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% Check for updates Lithium dendrites, with their high reactivity, pose a critical challenge to the

safety and longevity of lithium-based batteries. Effective regulation strategies
are crucial for mitigating battery degradation and enhancing reliability. Con-
ventional approaches, such as relaxation following lithium plating or regulated
discharging, often fail to simultaneously address the formation of solid elec-
trolyte interface and isolated lithium. Here, we demonstrate that rational uti-

lization of electric field relaxation following dendrite growth can reduce
defective solid electrolyte interface and isolated lithium by balancing solid
electrolyte interface growth and dendrite morphology smoothing near the
relaxation time constant. Building upon the mechanism, we propose a short-
term relaxation method to manipulate lithium plating, which achieves an
enhancement of capacity retention from 80% up to 95% at 3 C-rate (20 min)
fast-charging on commercial batteries. These findings highlight the impor-
tance of relaxation after dendrites formation for safe, long-life and fast-
charging batteries, particularly where dendrite growth is the limiting factor.

With their superior energy density and durability, lithium-based bat-
teries have emerged as the cornerstone of energy storage in the pur-
suit of carbon neutrality'>. However, the growth of lithium dendrites
has become a predominant impediment in the application of lithium-
based batteries, due to the large surface area and high reactivity
between the dendrites and surrounding electrolyte*”. Rapid side
reactions of the plated lithium dendrites lead to substantial heat
generation and irreversible loss of active lithium, compromising the
safe and prolonged operation of the batteries®'°. More seriously,
during cycling after lithium plating, some lithium dendrites lose
electrical contact with the negative electrode and become dead
lithium, which further accelerates battery degradation. Therefore,

manipulation strategies for lithium plating are essential for the long-
life operation of lithium-ion batteries.

The introduction of functional materials presents an effective
approach for post-lithium plating treatment. By ingeniously introdu-
cing certain redox pairs, dead lithium can be oxidized and dissolved at
specific voltages, thereby recovering into active lithium and sig-
nificantly extending the battery’s lifespan. Recent studies have shown
that P/I"" and Br*/Br'? are two promising redox pairs. However, these
approaches involve material modification thus are difficult to be
directly applied to existing battery systems.

Based on the understanding of the physical and chemical trans-
formations following lithium plating, the post-lithium plating work
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protocols have shown significant impact on capacity recovery of
lithium-ion batteries. Calendar studies have shown that directly
relaxation after lithium dendrites growth leads to the formation of a
fragile solid electrolyte interphase (SEI), thus accelerating battery
degradation™. Therefore, in traditional perceptions, the optimal
approach after lithium plating is considered to be immediate dis-
charging, which can suppress SEI growth and promote the majority of
Li* to reversibly strip back to cycling. However, the stripping of Li*
leads to the fracture of lithium dendrites, causing the generation of
dead lithium thus decreasing the battery capacity retention'*"%, To
address these challenges, the state-of-the-art researches have shown
that continuous discharging process™'*, pulse current conditions? 2
and relaxation at the discharged state after lithium plating” can par-
tially reactive isolated lithium, which result in over 100% Coulomb
Efficiency (CE) in the subsequent cycles, enabling the recovery of
capacity loss, as illustrated in Fig. 1a. These approaches shed light on
restoring battery performance after lithium plating, however, they are
still primarily remedial measures taken after the formation of dead
lithium. The regulation approaches to simultaneously suppress unde-
sirable SEI growth and dead lithium formation from the source remain
unexplored.

In this study, we find a counterintuitive phenomenon: short-term
relaxation (near the time constant of the electric field relaxation pro-
cess) after lithium plating exhibits the highest capacity retention rate
among various parameter combinations of lithium plating-resting-
discharging-resting cycles. To figure out the underlying mechanisms,
we investigate the chemical and physical changes of lithium dendrites
during relaxation after lithium plating. By utilizing in-situ Raman-
optical microscopy-electrochemical impedance spectroscopy (EIS)
techniques, we find that chemically, the SEI formed in the short term
after lithium plating is predominantly inorganic, which is typically
considered to be dense and beneficial, whereas prolonged relaxation
leads to a significant increase in the loose and adverse organic com-
ponents; and physically, a decrease in the area covered by lithium
dendrites during short-term relaxation after lithium plating occurs,
which indicates morphological changes.

