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Tailored charging protocol for densified
lithium deposition and stable initially anode-
free lithium metal pouch cells

Yuanming Liu 1,2,3,5, Xiaoguang Yin4,5, Hexin Guo1, Shuwei Wang1,
Baohua Li 1 & Guohua Chen2,3

The lowmechanical strength and insufficient lithium-ion conductivity of solid-
electrolyte interphase will incur inhomogeneous lithium deposition and
eventually cause battery failure, hindering practical application of lithium
metal batteries. Combining multiple characterization techniques and COM-
SOL simulation, here we report that the commonly-adopted constant current
charge protocol would result in formation of highly porous lithium metal
negative electrode, leading to severe parasitic reactions. To ameliorate this
problem, we propose a middle peak current charge protocol with a peak
current in the middle of charging step, which could guide the nucleation and
growth of densified lithium deposition with the derived solid-electrolyte
interphase possessing significantly improved mechanical strength and Li+ ion
conductivity. Therefore, coin-type initially anode-free lithium metal batteries
could be stably cycled for 80 cycles (with 3 hours of charging and state-of-
charge of ~70%). A 1.5 Ah initially anode-free Li metal pouch cell which delivers
a specific energy of 400Wh kg-1 at 225mA andwith a capacity retention of 80%
for 298 cycles (with 3 hours of charging and state-of-charge of 80%) is also
demonstrated.

Lithium (Li)-ion batteries (LIBs) using graphite negative electrode have
been widely used for portable electronic devices and automotive
applications since their development in 1990s1,2. However, the energy
density of existing Li-ion batteries is far below the demands for ever-
increasing markets, such as long-term transportation and grid-scale
energy storage. Therefore, Limetal batteries (LMBs)with lithiummetal
negative electrode (LMNE, 3860mAh g-1) have been reconsidered for
future applications3. However, for the high self-diffusion barriers of Li
adatoms to form Li nuclei4 and the insufficient Li+ ion conductivities
and mechanical strength of the solid electrolyte interphase (SEI) on
LMNE5, the dendritic LMNE will be formed during the charge process
of LMBs. The irregular surface curvature of LMNE will also boost the

formation of Li dendrites, and the high charge current will accelerate
this process6. Extensive research on Li metal structure7, compatible
electrolyte system8–11, artificial SEI12,13 and current collectors14–18 has
been carried out to improve the performance of LMBs. However, until
today, the formation of porous Li metal, as well as the plating of
dendritic Li, are still inevitable. In addition, it is still challenging to
achieve large-scale processing of Li foil because of the sensitivity of
lithium towards air humidity19. To this end, the initially anode-free
LMBs (IAFLMBs), is highly desirable for the commercialization of
LMBs. They are not only compatible with the existing battery infra-
structure but also deliver the highest energy density among all the
reported structural prototypes of LMBs20,21. However, the volume
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expansion/contraction of LMNE during charge/discharge of IAFLMBs
makes the surficial SEI of LMNE to break easily, particularly under
industry-relevant conditions such as high cell capacity, fast charging
rate and low stack pressure. This creates gaps in achieving high-
performance IAFLMBs with high energy density22 even though a
0.23 Ah IAFLMBs with 80% of its capacity retention after 200 cycles
was demonstrated23. Therefore, despite tremendous efforts such as
electrolyte engineering10,23–26 and test-pressure adjustment21, devel-
oping Ah-level IAFLMBs with stable cycle life and high specific energy
remains challenging.

The cycling performance of traditional LIBs can be increased by
using many advanced cycling protocols, especially under the fast-
charging conditions27–29. For LMBs, the charge/discharge current
represents the plating/dissolution rate of LMNE, respectively. It has
been reported that the small charging current is helpful in boosting the
reversibility of LMNE30,31, the small discharging current of LMBs can
boost the void-free Li metal dissolution32, and their relative values will
also influence the cycling performances of LMBs33. A prominent study
also showed that isolated Li can be reutilized by controlling the dis-
charge protocols of LMBs34,35. Besides, various charge protocols have
been proposed to increase the cycling performance of lithium battery,
for example, the pulsed current36,37, the asymmetric bidirectional
current38, the two-step current39, the self-heat current40, the initially
high current seeded Li metal growth41,42 and the simulated non-linear
potentiodynamic battery charging protocols43, and so on. Some of
them have shown successes in industrial applications, while the
underlying role of different charge protocols for LMBs remains poorly
understood.

The electrochemical deposition of thin films on the substrates is
generally in a “stressed” state, for example, Sn and Cu thin films44,45.
This has been shown as a universal phenomenon that exists in thin
films deposition46–48. The presence of compressive stress during Li
plating process had also been identified, which would promote the
growth of Li dendrite49,50. Strategies have been developed to mitigate
the stress of LMNE, including 1) utilizationof stress-releasing substrate;
2) formation ofmechanically strong SEI; and 3) small operating current
density. The utilization of soft substrate49 or hemisphere-like
concaves51 is helpful in releasing the internal stress of LMNE. The
small operating current density can notonlydecrease the stress load in
LMNE49, but also guide the formation of SEI with increasedmechanical
strength compared with that formed at large current density52

(Fig. 1a, b). Thus, the Li metal deposited at relatively small current
densities holds a uniform and dense structure7,52,53. However, the small
charging current strongly limits the fast-charging capability of LMBs.

The internal stress of LMNE is proportional to the deposited
capacity and current density, which is one of the main constraints to
forming a densely packed structure. Meanwhile, the as-deposited Li
atoms can also act as nucleation seeds and growth substrate for sub-
sequent Li plating, guiding a more uniform deposition. Bearing such a
correlation between internal stress and Li growth rate in mind, we
propose a middle peak current (MPC) charge protocol for LMBs
(Fig. 1c), with a peak current in the middle of the charging step to
regulate Li deposition. With such an MPC protocol, the formed LMNE
consists of a densified structure and with the derived SEI possessing
high strength and Li ion conductivity, thus an Ah-level IAF Li metal
pouchcell with industrial-level loading positive electrodes could retain
80% of its capacity even after 298 cycles.

Results
Methodology, cell performance, and morphology
The key to the MPC protocol is its small starting and ending currents,
and peak current in the middle. Therefore, compared with the tradi-
tional constant current (CC) plating protocol (1mA cm-2, Fig. 1d, e), we
designed an MPC protocol with its initial and final current densities
being 0.5mAcm-2 and the middle current density being 2mAcm-2 in

Li | |Cu cells (Fig. 1g, h). Note that the total plating time for both CC and
MPC protocols is the same as 3 h. After the plating process, the
deposited Li metal for both the CC andMPC protocols was stripped at
1mA cm-2. As shown in Fig. 1f, i, the MPC protocol delivers a much
higher coulombic efficiencies (CEs) and data consistency than the CC
protocol. In addition, the MPC protocol also demonstrates higher
average CEs (Supplementary Fig. 1) and better cycling stability at 60 °C
(Supplementary Fig. 2a), and higher CEs under an areal capacity of
LMNE of 0.3mAh cm-2 (Supplementary Fig. 2b–d) or 6mAh cm-2

(Supplementary Fig. 2e–g). The comparison with many other existing
charge protocols (Supplementary Figs. 3-4) further validates the
effectiveness of the MPC charge protocol in stabilizing LMNE during
repeated plating/stripping processes. Varying the position of the lar-
gest current density (Fig. 1d, e, g, h and Supplementary Fig. 5), the cell
achieved the best performance when it was placed at the third step
(Fig. 1f, i andSupplementaryFig. 6), demonstrating the effectiveness of
MPC protocol.

