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Abstract: lon depletion in liquid electrolytes is widely accepted to promote dendrite growth in
metal anodes due to enhanced local electrical field and magnified concentration fluctuation at the
electrode/electrolyte interface. Here we report unexpected opposite behaviors in solid polymer
electrolytes, showing that ion depletion leads to uniform lithium deposition. Such stabilization
originates from ion depletion-induced phase transformation, which forms a new PEO-rich but
salt/plasticizer-poor phase at the lithium/electrolyte interface, as unveiled by stimulated Raman
scattering microscopy. This new phase leads a significantly higher Young’s modulus (~2-3 GPa)
than the bulk polymer electrolyte (< 10 MPa), which effectively suppresses dendrite growth.
Further battery tests show that LiFePO4/PEO/Li cells with such ion depletion-induced phase
transformations can be reversibly cycled for 200 times, while cells without such transformation
fail within only ten cycles, demonstrating the effectiveness of this strategy to stabilize the lithium

anode.
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Introduction

Lithium-metal batteries (LMBs) have attracted significant attention in recent years for
next-generation energy storage with high energy density> 2 2. Li metal anode has a theoretical
capacity of 3860 mAh g, ten times that of the conventional graphite anode, and an ultralow
electrode potential (-3.04 V vs. standard hydrogen electrode / SHE). However, lithium deposition
is prone to being non-uniform, leading to rough morphologies such as mossy and dendritic lithium*
56,7 Such uneven deposition not only results in a large electrode surface area which promotes side
reactions with electrolyte and decreases coulombic efficiency and cycle life® °, but also imposes
potential safety hazards such as internal shorting and thermal runaway, especially in combination
with conventional flammable liquid electrolytes (e.g. ethers and carbonates)®? 111213,

Polymer electrolytes are appealing for enhancing the thermal stability of LMBs as they are
much more thermally stable than liquid electrolytes'* 1> 16, For example, the flash points (f.p.) of
poly (ethylene oxide) is 250 °C ’, much higher than dimethyl carbonate (21.5 °C)*8, 1,3-dioxolane
(2 °C)* and 1,2-dimethoxyethane (-2 °C)*’ in liquid electrolytes. Polymer electrolytes are also
compatible with conventional battery manufacturing processes and easy to scale up?.
Unfortunately, Young’s moduli of PEO-based polymer electrolytes are typically in the range of 20
to 70 MPa %122 2 much lower than the proposed threshold of 1 GPa needed to suppress Li
dendritest™ 24, Hence, the fast growth of Li dendrites in polymer electrolytes is widely observed in
literature®* 25 26 and Supplementary Movie 1. The dendrite growth becomes even more severe
with the introduction of plasticizers for enhancing ionic conductivity, as they further soften the
electrolyte® 27, This issue is difficult to be fully resolved by ceramic additives,?® since lithium
dendrites can still penetrate through the interspace between ceramic fillers. Currently, Li dendrite

growth remains one of the major challenges in polymer electrolyte-based LMBs.?°

Addressing this issue requires fundamental understanding of the embedded dynamic Li
metal/polymer electrolyte interface, such as how Li* heterogeneity evolves at the Li anode surface
and how the Li anode interacts with solid electrolytes. While remarkable advances have been
achieved recently in characterizing the Li anode and solid electrolyte interphase (SEI) in liquid
electrolytes, such as cryo-transmission electron microscope (TEM),3% 3L 32 nuclear magnetic
resonance (NMR),3*3# in-situ and environmental TEM, >3 synchrotron,®” 3 and ambient pressure

XPS¥, there is limited progress towards imaging the interaction between Li* transport in the



electrolyte and Li dendrite growth. This arises from challenges in visualizing ions in the electrolyte,
which not only has a low concentration (0.01-2 M), but also possesses fast dynamics (diffusivity
of ~1077-10° cm? s71) compared to solid electrodes (10-50 M, and <10° cm? s™). Hence, ultra-
high chemical sensitivity (~1-10 mM), high speed (~1 s/image), and fine spatial resolution (<1 pm)
are simultaneously required to image the electrolyte, especially during ion depletion. Such

resolutions and sensitivity are beyond the capability of conventional characterization tools.