Furthermore, by ex-situ X-ray photoelectron spectroscopy (XPS),
transmission electron microscope (TEM), scanning electron micro-
scopy (SEM) and energy dispersive spectroscopy (EDS) techniques, the
temporal and special formation of SEI after lithium plating is analyzed,
and the inorganic-organic staged growth mechanism is confirmed.
Then by phase-field modeling, we reveal that during relaxation, the
concentration gradient of Li* shifts from the dendrite tips to the sides,
which leads to the gradual smoothing and thickening of the dendrite
tips. The fundamental mechanism of both the transformations lies in
the localized electric field relaxation during resting after lithium den-
drites formation.

Based on the mechanism, we propose a short-term resting
manipulation strategy for recovering the lithium dendrite-formed
batteries, and validate this approach on commercial 0.9 Ah Graphite
(Gn|llithium iron phosphate (LFP) batteries, which achieves a leap in
capacity retention from 80% to 95% over 100 cycles at 3 C (C is the unit
of charge rate, 1C represents the equivalent current that can fully
charge the battery in one hour, and 3 C means the current that can fully
charge a battery in 20 minutes. For the pouch cell employed, 3C
represents the current of 2.7 A) fast charging. Moreover, compares to
the state-of-the-art discharging-resting management technique, our
lithium plating manipulation method achieves an 80% reduction in
protocol time, and decreases the capacity loss rate by 23.8%. Unex-
pectedly, we find that the capacity degradation of the full battery is
unrelated to CE. The discharging-resting batteries remain above 100%
CE for the majority of the time, however, their capacity retention is
inferior to the batteries using our proposed regulation protocol, which
generally exhibits CE below 100%.

From this study, we suggest that rational utilization of electric
field relaxation directly after dendrites formation is a practical
manipulation approach for safe, long-life and fast-charging lithium-ion
batteries. This study also sheds light on the sustainable manipulation
of batteries where dendrite growth is the limiting factor for charging,
such as sodium-ion batteries and zinc-ion batteries.

Results

Comparison of post-lithium plating manipulation processes
Zhang et al. investigated the electrochemical and morphological
changes during a 10-hour relaxation period at discharged state after
lithium plating, and discovered the reactivation of isolated lithium?.
Here, to comprehensively investigate the impact of different con-
ditions on battery capacity recovery after lithium plating on Gr
negative electrodes, we designed a set of test conditions for com-
parison using Li||Gr cells, as shown in Fig. 1b and Supplementary
Table 1. All of the tests were conducted under a 10-hour manipula-
tion period, including resting a hours immediately after lithium
plating, followed by discharging and resting for b hours (a+b=10
anda=0,1,2,5,10). Since it is widely accepted that low-rate plating
leads to a more even dendritic morphology, and low-rate stripping
helps to avoid dendrite fracture, both methods are anticipated to
result in higher capacity retention”®*, we set up control groups for
low-rate plating and low-rate stripping, without resting and with a
total time increment of 10 hours, to determine the effectiveness of
the manipulation protocols. Then we compared the capacity recov-
ery rates (equal to CE, and shown in Eq. (1)) of the lithium plating-
discharging processes under different conditions. To account for
the impact of isolated lithium recovery on the CE in the subsequent
cycles after lithium plating and striping, we added a normal
charging-discharging cycle following the lithium plating-discharging
cycle, and then compared the total capacity retention over the two
cycles (Eq. (2)), which represents the overall impact of manipulation
protocols on capacity recovery.

CE=CRR, = Qaen1 100y @
Qch,l
+
CRR,= Qe * Qaenz 105 @)
Qch,l + ch,2

In Egs. (1-2), CE is Coulomb Efficiency, CRR; is the capacity
retention rate of the lithium plating-discharging process, CRR, is the
total capacity retention rate over the two cycles, Q. ; and Qycp ;
represents the charge and discharge capacity of the lithium plating-
discharging cycle (in Ah), and Qcp, 5, Quch, > represents the charge and
discharge capacity of the following normal cycle (in Ah).

The comparison results are shown in Fig. 1c. The discharging-
resting group (a=0, b=10), low-rate charging and low-rate dischar-
ging control groups showed no significant differences, indicating that
resting after discharging could restore the capacity after the inad-
vertent plating of lithium, through the reactivation of isolated lithium.
And the discharging-resting group exhibited higher CE compared to
the long-term resting groups after lithium plating (a=5, b=5 and
a=10, b=0), which was attributed to the extensive SEI growth during
resting directly after lithium plating®™. Thus, the discharging-resting
process is more effective for capacity recovery than the long-term
resting after plating.