The morphologies of deposited Li metal through CC and MPC
plating protocols (Supplementary Table 1) in Li | |Cu cells were char-
acterized by scanning electronmicroscopy (SEM). When 0.25mAh cm-

2 of Li metal was deposited at 0.5mAcm-2 (MPC1 sample, Fig. 2e, f),
spherical Li metal morphology was observed, while the Li metal that
was deposited at 1mAcm-2 was less spherical (CC1 sample, Fig. 2a, b).
For the CC2 sample, the Li metal deposited through CC protocol
exhibits a kind of porous structure (Supplementary Fig. 7). However,
the Li metal deposited via MPC protocol always yields a densely
packed structure (Supplementary Fig. 8). When the Li capacity
increases to 3mAh cm-2 (theoretical thicknessof ~12.9μm), the Limetal
deposited through CC protocol presents a porous “Zone 1” like
structure (Fig. 2c) and delivers a thickness of 16.7μm (Fig. 2d), which
corresponds to a porosity of 22.9% and should be avoided for dense
film growth54. Conversely, for the Li metal film at the same capacity of
3mAh cm-2, the MPC protocol results in a denser “Zone 3” like struc-
ture (Fig. 2g) with a thickness of only 13.6μm (Fig. 2h), which corre-
sponds to a porosity of 5.4% only. As shown in Supplementary Fig. 9,
the thickness of deposited Li through the MPC protocol is obviously
smaller than the porous and loose Li metal structure formed by many
other protocols ( ≥ 14μm, with porosity ≥ 8.1%). The densified lithium
could thus suppress the parasitic reactions with the electrolytes,
leading to the formation of a thinner by-products layer (induced by the
side-reactions between Li metal and electrolyte) than those by many
other protocols after repeated cycling tests (Fig. 2j and Supplementary
Fig. 9).

Apart from the deposition process of LMNE with relatively higher
stack pressure in coin-type cells, Li deposition under smaller stack
pressure is also important for practical application51. Therefore, a
hollowPTFE spacer is added to characterize the Limetalmorphologies
at relatively ample space (Supplementary Fig. 10). Li grown throughCC
protocol shows a severe lumped structure regardless of the
spacer thickness (200 or 300μm). By contrast, Li metal formed
through the MPC protocol tends to distribute uniformly. The lumped
Li metal structure results from the centralized interaction between
perpendicular dendrite growth and the pressure from the separator,
which is undesirable for cell operation.

Mechanical strength, transport properties and
compositions of SEI
Atomic force microscopy (AFM) was employed to characterize the
microstructures and mechanical properties of the derived SEI by CC
and MPC protocols. To minimize the random errors of modulus test
that may be caused by the position variations of electrodes, we con-
ducted the modulus tests at three positions of LMNE, as shown in
Supplementary Fig. 11a. When we choose the test results at position 2
(i.e., the central area of the electrode) of different samples to make
a comparison, theYoung’smodulus of the initial SEI (with Li capacity of
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0.25mAh cm-2) at 1mAcm-2 for CC1 (1.1 GPa, Fig. 2l) is lower than that
formed at 0.5mA cm-2 for MPC1 (2.1GPa, Fig. 2n). This shows that the
SEI formed at smaller current density would possess a highermodulus.
Moreover, when Li metal was deposited at 3mAh cm-2, the Young’s
modulus of the derived SEI via MPC protocol (MPC6 (5.3 GPa), Fig. 2o)
is 89%higher than that formedbyCCprotocol (CC6 (2.8 GPa), Fig. 2m).
Although the modulus of SEI will change with the positions where it is
measured, the averaged values of MPC1 sample (2.3 GPa) and
MPC6 sample (4.9 GPa) are respectively 130 and 96%higher than those
of CC1 sample (1 GPa) and CC6 sample (2.5GPa), demonstrating the
advantage of MPC protocol in forming SEI with a high mechanical
strength (Supplementary Fig. 11b and Supplementary Fig. 12). When
the plated Li metal was fully stripped, the tested modulus of
MPC1 sample is also higher than that of CC1 sample (Supplementary
Fig. 13), aligns well with the above modulus analysis. The Young’s
modulus of the as-formed SEI on Limetal throughMPCprotocol is also
much higher than that of SEI formed by other protocols ( ≤ 4GPa,
Fig. 2k and Supplementary Fig. 14). The PeakForce TUNA test of AFM
characterizations was conducted to show the contact current of CC1,
MPC1, CC6 and MPC6 samples, respectively, as shown in Supplemen-
tary Fig. 15. The results clearly show that the SEI formed on
MPC1 sample has smaller electrical conductivity than that of
CC1 sample, whichmeans that the SEI formedat a small current density

(0.5mA cm-2, MPC1 sample) has better electrical insulation properties
than the SEI formed at a large current density (1mA cm-2, CC1 sample).
Even after 3mAh cm-2 of Limetalwas deposited, the SEI onCC6 sample
still delivers a higher electrical conductivity compared to that of the
SEI formed on MPC6 sample. The above AFM characterization results
clearly show that the MPC protocol can enable the formation of SEI
with high modulus and low electrical conductivity, suppressing the
formation of porous LMNE.