Recently we utilized stimulated Raman scattering (SRS) microscopy to image ion transport
profile in liquid electrolytes, which simultaneously offers high sensitivity (< 1 mM), fast imaging
speed (~2 us per pixel), and fine spatial resolution (down to 300 nm)“% 4142 SRS microscopy uses
two temporally and spatially synchronized laser beams with an energy difference equal to that of
the target bond’s vibrational mode. The synergy of the two beams amplifies the otherwise weak
vibrational signal by up to 108 times. It thus enables the desired resolutions, imaging speed, and
sensitivity (Fig. 1a, Supplementary Fig. 1).*® Using this emerging microscopy, we visualized for
the first time the heterogeneity of ion depletion in liquid electrolytes and how it correlated with
lithium dendrite growth.*® We observed that ion depletion at the Li/electrolyte interface led to
faster dendrite growth due to the enhanced electrical field and larger concentration heterogeneity,

which agreed with theoretical predictions. 4

In this report, we further explored the solid polymer electrolyte/electrode interaction and
observed unexpected opposite phenomena. Instead of promoting dendrite formation, ion depletion
strongly suppressed dendrite growth in PEO electrolytes and led to reversible lithium plating and
stripping. Further analysis unveiled that this unusual behavior originated from an ion depletion-
induced phase transformation in the polymer electrolyte and subsequent mechano-chemical
coupling inside (Fig. 1b). Once ions deplete, a new PEO-rich phase was formed at the
lithium/electrolyte interface with a high modulus ~ 1-3 GPa, as measured by atomic force
microscopy (AFM). Such a high modulus suppressed dendrite growth and led to uniform lithium
deposition. Based on this discovery, we developed a PEO electrolyte with an optimal composition
(EO/Li = 6, ~1.6 M Li salt), which showed stable cycling over 200 times in an LFP/PEO/Li cell
at 38 °C. In contrast, LFP/PEQ/L.i cells with concentrated electrolyte (EO/Li = 3, ~2.7 M Li salt)

failed quickly after 10 cycles due to the rapid growth of lithium dendrites and dramatically



increased impedance. This work proposes a new strategy for using self-forming mechanically

strong phases to stabilize the lithium metal anode in solid-polymer-electrolyte-based LMBs.
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Figure 1. The schematics of operando SRS imaging of the Li/PEO electrolyte interface. The schematics
of SRS observations on a, high concentration polymer electrolyte (HCPE) and b, low concentration
polymer electrolyte (LCPE) in Li/Li cells. In LCPE, the ion depletion-induced phase transformation leads
to a mechanically strong PEO-rich phase at the lithium/electrolyte interface, which helps suppress lithium
dendrites. c, the bright field of a Li/PEO/L. cell in operando. The upper picture shows the structure of the
cell, while the lower one shows a zoom-in image under the microscope. d, the Raman spectrum of LCPE,
where signature peaks for LiTFSI, SN, and PEO are labeled. The corresponding composition of LCPE is
EO: Li: SN =12: 1: 2.64. e, the plot of Raman intensity of the LiTFSI peak at 1245 cm* versus the Li: EO
ratio in PEO electrolytes with 40 wt% SN, showing good linearity. The points of 1.1 M and 1.8 M LiTFSI
correspond to LCPE and HCPE, respectively.



Results

SRS imaging of Li / solid polymer electrolyte interaction. Home-made parallel cells were used
to visualize the Li / PEO electrolyte interaction via SRS microscopy (Fig. 1c). In this cell, the PEO
electrolyte filled in the gap between two pieces of lithium, and all components were sandwiched
between two glass slides and sealed by epoxy. The distance between two electrodes was typically
~ 0.5 mm. The PEO electrolyte contained lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) as
the salt and succinonitrile (SN) as the plasticizer®® to enhance ionic conductivity and enable
operation at room temperature. Wavenumbers at 1245 cm (CFs stretching),* 2250 cm™ (C=N
stretching),*’ and 2800 cm™ (C—H stretching with combination vibration)*® were selected for SRS
imaging of LIiTFSI, SN and PEO, respectively (Fig. 1d). Due to the requirement of
electroneutrality, [Li"] could be considered to be equal to [TFSI], even at the nanoscale
(Supplementary Note 2), with an error smaller than 0.1 mM.*° Therefore, [TFSI-] was measured
to represent the local [Li*]. The Raman intensity of TFSI™ is proportional to its concentration.
Hence the Raman signal can be easily converted to chemical concentrations (Fig. 1e). The

chemical sensitivity of LiTFSI was calculated to be 0.012 M.