Unexpectedly, the capacity recovery of the short-term relaxation
after plating groups (a=1, b=9 and a =2, b= 8), whether in the single
plating cycle or total two cycles, were significantly higher than other
groups. This challenged the conventional belief that relaxation after
lithium dendrites formation would lead to abnormal SEI growth and
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Fig. 1| The manipulation processes after lithium dendrite plating. a Schematic
illustration of reactions after lithium plating at different regulations in conventional
understanding. b Test protocols. 1 C-rate represents testing under 2.2 mA. ¢ The

single-cycle and two-cycle capacity retention rates (CRR) under different manip-
ulation processes.

accelerated capacity decay, and indicated a strategy with greater
potential to reduce manipulation time, more closely aligning with real-
world conditions of short-term relaxation after fast charging. The
underlying mechanism during relaxation process subsequent to
lithium plating requires in-depth investigation for the reliable opera-
tion of batteries.

In-situ observation of the relaxation period after lithium plating
We first designed an in-situ Raman-optical microscopy-EIS setup, to
study the structural and chemical changes occurring in the Gr negative
electrode with lithium dendrites during the relaxation period after
lithium plating, as shown in Supplementary Fig. 1. We refined the
design and fabrication process of the optical coin cell”, making it
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convenient for access in normal laboratories (Supplementary Fig. 2-3).
The test procedure is shown in Supplementary Fig. 4. Firstly, the Gr
negative electrode in the optical cell was charged at 1/20 C (0.12 mA) to
generate a robust SEI and fully lithiated Gr (LiC4)*. Secondly, the Gr
negative electrode was overcharged at 1 mA for 2 h to induce lithium
plating, and finally the cell was rested for 20 h.

Chemically, we analyzed the in-situ Raman test results of the total
process, as shown in Fig. 2a. During the lithium plating process, the
peak around 500 cm™ associated with Li,O, and the peak around
1522 cm™ corresponding to ROCOOLi**>® both weakened or even dis-
appeared, indicating the plated lithium disrupted the original SEI
structure. During the relaxation period after plating, the Li,O slightly
increased within 1-3 hours, followed by a decrease over the long term,
while the ROCOOLi significantly increased. This suggests that the SEI
regenerated during short-term relaxation was predominantly inor-
ganic (generally considered dense, robust, and of high lifespan
performance®~®), whereas after long-term relaxation became mainly
organic, agreeing with the reported findings (typically regarded as
porous and less durable®*%),

Physically, we tracked the morphological changes throughout the
entire formation-lithium plating-relaxation process, and distinguished
the gray metallic lithium from the negative electrode (golden LiCg and
purplish-red copper mesh) by decomposing the images into RGB color
channels”. Then we analyzed the lithium plating regions at 0, 0.5,1and
5hours after plating (original images shown in Supplementary Fig. 5).
By comparing and subtracting the regions at adjacent time points, we

Li,O Li-EC ROCOOLi

e NP /\ Rest 20 h

visualized the changes in lithium plating morphology, as shown in
Fig. 2b. It was observed that in early stages of relaxation after plating,
the areas covered by metallic lithium gradually diminished, which
gradually became less noticeable over time. Further, the semi-
quantitative comparison of the normalized lithium area over time
was conducted, as shown in Fig. 2c, and the same conclusion was
confirmed. During the short-term relaxation period after plating, the
lithium area decreased, which may indicate the refinement of lithium
morphology.

In-situ EIS can decouple various physicochemical processes
within the battery across different frequencies, providing evi-
dences for the changes in composition and structure. As shown
in Fig. 2d, after lithium plating, the size of the single EIS semi-
circle observed in the Nyquist plot became significantly smaller
compared to the LiCq state, but gradually increased during the
relaxation period. The equivalent circuit model (ECM) fitting*~*?
results are shown in Fig. 2e and Supplementary Table 2. Within
the short-term (1-2 hours) relaxation after lithium plating,
the Ohmic resistance Ry (reflecting SEI resistance)**** and the
interfacial capacitance Y, (reflecting the double-layer
capacitance)*®*’ both decreased, while in the long-term relaxa-
tion, they both increased. These phenomena indicated differ-
ences in SEI composition between short and long term
relaxation after lithium plating, as well as the reduction in the
surface area of the plated lithium, consistent well with the
previous conclusions.
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Ex-situ semi-quantitative analysis

However, due to the focusing changes and resolution limitations, in-
situ analyses cannot provide precise quantitative analysis, necessitat-
ing the use of additional characterization techniques for a more
comprehensive understanding. In this study, we disassembled the cells
at various resting times after lithium plating, and conducted semi-
quantitative analyses of the SEI composition both along the thickness
direction and across time intervals using XPS, TEM and SEM-EDS.