Apart from modulus, the lithium-ion diffusivity through the SEI
also depends on the microstructures of deposited lithium.
Temperature-varying electrochemical impedance spectrum (EIS) tests
between -20 °C and 30 °C were carried out. The linear fitting between
the natural logarithm of resistance and the reciprocal of temperature,
namely Arrhenius relation (lnR= � Ea

R
1
T +C, C is a constant), can give

the value of activation energy (Ea) for a specific process. Typically, the
semi-circle of RSEI in the high (105Hz)-middle (103Hz) range arises from
the impedance of the interfacial film on Li metal, while the semi-circle
of RDe in the low frequency range (103Hz to 100Hz) reflects the charge-
transfer process (Supplementary Fig. 16a). Therefore, the activation
energies Ea, SEI and Ea, De, which were obtained by fitting the obtained
RSEI and RDe via Arrhenius relation, representing the transport process
of Li+ ions in SEI film and the de-solvation process of Li+ ions,
respectively55. As shown in Supplementary Fig. 16b–m, for the SEI

Fig. 1 | Methodology and performance. a Schematics showing the Limetal plating
mechanism at a relatively small current. b Schematics showing the Li metal plating
mechanism at a relatively large current. c Schematics showing the Li metal plating
mechanism with middle peak current (MPC) pattern. d, g Potential-capacity and
current density-capacity profiles for the constant current (CC) and MPC plating

protocols in Li | |Cu cells, respectively. e, hCurrent density-time profiles for the CC
and MPC plating protocols in Li | |Cu cells, respectively. f, i Coulombic efficiencies
(CEs) of Li | |Cu cells where the Li metal was deposited through CC and MPC pro-
tocols, respectively. Four duplicates for each protocol were tested to minimize
the operational errors.
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formed on CC1 sample, the solvated Li+ ions would be de-solvated
(Ea, De = 38.6 kJmol-1) more easily compared to that of MPC1 sample
(Ea, De = 42.8 kJmol-1), while the transportation of Li+ ions through both
SEIs are almost the same (Ea, SEI = 65 kJmol-1 of CC1 sample compared
to 65.8 kJmol-1 of MPC1 sample). However, for the SEI formed on the
MPC6 sample, both the desolvation (36.4 kJ mol-1) and transport of Li+

ions (59 kJmol-1) are easier than those of the CC6 sample (38.5 kJ mol-1

for desolvation and 65.9 kJ mol-1 for transport of Li+ ions, respectively).
In addition, both the SEI diffusivity (DS) and bulk diffusivity (DB) of Li
ions are important for Li metal morphology56. Therefore, these two
values are further examined (Supplementary note and Supplementary
Table 2). It was found that the DS/DB values for both the CC1 and
MPC1 samples are almost the same, while the final SEI formed viaMPC

protocol delivers a much higher DS/DB value, which further ascertains
the more favorable Li-ion transportations for the SEI formed by the
MPC protocol.

X-ray photoelectron spectroscopy (XPS) depth-profiling analysis
was further carried out to characterize the composition of SEI formed
at different stages of CC and MPC protocols (Supplementary
Figs. 17–23). As shown in Supplementary Fig. 17, there is an obvious
increase in the carbon signal of CC3 sample compared with that of
CC2 sample, and this may result from the increased side reactions
between the formed porous Li metal (Supplementary Fig. 7) and
electrolyte. As shown in Supplementary Fig. 18, although there is still
an increase in carbon signal at the inner SEI ofMPC3 sample compared
to that of MPC2 sample and which may result from the high middle

Fig. 2 | Plated Li morphologies and SEI properties in Li ||Cu half cells. Front and
Cross-sectional scanning electron microscope (SEM) images of a, b CC1 sample;
c,d CC6 sample; e, f MPC1 sample and g, h MPC6 sample, respectively. Typically,
theseSEM imageswere captured at the 1st platingprocess after activating the Li | |Cu
half-cell five times at a current of 0.05mAcm-2 in between the potential of 0.01 V - 1
V vs. Li+/Li. i, j,k, Comparisons for thedeposition thickness of Limetal (3mAhcm-2),
the thickness of the reaction by-product layer and themodulus for the SEI on the Li
metal formedby various protocols in Li | |Cu half cells, which includeSelf-heat-9mA

cm-2 (denoted as Self-heat), Seed current-20mA cm-2 (denoted as Seed-20), Con-
stant current (denoted as CC), Seed current-50mA cm-2 (denoted as Seed-50),
Asymmetric bidirectional current (denoted as Asymmetric), Pulsed current
(denoted as Pulsed) andMiddle peak current (denoted asMPC). Three-dimensional
(3D) atomic forcemicroscopic (AFM) images of the deposited Limetal and Young’s
modulus distribution maps (the inset is the mean value of each sample) of the as
formed SEI on l, CC1; m, CC6; n, MPC1 and o, MPC6 samples, respectively. Scale
bar length: a, c, e, g, 50μm; b, d, f, h, 10μm.
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current accelerated solvent decomposition, the carbon signal for the
SEI of MPC plated Li metal remains stable. For the O1s spectra, there
are more contents of C =O in CC plated Li metal (Supplementary
Fig. 19) compared to that of MPC plated Li metal (Supplementary
Fig. 20). For the F1sXPSdepthprofiles, the SEI formedonCC1 sample is
rich in surficial LiF content (Supplementary Fig. 21), differing from the
inner LiF-rich while low LiF content structure of MPC1 sample (Sup-
plementary Fig. 22). Apart from the modulus of SEI, the difference in
LiF content betweenCC1 andMPC1 samplesmay also be the reason for
the formation of porous Li metal structure of CC2 sample as shown in
Supplementary Fig. 7b. The SEI formed by CC current has a high LiF
content on its surface (Supplementary Fig. 21f), which is less favorable
for Li-ion transportation because the Li-ion conductivity through LiF is
very low. By contrast, the SEI formed under MPC current has low LiF
content at its surface and high LiF content at its inner layer (Supple-
mentary Fig. 22f), which is effective in blocking electron conduction
without sacrificing Li ion transportation13,57. It is worth noting that the
final MPC-SEI is rich in inorganic Li compounds (mainly Li2O, Supple-
mentary Fig. 20f), which is different from the final CC-SEI with high
organicC =O contents (Supplementary Fig. 19f). For theN1sXPSdepth

profiles ofCC-SEI andMPC-SEI, theMPC-SEI delivered a higher content
(28.7%, Supplementary Fig. 23b) of highly conductive Li3N compounds
than CC-SEI (26.9%, Supplementary Fig. 23a), which may also con-
tribute to the better Li-ion transport throughMPC-SEI than that of CC-
SEI. The post-mortem XPS analysis also showed that the Li2O-rich SEI
can be well retained at elevated temperature and after repeated
cycling tests (Supplementary Figs. 24–27). The undesired Li stripping
would produce dead Li, SEI crack, uneven interface, and so on. For the
MPC plating protocol, the generated SEI has a high strength (modulus:
5.3GPa)with an inorganic-rich structuredominatedby Li2O (inner- and
outer-layer) and low LiF (while mainly inner layer). Therefore, the
discharging of the MPC protocol deposited Li metal has lower strip-
ping overpotentials (5.9mV, Fig. 3b) comparedwith those from the CC
samples (7.8mV) (Fig. 3a). This is expected from the lithiophilic Li|Li2O
interface, which could attract the Li atoms quickly to fill the Li vacan-
cies created by Li stripping near the Li|Li2O interface and maintain a
smooth Li surface32,58.

