for 1 cycle, 100 % SOC).
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(ATL) in China. The electrode was punched into disks with a diameter of
12 mm and dried in a vacuum at 80 °C for 24 h before use.

4.2. Coin cell and pouch cell assembly

CR2032 coin cells were assembled by using NCM811 disk as the
cathode, polyethylene (Celgard 2035) as the separator, copper foil (25
pm, 15 mm in diameter) as the anode, and 30 pL of LHCE or 1M LiPF¢ in
EC/DEC (1/1, v/v) electrolyte was added. To avoid corrosive reactions
between solvents and coin cell parts for the LHCE electrolyte, alumina-
clad-coated coin cell cases were used. The assembled cells were rested at
OCV overnight before any electrochemical measurements were
performed.

Anode-free pouch cells were assembled in a dry room. The double-
side-coated anodes and cathodes were cut into 74mm x 46 mm and
72mm x 45 mm sheets (with an extended current-collector tab). The
cathode and anode sheets were then alternatively hand-stacked with
separator between any two sheets. Then the anode and cathode current-
collector tabs were wielded with a Ni and Al tab, respectively, by an
ultrasonic wielding machine, respectively. The electrode stack was fitted
in a pouch and then sealed on three sides, and then dried at 80 °C in a
vacuum for 24 h. After drying, electrolyte was injected into the pouch
cell (3 g/Ah) followed by vacuum-sealing.

4.3. Electrochemical measurement

All cells were first charged and discharged at a current density of C/
20 (0.19 mA cm’z) for activating batteries using the 3200A LAND bat-
tery test system. For 100 % SOC, first using constant current charging
the battery to 4.2 V at a current density of C/6, then further charging the
battery by using constant voltage (4.2 V) mode until the current density
is smaller than C/20 for depolarization. The charge-discharge profiles of
the cell were measured in the voltage range of 2.8-4.2 V at specific
current densities (C/3, C/6, and C/10).

4.4. Ex-situ calorimetry

Ex-situ experiments were performed with a SETLINE differential
scanning calorimeter. High-pressure (100 bar) stainless steel crucibles
were used, with a gold seal to prevent explosion. The sample capsule
contains fresh electrolyte (about 15 pl) and deposited lithium (about 3
mg) from the charged or cycled cell, and the reference capsule has no
samples. Differential scanning calorimetry was conducted by heating the
sample and reference capsules from 40 °C to 350 °C at a ramping rate of
5 °C min!. After the test, the crucibles were opened and thoroughly
cleaned before reused. For the 0 %, 50 %, and 100 % SOC cells, the DSC
measurements were repeated twice for each condition and averaged.

4.5. Accelerating rate calorimetry (ARC) test

ARC was conducted with an accelerating rate calorimeter by thermal
hazard technology. A cell was placed inside a chamber, and the real-time
OCV and temperature of the cell were measured. The ARC tests were
conducted in a heat-wait-seek (HWS) procedure. The data was collected
at a frequency of 10 Hz. After the test, the debris of the cell was removed
from the chamber and collected. Before entering self-heating mode, the
data was very noisy and was de-noised through binomial fitting for
every 600 points (equal to 1 min). The temperature rate was obtained
solely by taking the time derivative of temperature. ARC tests were
performed once per cell due to the destructive and time-consuming
nature of the measurements.

4.6. Electrode characterization

The morphology of the samples was investigated with the field-
emission scanning electron microscopy (Apreo 2 SEM, ThermoFisher).
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The 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. A survey scan was first
carried out, and then high resolution-scans for the elements. The
CasaXPS software was used to process XPS data. First, we calibrated
binding energy using the Cls peak from C-C at 284.8 eV. Then, we fitted
the core peaks with a Shirley-type background and optimized the peak
position/areas using 70 % Gaussian-30 % Lorentzian Voigt peak shapes
and fullwidth at half-maximum (FWHM) constraint ranges.
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