The XPS analysis results for C 1s, O Is and F Is of 20 hours
relaxation after lithium plating are shown in Fig. 3a. We performed
experiments at different etching depths (0, 5, 15 and 30 nm, and the
value mentioned for each pattern is the depth from the electrode
surface) to capture the SEI growth along thickness**°. As the SEI
growing after lithium plating (from deeper to shallower layers), the C-
C/C-H component gradually increased, accompanied by a decrease in
Li,CO3, Li»O and LiF, indicating a transition in the SEI composition
from inorganic to organic components. Subsequently, we compared
these finding with the elemental composition obtained from the LiCq
state (Supplementary Fig. 6), as shown in Fig. 3b. The elemental dis-
tribution at 30 nm etching of the lithium plated sample closely mat-
ched that of the un-etched LiCg state, indicating that the newly formed
SEI was approximately 30 nm thick, with a surface layer that contained
a significantly higher proportion of organic components (rich of C
element) compared to the original SEI. High-resolution transmission
electron microscopy (HRTEM) and EDS analysis also demonstrate the
SEl structure with an inner inorganic layer and an outer organic layer,
as detailed in Supplementary Fig. 7-8.

Simultaneously, on the temporal scale, we disassembled the cells
with different resting times after lithium plating and conducted SEM-
EDS characterization. The elemental composition changes over time
are presented in Fig. 3c. Prior to lithium plating, the C content in the
negative electrode was the highest among the samples, which could be
attributed both to the graphite negative electrode and to the

carbonaceous components within the SEI. At O hour after lithium
plating, the C significantly decreased, while O and F markedly
increased, indicating the disruption of the original SEI, and the surface
of the plated lithium became relatively enriched in O and F elements.
As the relaxation continued, the C content gradually rose while O and F
gradually decreased, which represented the progressive formation of
an organic SEL This observation aligns with the aforementioned in-situ
Raman and ex-situ XPS results.

Consequently, in terms of chemical evolution, the SEI formed
during short-term relaxation after lithium plating is rich in dense
and elastic inorganic components. In contrast, long-term relaxa-
tion leads to the formation of a fragile organic SEI, and excessively
consumes active lithium. This may be one of the primary reasons
for the higher capacity retention during short-term relaxation
after plating. In recent reports, the formation of this anion-
enhanced SEl is attributed to anion migration in the electric field
relaxation during the resting period’'.

The mechanism of morphological evolution during relaxation
According to the SEM characterization results shown in Fig. 3d and the
statistical analysis of dendrite diameters shown in Supplementary
Fig. 9, the lithium dendrites exhibited a trend of being thicker and
smoother as relaxation continued. The thickening was likely due to the
massive growth of organic SEI, and the smoothing may be a result of
morphological changes, consistent with the optical results in Fig. 2b.
Therefore, we further investigated the mechanism of morphological
changes during the relaxation period after lithium plating by phase-
field modeling®°>%3, We simulated the growth of lithium dendrites by
applying an overpotential, and compared the dendrites morphology,
Li* concentration field distribution, and liquid-phase potential field
distribution at three different stages: 20 seconds before the termina-
tion of lithium plating, the termination point, and 20 seconds relaxa-
tion after lithium plating, as shown in Fig. 4a.
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field variable. The arrows represent the electric field direction and Li* transport
direction, respectively. b Schematic diagram of the morphology flattening due to
the electric field relaxation during resting.