The morphologies for the cycled Cu foils in Li | |Cu half cells were
also characterized by SEM and XPS. The cycled Cu foils in Li | |Cu
half cells through MPC protocol present more even surface
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Fig. 3 |Morphologies and residual composition of cycledCu in Li | |Cu half cells.
a Potential-capacity profiles of the Li stripping process of Li | |Cu cells through CC
plating protocol. b Potential-capacity profiles of the Li stripping process of Li | |Cu
cells throughMPCplating protocol. c Front anddCross-sectional SEM images of the
Cu foil in Li | |Cuhalf-cell afterbeing cycled 50 times throughCCprotocol (3mAh cm-

2, 3 h). e Front and fCross-sectional SEM images of the Cu foil in Li | |Cu half-cell after
being cycled 50 times through MPC protocol (3mAh cm-2, 3 h). XPS depth profiles
for the carbon (C)1 s spectra of the cycled Cu foil after 50 times through g CC and

h MPC protocols, respectively. XPS depth profiles for the oxygen (O)1 s spectra of
the cycled Cu foil after 50 times through iCC and jMPC protocols, respectively. It is
worth noting that for the CC protocol, cycled Cu foil in Li | |Cu half-cell, the Li metal
negative electrode was both plated and stripped via CC current, while for the MPC
protocol, cycledCu foil in Li | |Cu half-cell, the Limetal negative electrodewas plated
via MPC current and stripped via CC current. The electrolyte used here is 1M LiTFSI
in DOL/DME (v/v, 1/1) with 1wt% LiNO3. Scale bar: c, d, e, f, 50μm.
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morphologies and thinner by-product layers (22μm after 50 cycles
and 2.1μm after ten cycles) than those under CC protocol (45.6μm
after 50 cycles and 19.1μm after ten cycles), respectively (Fig. 3c-f and
Supplementary Fig. 28). For the composition of reaction by-products
layer, the one after MPC protocol has low content of LiCx, while the
one using CC protocol is in clear contrast (Fig. 3g, h). The high con-
tents of LiCx may perforate through the separator, causing
battery inefficiency and safety concerns59. In addition, different
from the CC charging protocol, the cycled Cu foil using the
MPC protocol has higher surficial carbon content (mainly polymerized
C-O and C=O groups, Fig. 3i, j), which is effective in pro-
tecting LMNE and re-activating the dead Li (see extended applica-
tions below).

COMSOL simulations for the maximum allowable current
density
For practical usage, it is important to evaluate the largest plating
current density that the as-formed SEI could sustain. To this end,
COMSOL multiphysics simulation was carried out by combining the
ternary current distribution, deformed geometry and solid mechanics
modules (Fig. 4a–g, Supplementary Fig. 29 and Supplementary
Table 3). It is worth noting that Fig. 4a–f are only part of the simulation
cell (the observation window in Supplementary Fig. 29). Firstly, Li
metal deposition process throughCCandMPCprotocols in Li | |Cu half
cells were simulated. Typically, the plating protocols of 1mA cm-2

(0.75mAh cm-2) in comparison with 0.5mA cm-2 (0.25mAh cm-2) -
1mA cm-2 (0.5mAh cm-2) were simulated with the SEI modulus being 1

Fig. 4 | Simulation for the stress accumulation of SEI and Li metal morpholo-
gies. a–cVonMises stress distributionof SEI (y= 200+A cosωπx, whereω= 1:3 and
A = 40nm) after 0.25mAh cm-2, 0.5mAh cm-2 and 0.75mAh cm-2 of Li metal
deposited at 1mA cm-2, respectively. d–f Von Mises stress distribution of SEI
(A = 40nm) after Li metal deposited at 0.5mA cm-2 (0.25mAh cm-2), 0.5mA cm-2

(0.25 mAh cm-2)-1 mA cm-2 (0.25mAh cm-2) and 0.5mA cm-2 (0.25mAh cm-2)-1mA
cm-2 (0.5mAh cm-2), respectively.gMaximumallowable current density (MACD) for
0.5mAhcm-2 of Li plating after 0.25mAhcm-2 of Li metal deposited at 0.5mAcm-2

with different SEI modulus. SEM morphologies of Li metal (0.75mAhcm-2) depos-
ited at different schemes: h 1mA cm-2 (0.25mAhcm-2)-0.5mA cm-2 (0.5mAh cm-2);
i, 0.5mA cm-2 (0.25mAh cm-2) - 2 mA cm-2 (0.5mAhcm-2). These two SEM images
were captured at the 1st plating process after activating the Li | |Cu half-cell five
times at a current of 0.05mA cm-2 in between the potential of 0.01 V-1 V vs. Li+/Li.
The normalized color scale next to panels Fig. 4c and Fig. 4f is based on the yield
strength of each SEI. For example, for the SEI with modulus of 2 GPa, the 1 in the
color scale represents the stress of 0.02GPa. Scale bar: h, i 5μm.
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and 2GPa, respectively. The SEI yield strength is defined as 1% of the
modulus60, and the Von Mises criterion was employed for the deter-
mination of SEI failure61. As shown in Fig. 4a–c, with 0.75mAh cm-2 of Li
metal deposited at 1mA cm-2 continuously, the yield strength of SEI
was reached, which means that the SEI at this stage would be pierced
and form the dendritic Li. By contrast, the accumulated stress of the
0.5mAcm-2 (0.25mAh cm-2) - 1mA cm-2 (0.5mAh cm-2) sample
(Fig. 4d–f) is far below its yield strength, indicating that the higher
modulus of SEI formed at lower current density could change the
deposition electrochemical potential and boost Li metal uniformity.
The simulation results show that the poor SEI strength formed by large
current density (1mAcm-2) cannot sustain the continuous current
surge during the Li metal plating process, leading to the formation of
porous Li metal deposition and a thick by-product layer on cycled
LMNE.However, the strong SEIwith high strengthwhichwas formed at
a small current density (0.5mA cm-2) can sustain the current surge
during the continuous Li metal plating process, forming the densified
Li metal deposition and thin by-product layer on cycled LMNE.

If we set the first 0.25mAh cm-2 of Li deposited at 0.5mA cm-2

with various SEI modulus and roughness, the maximum allowable
current density (MACD) for the following Li deposition at
0.5mAh cm-2 can be screened out (Fig. 4g, Supplementary
Figs. 30–31). The results show that the high modulus and small
roughness of SEI can increase the MACD. With the SEI modulus of
10GPa and SEI amplitude (A) of 40 nm, the MACD could be as high as
~3.8mA cm-2 (Supplementary Fig. 30). The simulated results are
consistent with the Li metal morphologies shown in Fig. 4h, i and

Supplementary Fig. 32, where the SEI formed at 0.5mA cm-2 could
sustain the current surge at 2mA cm-2 and 3mA cm-2, while the SEI
formed at 1mA cm-2 could not sustain the current surge even at
0.5mA cm-2 and generate the porous Li metal.