The deposition of lithium metal exhibited dendritic form. This is
driven by the potential field gradient pointing towards the lithium tips,
which pumped Li* to accumulate at the sharp tips, leading to the for-
mation of needle-like dendrites. At the time point when lithium
deposition terminated, the electric field still remained concentrated at
the dendrite tips. Surprisingly, during the relaxation period after
lithium plating, the absence of current and overpotential led to a rapid
dissipation of the electric field gradient, which no longer focused on
the dendrite tips. As a result, the Li* concentration gradient at the non-
tip regions became higher than that at the tips. This redistribution
caused Li* to locally strip from the tips and plat to the sides, resulting in
localized charge transfer, which gradually smoothed and thickened
the dendritic structure.

We also conducted simulations and comparisons for traditional
immediate stripping regulation after lithium plating, as shown in
Supplementary Fig. 10. Similar to the plating process, the electric field
gradient and Li* concentration gradient was also concentrated at the
tips during the discharging process, with Li* continuously stripped-off
and no local-transfer occurred. This enhanced the propensity of
lithium metal stripping at the tips, and caused the thinner regions to
become even thinner, which eventually led to fracture of the tips,
resulting in the formation of isolated lithium™.

In contrast to the conventional method of immediate discharge
the negative electrode after lithium plating, and activate isolated
lithium by post-discharge resting, the short-term relaxation strategy
directly after lithium plating allows for the relaxation of electric and
concentration fields, which induces a redistribution of lithium metal

from the dendrite tips to the sides (as illustrated in Fig. 4b), smoothing
the dendrite structures and reducing the formation of isolated lithium.

Lithium plating manipulation based on electric field relaxation
In short summary, this study identifies two key factors contributing to
the capacity recovery during short-term relaxation after lithium plat-
ing: (1) the formation of a thin, robust and inorganic-rich SEI, and (2)
the smoothing of lithium dendrites, which helps to reduce dead
lithium formation. Both effects are attributed to the relaxation of the
electric field during the short-term relaxation period immediately after
lithium plating. The schematic of this process is presented in Fig. 5a.

Finally, we accessed the practical application of our findings. We
conducted fast charging experiments using commercial Gr | |LiFePO,
batteries under 3 C-rate (2.7 A), and compared the capacity degrada-
tion for 100 cycles across different test groups. In each group, the cells
were rested for a hours after charging and for b hours after discharging
(Supplementary Fig. 11 and Supplementary Table 3). The unregulated
cells (@=0, b =0) experienced rapid capacity decay, losing 20% capa-
city after 100 cycles (Supplementary Fig. 12). SEM characterization
revealed substantial lithium plating on the negative electrode (Sup-
plementary Fig. 13). The degradation results of the manipulated
groups are shown in Fig. 5b. Compared to 10-hour resting after lithium
plating (a =10, b = 0), 10-hour resting at discharged state (a =0, b=10)
proposed in ref. 27 showed batter capacity retention. Nonetheless, it
was still less effective than the short-term relaxation following lithium
plating (a=2, b=8). Additionally, our proposed method (a=1, b=1)
achieved an enhancement in capacity retention from 80% to 95% over
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Gr | |LFP batteries under 3 C-rate lithium plating fast-charging condition and dif-
ferent manipulation protocols. ¢ CE of the batteries in b, and d Comparison of CE
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and capacity loss under different manipulation conditions. Two cells were tested
per group for statistical representation, and the shading represents the range
between the maximum and minimum values.

100 rapid-charging cycles, in contrast to the absence of any regulation.
Compared to the state-of-the-art discharging-resting method (a=0,
b=10), it reduced capacity loss by 23.8% while shortening the regula-
tion time by 80%. Moreover, the short-term relaxation after fast
charging aligns more closely with typical user behaviors, thus offering
practical value.

We then analyzed the voltage profiles during relaxation after fast
charging and lithium plating, thereby substantiating the scientific basis
for a 1-hour relaxation period (which was the time constant of the
electric field relaxation process) as the optimal solution, as shown in
Supplementary Fig. 14. We also compared the CE under these regula-
tion conditions, as shown in Fig. 5c. Surprisingly, the condition with the
highest capacity retention (a=1, b=1) exhibited the lowest CE,
remaining below 100% for most cycles. In contrast, the CE for the other
three conditions stayed around or above 100%. Furthermore, we
analyzed the number of cycles where the CE exceeded 100% over 100
cycles, and examined its correlation with the capacity loss rate after
100 cycles, as shown in Fig. 5d. The results showed no significant

correlation between the two parameters, which is contrary to previous
perceptions***, The discharging-resting group (a = 0, b=10) exhibited
the highest occurrences of CE exceeding 100%, likely due to the
reactivation of dead lithium during the relaxation period”’. However,
this group also experienced a higher degradation rate, which can be
attributed to the increased formation of dead lithium from immediate
discharge after lithium plating. The underlying cause of this phe-
nomenon is that the conventional CE calculation method only
accounts for the capacity retention within a single cycle*. To capture
the capacity retention across multiple cycles, a distinct method of
calculation is discussed in Supplementary Fig. 15-16. This further sup-
ported that short-term relaxation after lithium plating reduced the
formation of dead lithium at its source, leading to a higher capacity
retention.