Performance of IAF Li metal coin cells
The MPC charging protocol was further applied to cycle IAF Li metal
coin cells coupled with two highmass loading layered oxide positive
electrodes, such as polycrystalline LiNi0.6Mn0.2Co0.2O2 (NMC622,
28mg cm-2) and single crystal LiNi0.8Mn0.1Co0.1O2 (SCNMC811,
26mg cm-2). In addition to the constant charge mechanism at
1mA cm-2 (CC, Fig. 5a), one MPC charge protocol was also proposed
for IAF Li metal coin cells, as shown in Fig. 5b. The CC and MPC
protocols demonstrate a similar tendency as that in the CC andMPC
plating protocols for Li | |Cu cells, respectively. As expected, the IAF
Li metal coin cell charged through the MPC protocol showed a sig-
nificantly better performance, delivering a longer cycle life and
higher CEs (Fig. 5c, d). According to the potential-capacity profiles
of the tested IAF Li metal coin cells, batteries charged through CC
protocol demonstrate a faster capacity decay than those charged
with MPC protocol (Fig. 5e–h). The morphologies of the 2nd plated
LMNE in Cu | |NMC622 full cell were also characterized by SEM. As
shown in Supplementary Fig. 33a–d, the charged LMNE through CC
protocol exhibits a porous surface, which is different from the flat
surface of theMPC-charged one. After 20 cycles, the cycled negative
electrode through CC protocol has more “dead Li” formation and
thicker by-product layer than the MPC cycled negative electrode

Fig. 5 | Cycling performance and extended applications. a, b Charge-discharge
potential-time profiles of IAF Limetal coin cells coupledwith high loading NMC622
positive electrodes at the second cycle charged through CC and MPC protocols,
respectively. Discharge capacities and Coulombic efficiencies of IAF Li metal coin
cells using different charging protocols with high loading c NMC622 positive
electrodes andd SCNMC811 positive electrodes, respectively. e, f Potential-capacity
profiles of IAF Limetal coin cells with high loading NMC622positive electrodes and
charged through CC (CC #1) and MPC (MPC #1) currents, respectively.

g, h Potential-capacity profiles of IAF Li metal coin cells with high loading
SCNMC811 positive electrodes and charged through CC (CC #1) andMPC (MPC #1)
currents, respectively. i, j Potential-time profiles of NMC622 IAF Li metal coin cells
aging at the discharge state, which was charged through CC and MPC currents,
respectively. k, l Coulombic efficiencies of calendar-aged IAF Li metal coin cells
with high loading NMC622 positive electrodes and SCNMC811 positive electrodes,
respectively.
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(Supplementary Fig. 33e–l), leading to the observed inferior cycling
performance.

A constant capacity-constant potential charge for both theCCand
MPC protocols was also designed to approximate the dynamic 100%
SoC charge of Cu | |NMC622 full cells, as shown in Supplementary
Fig. 34. The cycling results clearly show that the MPC charged cell
delivered better capacity retention than the CC charged cell, showing
the merits of MPC protocol. The MPC protocol is also effective in
decreasing the potential polarizations of LMBs with C@S positive
electrode (Supplementary Fig. 35) and NMC622 positive electrode
(Supplementary Fig. 36), and extending their cycle life. The cycling
stability of graphite negative electrode under fast-charge conditions
can also be increased via MPC charge protocol (Supplementary
Fig. 37). The existence of lithium inventory at the lithiated and de-
lithiated state of cycled graphite negative electrode was clearly
reduced (Supplementary Fig. 38).

Extended applications
The MPC charging protocol is also applicable in the following cate-
gories: i) Prevent over-discharge; ii) IAF Li metal pouch cells. Upon
calendar aging of 48 hours for the cycled IAF Limetal coin cells, severe
over-discharge of the IAF Li metal coin cells charged through CC
protocol was found (Fig. 5i, Supplementary Fig. 39c and Supplemen-
tary Fig. 40c, e), while such over-discharging is effectively suppressed
through MPC charging (Fig. 5j, Supplementary Fig. 39d and Supple-
mentary Fig. 40d, f). Moreover, as shown in Fig. 5k, l, the first cycle CEs
of the IAF Li metal coin cells charged through MPC protocol after
calendar aging is larger than the former ones (94.2% compared to
95.9% of CC protocol and 101.2% compared to 97.3% of MPC protocol
in NMC622 IAF Li metal coin cells, and 94.3% compared to 96.1% of CC
protocol and 99.8% compared to 98% of MPC protocol in SCNMC811
IAF Li metal coin cells), indicating that dead Li formed in the former
cycles has been re-utilized by MPC protocol, while this is not the case
for IAF Li metal coin cells charged through CC protocol. It is worth
noting that for polycrystalline NMC622 (Supplementary Fig. 39a, b) or
single-crystallineNMC811 positive electrodematerials (Supplementary
Fig. 40a, b), the above capacity-recoveryperformances of IAFLMBs can
be achieved repeatedly. Since this reactivation process was carried out
at the discharge state of LMBs, where the safety concerns of battery
have been largely decreased compared to the battery with high SoC62.
Therefore, it is easy to reactivate the dead Li across multiple modules
in a large-scale battery without the need for other protection
techniques.

A gradient MPC charging protocol (1.5 Ah-1.2 Ah-0.9 Ah) was
further developed to charge-discharge 1.8 Ah (370Wh kg-1) IAF Li
metal pouch cells using a commercial-scale NMC622 positive elec-
trodes (Supplementary Table 4). The cells were tested using con-
ventional carbonate electrolyte (1M LiPF6 in EC/DEC (v/v, 1/1) with
10wt% FEC) and under a stack pressure of 800 kPa (Supplementary
Fig. 41a, c). The results show that the MPC charge protocol could
elongate its cycling life of 32 cycles for CC charge to 66 cycles and
possess significantly higher CEs (98.5% compared to 97.5% of CC
protocol, Fig. 6a-d). Although the state-of-charge (SoC) for the pre-
sent CC orMPC charge protocol of IAF Li metal pouch cell is less than
100%, the IAF Li metal coin cell that was charged-discharged at 0.2 C
(5 h charge) and 100% SoC (between 2.8 and 4.3 V) can only maintain
55.4% of its capacity after 30 cycles (Supplementary Fig. 42), which
further shows the advantage of the MPC protocol in improving the
cycling stability of IAFLMBs. In addition, the MPC charge protocol
can improve the capacity retention of IAF Li metal pouch cell under
ambient pressure conditions (Supplementary Fig. 41b, d), which
could be cycled longer, especially at the high-capacity regime (Sup-
plementary Fig. 43c–f). Replacing the conventional electrolyte with
high concentration dual-salt electrolyte (2M LiDFOB and 1.4M LiBF4
in FEC/DEC (v/v, 1/2))23, the 1.5 Ah (400Whkg-1) IAF Li metal pouch

cell with SoC of 80% could retain 80% of its capacity even after 298
cycles, which represents a significant advance over the reported IAF
Li metal pouch cells10,23–26,63–69 (Fig. 6e, f and Supplementary
Tables 4, 5).

Although the high current density at the middle step of char-
ging process would produce more heat during the charge process,
the temperature increase ( ~ 0.5 °C) is bearable for the charging
station (Supplementary Fig. 44b). Whereas its smaller discharge
temperature variation ( ~ 27.5 °C for MPC protocol versus ~29 °C for
CC protocol) would benefit the service of battery during the dis-
charge process. The pouch cell charged by MPC protocol delivered
smaller potential polarizations when varying the pressure condi-
tions (33 and 46.1mV compared to 49 and 74.6mV of CC protocol,
respectively, Fig. 6a, b and Supplementary Fig. 43a, b). The smaller
volume expansions for the cell charged through MPC protocol
(Supplementary Fig. 45) is attributed to the thinner reaction by-
product layer on the extracted separator for the terminated pouch
cell (Supplementary Fig. 46), demonstrating the merit of the MPC
protocol in suppressing the side-reactions during the cycling pro-
cess. The failure mechanism of IAFLMBs and LMBs that were
charged via CC current was different. As shown in Supplementary
Fig. 47a, b, for both cycling protocols of CC and MPC, the IAFLMBs
can still be operated continuously even though the terminated
charge potential has reached 5 V vs. Li+/Li. This clearly shows that
the IAFLMBs will fail gradually during the continuous cycling pro-
cess. However, for the LMBs with N/P ratio of ~0.5 (Supplementary
Fig. 47c, d), the cell with CC protocol displays an abrupt failure after
its terminated charge potential reaching 5 V vs. Li+/Li, while the LMB
cell with MPC protocol exhibits a gradual failure mechanism. The
reason for the difference in failure modes between CC charged
IAFLMBs and LMBs should originate from the difference in Li metal
capacity. Due to the low capacity of active Li metal, the LMNE in
IAFLMBs will corrode quickly, resulting in a shorter cycling life
compared to LMBs. The short cycle life of IAFLMBs lies in its thinner
by-product layer, which may be incapable of piercing through
polymer separator and incur battery short-circuit. For LMBs,
although its life will be longer, the accumulated by-product layer on
the surface of LMNE will be more serious than that in IAFLMBs,
which may incur the short-circuit of LMBs and result in the abrupt
failure of LMBs eventually. The present MPC protocol exhibits high
potential of practical applications in terms of the charge time,
maximum charge power and cycling performance (Supplementary
Figs. 3, 4 and Supplementary Tables 6, 7). The present research does
provide extensive evidence to prove the effectiveness of MPC for
enhancing the cycling stability of IAF LMBs, which could enlighten a
bright future for its practical applications.

The formation of porous Li metal negative electrode (LMNE) was
captured to happen upon continuous conventional CC charge of
LMNE, leading to a porous Li metal structure with a large surface area.
Upon further cycling, LMBs charged through CC protocol suffer from
low CE, thick by-products and short life eventually. Whereas, for the
MPC protocol of LMBs, the SEI formed at the initial stage possesses
high strength and is capable of protecting it from current surging,
directing the densified Li deposition with a small surface area and
dense packing. When an IAF Li metal coin cell is charged via the MPC
protocol, it delivers high CEs, thin by-products and long cycle life. In
addition, this protocol is applicable for preventing over-discharge and
gradient charging of a large Limetal pouchcell with initially anode-free
configuration (1.5 Ah (400Whkg-1)). This strategy provides both
methodological and conceptual advancements for the development of
high-performance LMBs, example of which could have a broad impact
on not only liquid batteries, but also facilities such as safe high-energy
solid-state batteries, portable devices and chemical or electrochemical
reactions with limiting factors such as time, space and materials
transfer.
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Methods
Materials
Dehydrated alcohol solvent, N-methylpyrrolidone (NMP) solvent,
fluoroethylene carbonate (FEC) and LiNO3 particles with analytical
grade were purchased fromAladdin (Shanghai, China). The copper foil
(thickness: ~10μm), aluminum foil (thickness: ~20μm), carbon black
(Super P), carbon nanotubes (CNTs), polypropylene (PP, Celgard
2400) separator (thickness: ~20μm), double ceramic (Al2O3)-coated
PP membrane (with film thickness of 14μm and coating thickness of
3μm), polycrystalline LiNi0.6Mn0.2Co0.2O2 powder, single-crystalline
LiNi0.8Mn0.1Co0.1O2 powder, 2032-type coin-cell cases, springs, and
spacers and metallic foil (with diameter of 16mm and thickness of
100μm, Li content≥99.9%) were purchased from Canrd Technology
Co. Ltd. The electrolyte of 1M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) in DOL/DME = 1/1 vol, 1M lithium hexafluorophosphate
(LiPF6) in EC/DEC (v/v, 1/1), and polyvinylidene difluoride (PVDF 5130,
MW= 1,300,000) were purchased from DodoChem. All solvents were
stored over 4 Å molecular sieves for 48 h before use. All the electro-
lyteswereprepared in a gloveboxfilledwith argon gas (H2O<0.1 ppm,
O2 <0.1 ppm).

Preparation of negative electrodes, positive electrodes, and
separators
ToprepareCu current collectors, commercialCu foil waspunched into
slices 12mm and 16mm in diameter, respectively. Then the obtained
Cu slices were immersed in anhydrous alcohol. After 30min of

ultrasonicwashing, they were dried in a vacuum oven at 60 °C for 12 h.
Afterwards, the Cu slices were transferred to a glovebox (H2O<0.1
ppm, O2 <0.1 ppm) for future usage.

The high loading LiNi0.6Mn0.2Co0.2O2 (NMC622, 28mgcm-2) and
single crystal LiNi0.8Mn0.1Co0.1O2 (SCNMC811, 26mgcm-2) positive
electrodes were prepared via the slurry-coatingmethod. Typically, the
pre-dried active material (NMC622 and SCNMC811), Super P and PVDF
were mixed in a mass ratio of 8:1:1. After grinding in a mortar, stir
mixingwith NMP in a beaker for 6 h, the as-formed slurries were blade-
coated on the Al foil. Upon evaporation of NMP in anoven at 80 °C, the
Al supported positive electrodes were punched into slices 12mm in
diameter. Upon weighing and further drying in vacuum oven at 60 °C
for 12 h, these slices were transferred to the glovebox. Before usage,
the PP was punched into slices with diameter of 19mm. After being
washed with anhydrous alcohol and further dried in the vacuum oven
at 60 °C for 12 h, it was transferred to the glovebox for future usage.