Discussion
In this study, we found the counterintuitive phenomenon that short-
term relaxation after lithium dendrites formation led to the highest
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capacity retention. We then conducted an in-depth investigation into
the chemical and physical changes occurring during the relaxation
period after lithium plating to elucidate the underlying mechanisms of
the process. Utilizing in-situ Raman spectroscopy-optical microscopy-
EIS, we analyzed the changes in lithium dendrites’ composition and
morphology during relaxation. In the short-term relaxation, an SEl rich
in inorganic components was formed, accompanied by a reduction in
the metallic lithium surface area. While long-term relaxation led to the
predominant formation of organic SEI, with little change in the mor-
phology. Furthermore, through ex-situ XRD, TEM and SEM-EDS ana-
lyses, we semi-quantitatively validated the formation process of SEI
structure from both thickness and temporal perspectives, and con-
firmed the gradual transition of composition from inorganic to organic
phases. Additionally, based on phase-field modeling, we analyzed the
morphological evolution from sharp to smooth during the relaxation
period, which is driven by the localized transfer of Li* from the den-
drite tips to the sides. Therefore, the competitive relationship between
morphological optimization and SEI film deterioration during short-
term relaxation after lithium plating result in the highest capacity
retention. The common underlying mechanism for both changes is the
relaxation of the electric field. Finally, we discussed the practical
implication of our findings. In commercial LiFePO, batteries, our short-
term resting strategy after fast charging increased the capacity
retention rate from 80% to 95% after 100 cycles at 3 C-rate (1A), and
compared to the state-of-the-art discharging-resting regulation pro-
tocol, our method achieved an 80% reduction in time, and reduced
capacity loss by 23.8%. We also observed that capacity loss was unre-
lated to Coulomb Efficiency, for the CE under the highest capacity
retention protocol was the lowest.

This research demonstrated the theoretical and practical feasi-
bility of simultaneously suppressing the formation of detrimental SEI
and dead lithium at the source by regulation method, which can guide
further studies on the safe and long-life manipulation for lithium
dendrites of lithium-based batteries, holding significant potential for
practical applications on fast charging and low-temperature charging.

Methods

Li| |Gr cell

In the research on capacity retention under different lithium
plating and manipulation conditions, we used 2032-type coin
cells employing graphite negative electrode (5.8 mgcm??,
340 mAh g™, Canrd), high-purity Li foil (200 um thick, 99.9%,
®14mm, Xiamen TOB New Energy Co., Ltd.), 2325-type PE/PP/PP
separator (39% porosity, 25um, purchased from Celgard), and
20 pL electrolyte (1 mol L™ LiPF6 in 1:1:1 ethylene carbonate (EC)/
ethyl methyl carbonate (EMC)/ dimethyl carbonate (DMC) and
0.5% w/w vinylene carbonate (VC), Canrd). The metallic lithium
electrodes and electrolyte were stored in an argon (Ar)-filled
glovebox (25 °C, with water and oxygen levels below 0.01 ppm)
for no more than one month prior to cell assembly. The separator
was stored in a vacuum drying oven at 60 °C for no more than
half a year. We punched the Gr electrode and separator into discs
with diameters of 12mm and 19 mm, respectively, and then
assemble the coin cells inside the Ar glove box. We used a 2035-
type coin cell assembly (stainless-steel positive and negative
shells with a diameter of 20 mm and a thickness of 3.5mm, a
stainless-steel washer with a thickness of 0.5 mm and a diameter
of 12mm, and a matching stainless-steel spring, all purchased
from Canrd) for assembly, with an assembly pressure of 800 kg.
All of the cells were tested after 20 hours electrode soaking
process.