Assembly of coin cells
To evaluate the CEs, Cu foil (12mm) was matched with Li foil to
assemble CR2032 coin cells. The separator used here is PP, and the
electrolyte forLi | |Cu cells is 1MLiTFSI inDOL/DME (v/v, 1/1)with 1 wt%
LiNO3, if not stated otherwise. Initially anode-free (IAF) Li metal coin
cells were fabricated by matching high loading positive electrodes
(NMC622 or SCNMC811) with Cu foil (16mm) directly. The electrolyte
employed here is 1M LiPF6 in EC/DEC (v/v, 1/1) with 10wt% FEC. In this
research, 60μLs of electrolytewere used for coin cell tests. To evaluate

Fig. 6 | Cyclingperformanceof IAFLimetal pouch cells. a,bThe 1st cycle charge-
discharge potential-time profiles of 1.8 Ah IAF Li metal pouch cells with NMC622
positive electrode tested at high-pressure conditions, which was charged through
CC andMPC protocol, respectively, and then discharged with CC protocol at 0.3 A.
c, d Discharge capacity and coulombic efficiency, and Discharge energy density of
1.8 Ah IAF Li metal pouch cell tested under high-pressure conditions with different

charge protocols and the same discharge protocol (Supplementary Table 4), the
electrolyte here is 1M LiPF6 in EC/DEC (v/v, 1/1) with 10wt% FEC. e Discharge
capacity and Coulombic efficiency of 1.5 Ah IAF Li metal pouch cell tested under
high-pressure conditions, the electrolyte here is 2M LiDFOB and 1.4MLiBF4 in FEC/
DEC (v/v, 1/2). f Comparison for the cycling performance of current work with
existing results.
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the cycling performances of Li metal cells (with N/P ration of 0.6), the
Cu@Li anodes were prepared first. Typically, two Li | |Cu half cells with
the electrolyte of 1M LiPF6 in EC/DEC (v/v, 1/1) with 10wt% FEC were
assembled. After five cycles of activation at 0.05mAcm-2 within the
potential range of 0.01 ~ 1 V vs. Li+/Li, Li metal was plated on the Cu
foil at 3mAh cm-2 via CC current in both Li | |Cu half cells. Then, the
as-formed Cu@Li negative electrodes can be obtained by dis-
assembling these two half cells.

Assembly of IAF Li metal pouch cells
The preparation of 1.8Ah (370Wh kg-1, ~18 g in total mass) IAF Li metal
pouch cells was carried out in Guangdong Graphene Innovation Cen-
ter. Typically, the dried NMC622 particles were mixed with PVDF,
Super P and carbon nanotubes (CNTs) at a mass ratio of 95:3:1.8:0.2,
respectively. After mixing with NMP to form a homogenous slurry, it
was coated on the Al foil (16 μm) double-sided with an areal-loading of
30mgcm-2. After drying, the coatings were sliced into NMC622 posi-
tive electrode (56mm × 657mm). The thickness of the Cu foil used in
the present IAF Li metal pouch cell is 9μm, with dimensions of
58mm×570mm. Then the above electrodes were wound with a
ceramic-coated PP membrane. The width of the rolling needle is
34mm and the amount of rolling layer is 14. Upon assembled with Al-
plastic film and injected with electrolyte (1M LiPF6 in EC/DEC (1/1, v/v)
with 10wt% FEC, 3 g Ah-1), the un-activated IAF Li metal pouch cells
were obtained. Before ex-factory test, these cells were first charged to
4.3 V at a current of 225mA and then discharged to 3.0V at the same
current, as shown in Supplementary Fig. 43a.

For the preparation of 1.5 Ah (400Wh kg-1, ~12 g in total mass) IAF
Li metal pouch cells, the dried LiNi0.9Mn0.05Co0.05O2 (NMC90) parti-
cles (provided by Guangdong Graphene Innovation Center) were
mixed with PVDF, Super P and carbon nanotubes (CNTs) at mass ratio
of 95:3:1.8:0.2, respectively. After mixing with NMP to form a homo-
geneous slurry, it was coated on the Al foil (10μm) double-sided with
areal loading of 22mgcm-2. After drying, the coatings were sliced into
NMC90 positive electrode (56× 567mm). The bare Cu foil (9 μm) was
sliced into a negative electrode with dimensions of 59 × 475mm. Then
the above electrodes were wound with PP membrane. The number of
rolling layers is 12. Upon assembled with Al-plastic film and injection
with electrolyte (2M LiDFOB and 1.4M LiBF4 in FEC/DEC (v/v, 1/2)23,
2 g Ah-1), the un-activated IAF Li metal pouch cells were obtained.
Before the ex-factory test, these cells were first charged to 4.5 V at a
current of 225mA and then discharged to 3.0V at the same current, as
shown in Supplementary Fig. 43b.

Characterization
X-ray photoelectron spectroscopy (XPS) was adopted to explore the
chemical information of SEI and cycled electrodes. A PHI5000 Ver-
saProbe II XPS with Al Kα irradiation (1486.6 eV) was employed. SEM
was utilized to characterize the morphologies of Li metal and the
cycled electrode morphologies by using a cold field scanning elec-
tron microscope (SU8010, HITACHI) at 5 kV. AFM characterization
was carried out to determine the surface fluctuation and Young’s
modulus of SEI. Typically, the facility (Bruker, DIMENSION ICON) was
placed in an Ar-filled glovebox (MBRAUN, H2O < 0.1 ppm,
O2 < 0.1 ppm), and the AFM images were collected based on the
PeakForce tapping mode. The modulus was obtained through the
quantitative nanomechanics mode (QNM) and further fitting the
curve using Derjaguin-Muller-Toropov (DMT)model. As an extension
of the PeakForce tapping mode, the QNM can provide the modulus
maps by analyzing the force at each scan point. It is worth noting that
the preparation and ex-situ measurements of the electrode samples
were carried out at a temperature range of 25 ± 1 °C. As to the elec-
trochemical impedance spectrum (EIS) test, the Li | |Cu cells were
fabricated and cycled 5 times at 0.05mA cm-2 within the potential of
0.01 V and 1 V firstly. Then, a fixed capacity of Li metal (0.25mAh cm-2

or 3mAh cm-2) was deposited on Cu foil throughCCorMPCprotocol,
respectively. The Li | |Cu@Li cells were kept under -20 °C, -10 °C,
0 °C, 10 °C, 20 °C, 30 °C to record the temperature-dependent EISs
(with a frequency range from 100,000Hz to 0.1 Hz and an amplitude
of 5mV (potentiostatic, Steps/Decade = 10, quasi-stationary
potential)).

Electrochemical tests
All the Li | |Cu half cells were cycled five times at 0.05mAcm-2 within
the potential between 0.01 V and 1 V before further test. For the
Coulombic efficiency (CE) test, Li metal was deposited on Cu foil at
3mAh cm-2 through each protocol and followedwith stripping to 1 V at
1mA cm-2. The plating current densities are listed in Supplementary
Table 1. To test the average CEs, the Li | |Cu cells were pre-cycled
one time through CC-1mA (6 h) and MPC-2mA-3rd (6 h): 0.5mA cm-2

(1 h)-1 mA cm-2 (1 h)-2 mA cm-2 (1 h)-1.5mA cm-2 (1 h)-0.5mA cm-2 (1 h)-
0.5mA cm-2 (1 h) protocols (both charged to 1 V at 1mA cm-2), respec-
tively. Then Li (QT) was deposited on Cu foil at 6mAh cm-2 through CC-
1mA (6 h) andMPC-2mA-3rd (6 h), followed by charge-discharge with a
capacity of 3mAh cm-2 (QC) for 11 cycles through CC (3 h) or MPC (3 h)
protocols. Finally, the capacity when stripping to 1 V was measured
(capacity: QS), and the average CEs can be calculated as: (11QC +QS)/
(11QC +QT).