Raman spectrometer and microscopy
Raman spectroscopy was performed with a SENTERRA Il microscope
from Bruker, using a 785 nm laser at 25 mW power. A 50x objective lens

focused the laser, and spectra were collected with a 20-second expo-
sure and five accumulations. The aperture was set at 15x1000 pum,
achieving a spectral resolution exceeding 4 cm™ for precise vibrational
mode identification. Data analysis, including normalization based on
the total area®, was conducted using Matlab R2018b, aiding in the
identification and quantification of peaks by their wavenumber and
intensity. The testing sample was an in-situ optical cell, with charging
and discharging performed using CT3004A battery tester
from LANHE.

In-situ optical cell assembly

Compared to conventional coin cells, there are two improvements: (1)
Mesh-type Gr negative electrode, we mixed graphite, PVDF, Super P,
and N-methyl-2-pyrrolidone (all purchased from Celgard) in
9:0.5:0.5:25 ratio to produce the slurry. The slurry was prepared by
mixing six times at 1800 r min™ for 3 minutes each using a planetary
centrifugal defoaming mixer (SZKEJING) under 25 °C. Then, a40-mesh,
200 pm thick copper mesh was cut into 12 mm diameter discs, dipped
into the slurry, and baked at 80 °C for 10 hours to prepare the mesh-
type Gr negative electrode. The areal density of the prepared mesh
electrode was 7mgcm™, and the total thickness was 220 pm. (2)
Positive electrode shell, a 5 mm diameter hole was drilled in the center
of the positive electrode shell, then a 500 um thick, 10 mm diameter
sapphire glass was placed on top and sealed with adhesive (Kafuter).
After curing, a layer of copper paint was sprayed, and a sticker was
used to retain a 5 mm diameter transparent window. The lithium foil,
separator, electrolyte, and cell assembly used here are exactly the
same as those used in the aforementioned Li||Gr cell. The detailed
manufacturing processes of the in-situ optical cell are shown in Sup-
plementary Fig. 2.

Optical image to RGB colourmap processing

The images were decomposed into RGB channels using the method
provided in ref. 27, and the lithium plating areas were subsequently
extracted. First, we located the MP4 video at the specific time points in
Fig. 2, and converted them into PNG images. Then, the images were
decomposed into new images corresponding to the intensity of red,
green, and blue in the raw images. To distinguish golden LiCs and
purplish-red copper (mainly composed of red and green) from the
gray metallic lithium (with similar proportions of red, green, and blue),
we used the blue channel to separate the lithium areas. By subtracting
the blue channel image before the start of lithium plating from that
after the lithium plating, the area of metallic lithium was obtained.
However, due to the subtle changes in the brightness of the separator
area and the generation and movement of some bubbles, some areas
may be mistakenly identified as lithium metal. To correct this, we
manually adjusted the threshold to separate the separator area from
the Gr mesh-lithium metal area, and manually removed the areas of
bubbles.

Battery cycling tests

For the cycling of coin cells, we employed CT3004A battery tester
from LANHE, while for the pouch cells, we used CT-4008 battery tester
from NEWARE. The testing procedures followed specially designed
protocols, which are detailed in the accompanying text. A BTT-series
temperature chamber from GDBELL Co., Ltd. was utilized to maintain a
stable environment at 25 °C +1°C. The data was collected at a sampling
rate of 1Hz.

As for the protocols that trigger lithium plating, we used over-
charging to trigger lithium plating on coin cells. By precisely control-
ling the overcharge capacity, we can accurately control the amount of
lithium plating while eliminating the impact of inconsistencies
between different cells. And for the pouch cells, we employed fast
charging to trigger lithium plating. This method is closer to real-world
scenarios, providing valuable insights for our proposed approach to be
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used in practical applications. By analyzing the experimental results,
we are fully confident that the morphology and transformation prin-
ciples of lithium plating induced by overcharging and fast charging are
similar.

EIS measurement and data processing

EIS measurements were conducted using an Autolab modular system
(PGSTAT302N, Metrohm Co., Ltd.) in potentiostatic mode, the ampli-
tude perturbation was 10 mV. The sweep frequency for all cells were
10° to 1072 Hz, with 10 data points per decade of frequency, encom-
passing the charge-transfer processes outlined in the text. Also, BTT-
series temperature chamber from GDBELL Co., Ltd. was utilized to
maintain a stable environment at 25 °C +1 °C. The ZVIEW software was
utilized to fit the parameters of the equivalent circuit model®.