To compare the electrochemical performance of different
charge protocols such as the pulsed current36,70, the asymmetrical
bidirectional current38, the self-heat current40-9mA cm-2, the seed
current41-20 mA cm-2, the seed current42-50mA cm-2 and the middle
peak current in present research, Cu foil (12mm) was matched with
Li foil to assemble Li | |Cu coin cells. Typically, the electrolyte here is
1 M LiPF6 in EC/DEC (1/1, v/v) with 10 wt% FEC, which is the same as
the electrolyte for IAF Li metal coin cells. The test methods for these
protocols are listed as follows: CC current, with continuous constant
plating current of 1mA cm-2; Asymmetric bidirectional charge pro-
tocol, with Li metal deposited at 1mA cm-2 for 0.5 h and then it was
followed by stripping Li metal at 1 mA cm-2 for 2min (120 s), which
was repeated 6 times and then followed by plating Li metal at
1mA cm-2 for 12min (720 s); Pulsed charge protocol, with Li metal
deposited at 1mA cm-2 for 0.5 h and then it was followed by
remaining open circuit potential (OCP) for 2min, which was repe-
ated 6 times; Self heat-9 mA cm-2 charge protocol, with Li
metal deposited at 9mA cm-2; Seed current-20 mA cm-2 charge
protocol (20 mA-1 mA), with Li metal deposited at 20mA cm-2 for
3min (180 s) firstly and then it was followed by plating Li metal at
1mA cm-2; Seed current-50mA cm-2 charge protocol (50mA-1 mA),
with Li metal deposited at 50mA cm-2 for 4 s firstly and then it was
followed by plating Li metal at 1 mA cm-2; MPC charge protocol, with
Li metal deposited at 0.5mA cm-2 for 0.5 h, 1 mA cm-2 for 0.5 h,
2mA cm-2 for 0.5 h, 1.5mA cm-2 for 0.5 h and 0.5mA cm-2 for 1 h
continuously. It is worth noting that for all these plating protocols,
the total amount of Li metal deposited is 3mAh cm-2 and the
deposited Li metal was stripped at 1mA cm-2 until the potential of
Li | |Cu half cells reach 1 V.

For the charge-discharge of IAF Li metal coin cells and Li metal
coin cells, all the cells were charged for 3 hours with specified charge
protocol and then discharged to 2.8 V (NMC622, SCNMC811) at
1mA cm-2. For the 0.2 C charge-discharge of IAF Li metal coin cells
(with NMC622 positive electrode) between 2.8 and 4.3 V (100 SoC) and
under CC, the charge-discharge current was based on the theoretical
capacity of 180mAh g-1 for NMC622. For the 1.8 Ah IAF Li metal pouch
cells, 5 hours gradient charge with Li capacity of 1.5 Ah, 1.2 Ah and
0.9 Ah were carried out sequentially. In addition, for the 1.5 Ah IAF Li
metal pouch cells, 3 hours gradient charge with Li capacity of 1.2 Ah
and 0.9 Ahwere carried out sequentially. Details for pouch cell test are
available in Supplementary Table 4. All the coin and pouch cells were
cycled at the temperature range of 25 ± 1 oC.
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Simulation
The simulation domain of electrolyte/separator is shown in Supple-
mentary Fig. 14. The non-uniform SEI surface is mimicked by a cosine
function with amplitude A (y=200+A cosωπx, where ω= 1:3 and
A= 40 or 50nm). The current density boundary condition and sym-
metric boundary are applied to the top boundary and the two side-
boundaries, respectively.

The ternary current distribution, deformed geometry and solid
mechanics modules of COMSOL multiphysics were used in simulation
of the plating/stripping of Li and the mechanical response of SEI.
Charge and species conservation laws govern the evolution of con-
centration and electrical potential with ion flux given byNernst-Planck
equation71:

Ji = � Di∇ci � ziuiFci∇ϕ

where subscript i denotes ionic species i, Ji, Di, ci, zi, ui are the ion
flux, diffusion coefficient, concentration, charge carried, and mobility
of species ionic species i, respectively.F is the Faraday’s constant andϕ
is the electrical potential of electrolyte.

Bulter-Volmer equation was utilized to describe the electro-
chemical kinetics at interface:

iloc = i0 CR exp
αaFη
RT

� �
� C0 exp

�αcFη
RT

� �� �

where iloc is the local current density; i0 is the exchange current
density; η is the reaction overpotential; αa and αc are the transfer
coefficients for anodic and cathodic reactions, respectively; CR and C0

are the dimensionless concentration, respectively; R is the idea gas
constant; and T is the absolute temperature.

The SEI was considered as an elasticmaterial60. The thickness of Li
deposition is calculated by the ternary current distribution and
deformed geometry modules of COMSOL and is imposed as the pre-
scribed normal displacement at the SEI-Li interface. No initial residual
stress is considered in SEI. Stress distribution in the domainwas solved
by quasi-static assumption:

∇ � σ =0

where σ is the Cauchy stress tensor.
The influenceof deformedSEI on electrochemical kinetics is taken

into account by introducing a factor term in the Butler-Volmer
equation72,73:

B= exp
γΔμe�

RT

� �

where the electrochemical potential change Δμe� resulting from local
strain is assumed to be proportional to the Young’s modulus of SEI. A
form of B= exp κ ESEI�E0

E0

� �
is adopted for illustrative purpose. If mod-

ulus of SEI is higher than themodulus E0, its effect on electrochemical
potential change is included. Value of E0 is taken as 1 GPa and scaling
parameter κ takes the value of -0.3. Other parameters used in the
simulation are listed in Supplementary Table 3.

To obtain themaximum allowable current density (MACD) for the
SEI with various modulus and SEI roughness, the first 0.25mAh cm-2 of
Li was deposited at 0.5mA cm-2, then the following 0.5mAh cm-2 of Li
was further deposited at various current densities. The Von Mises
criterion was employed for the determination of SEI failure61. Through
continuous simulations at specific SEI modulus and amplitude, one
could get theMACD for the following 0.5mAh cm-2 of Li metal plating.

Data availability
The authors declare that the main data supporting our findings of this
study are contained within the paper and Supplementary Information.
The source data generated in this study are provided in the Source
Data file. Source data are provided with this paper.
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