XPS

XPS is a widely adopted technique for analyzing SEI structures™, In
this study, XPS measurements were conducted utilizing the ESCALAB
Xi+ (Thermofisher Scientific) with a monochromatized Al Ka X-ray
source. The Li | |Gr cells were disassembled in an Ar glovebox at 25 °C,
with Gr negative electrode soaked in 50 mL DMC for 4 hours to thor-
oughly remove residual electrolyte. Then the electrode was placed in
the glovebox for 10 hours to ensure complete drying. Samples were
vacuum-transferred to the XPS measurement instrument to minimize
air exposure, maintaining a chamber pressure of 10”7 Pa during testing
and data collection. Neutralization was ensured with electron and ion
guns. The Avantage software was used for XPS analysis, with the C1s
peak at 284.5 eV as a reference. SEI atomic ratios were calculated from
survey scans at 224 eV pass energy.

HRTEM-EDS

HRTEM analyses were performed using a 200 kV Thermo Fisher Talos
F200S field-emission transmission electron microscope. The ele-
mental composition and distribution within the area of interest were
characterized via EDS mapping. Digital Micrograph software was
employed for FFT transformation of TEM images and lattice parameter
measurements, which facilitated the identification of crystal structure
and type. The cell disassembly, electrode cleaning, drying, and transfer
procedures were consistent with those mentioned in the XPS section.

SEM-EDS

The morphology of plated lithium on Gr negative electrodes was
characterized using a Merlin high-resolution SEM (Carl Zeiss AG). In an
Ar-filled glovebox, coin and pouch cells were disassembled to isolate
lithium-plated graphite negative electrodes. Electrode terminals were
cleaned in 50 mL DMC for 4 hours to eliminate Li* salts and impurities,
then dried for 10 hours and cut into 5 mm? pieces for SEM analysis in
an Ar transfer chamber. The sample was placed in an Ar-filled transfer
chamber and moved to the SEM equipment without any exposure to
air throughout the process.

Phase-field modeling

By employing COMSOL Multiphysics v.6.1, we modeled the phase-field
dynamics within an 8 pm x 4 pm electrolyte domain, filled with a
1mol L™ LiPF6 solution in EC/EMC/DMC (1:1:1). A time-dependent sol-
ver was used, with a 0.1 s calculation step. The phase field parameter
began at 0, with five lithium plating seeds, each set to §=1, evenly
distributed at the domain’s base. By manipulating electric field
boundary conditions, we simulated the battery’s charge, rest, and
discharge cycles. Detailed model parameters are provided in the sup-
plementary files in Supplementary Table 4-5.

Commercial Gr | [LFP pouch cell
To validate the effectiveness of the lithium plating manipulation
methods in the study, we conducted experiments using a

commercially available 900 mAh LFP pouch cell from UFine, China,
with a rated voltage of 3.2V and a rated charging rate of 0.5C. At a
charging rate of 3C (2.7A), lithium plating was induced, thereby
confirming the efficacy of our control strategy for manipulating
lithium plating.

It should be noted that the capacity recovery observed in the
black, red, and blue curves around the 20th cycle in Fig. 5b is actually
due to a period of maintenance and power outage in the laboratory,
which led to an increase in ambient temperature and, consequently, an
increase in battery capacity. This external condition change had
minimal impact on the overall capacity fade trend.

Calculation of Coulomb Efficiency (CE)

The traditional CE (also reported in Fig. 5c) was calculated as the ratio
of discharge capacity divided by the charge capacity in the preceding
charge cycle, independently of whether a cell/battery was assembled in
a charged or discharged state. In Fig. 5d, we introduced an uncommon
calculation method for Coulombic efficiency, defined as the ratio of
the charge capacity at the current cycle to the charge capacity at the
previous cycle. Our analysis indicated that this approach can more
accurately reflect the trend of battery cycle decay.

Statistical information

The error bars in Fig. 1c represent the standard deviation, and each
experimental group was tested three times for reproducibility. The
error lines in Fig. 5b—d represent the maximum and minimum values of
the experimental results, and each experimental group includes two
repeated experiments. The data presented in the manuscript’s plots
represent a statistical analysis of all the cells tested for the electro-
chemical experiments.

Data availability

The datasets generated and analyzed in this work are included in this
article and Supplementary Information. Source data are provided with
this paper.
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