Lithium growth in PEO electrolytes with high and low concentration. As two representatives,
the high-concentration polymer electrolyte (HCPE) and the low-concentration polymer electrolyte
(LCPE) were studied with EO: Li: SN = 12: 2: 2.64 and 12: 1: 2.64 in molarity, respectively, which
corresponded to 1.8 M LiTFSI and 2.4 M SN for HCPE, and 1.1 M LiTFSI and 2.9 M SN for
LCPE. The weight ratios of SN to PEO were fixed at 40% in both cases. Their ionic conductivities
are 1.7x10*#Scm™ (HCPE) and 1.0 x 10* S cm™ (LCPE) at room temperature (RT), respectively
(Supplementary Fig. 2). Due to the relatively low ionic conductivities at RT, a current density of
0.5 mA cm~2 was applied.

In the case of HCPE (Fig. 2a & Supplementary Movie 2), the applied current gradually
depleted [Li*] on the lithium surface ([Li*]o um) from 1.8 M att=0to 1.2 M at t = 27 min, after
which [Li*]oum remained at ~1.2 M in a steady state (Fig. 2b & c). Meanwhile, the lithium growth
rate (v) quickly increased from 0.27 + 0.18 pum mintatt=01t0 0.9 + 0.46 um min* at t = 27 min
(Fig. 2d). The growth was in the form of mossy lithium, and statistical analysis showed a normal
distribution of v (Supplementary Fig. 3a-c). Afterwards, v was drastically increased to ~1.5 um

min~! for the remaining time, leading to an ultrahigh porosity of 97%, indicating that the HCPE
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could not suppress dendrite growth at all. A dual-peak normal distribution was observed at this
stage (Supplementary Fig. 3d-h), where v was low in part of the surface (< 1 pm min™), but
ultrahigh in other regions (> 2 um min-1), showing the heterogeneous dendrite growth on lithium
electrode. This dual-peak mode may arise from SEI properties and non-uniform depletion of ions.
These results shows that if no phase transformation occurs, ion depletion at the Li/polymer
electrolyte interface promotes dendrite growth (Supplementary Movie 2), similar to our previous

observations in gel electrolyte.*°
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Fig. 2. Lithium growth at the lithium/PEO electrolyte interface with HCPE or LCPE. a-d, lithium
dendrite growth in HCPE. a, the bright field and corresponding SRS images of [Li"] = [TFSI] at three
representative stages. b, the voltage profile of the Li/Li cell. ¢, [Li*] = [TFSI'] versus time, and d, the lithium
growth rate (v) versus time. Interface 1 refers to the boundary between the lithium electrode and the PEO
electrolyte. e-h, lithium growth in LCPE. e, the bright field and SRS images of [Li*] at three representative
moments. f, the voltage profile of the Li/Li cell. The yellow shading corresponds to the appearance of the
PEO-rich phase and the green shading indicates the regime where the PEO-rich phase has covered the entire
lithium surface. g, [Li*] = [TFSI] versus time, and h, the lithium growth rate (v) versus time. Interface 2
refers to the boundary between the new PEO-rich phase and the isotropic bulk polymer electrolyte, as
marked by dash lines in SRS images in e. Scale bars are 50 um. Zoom-in SRS images of a & e are shown
in Supplementary Fig. 4.



In contrast to the conventional behaviors observed in HCPE, we find that ion depletion in
LCPE induced a phase transformation process at the lithium/electrolyte interface that unexpectedly
suppressed lithium dendrite growth, as observed by both SRS and bright-field (BF) images (Fig.
2e & Supplementary Movie 2). First, the new phase appeared as the blue color region in SRS and
granular-like region in BF, which was confirmed by the spontaneous Raman spectrum
(Supplementary Fig. 5). This new phase had a much lower [LiTFSI] than that in the isotropic bulk
LCPE, as shown by the contrast between [LiTFSI] at the Li/electrolyte interface (interface 1), and
[LiTFSI] outside the boundary between the new phase and the isotropic bulk electrolyte (interface
2). This difference increased from 0.79 M vs. 0.74 M at t = 15 min, t0 0.87 M vs. 0.61 M att =30
min, and 0.89 M vs. 0.43 M at t = 79 min (Fig. 2g). Further study showed that the new phase was
also poor in SN, [SN] was only ~1.8 M at the interface, compared to 3.8 M outside the interface 2

(Supplementary Fig. 6 and 7).

The appearance of this new phase unexpectedly but effectively suppressed the growth of
lithium dendrites. Although the lithium dendrite growth was observed at t = 0 with v of ~ 0.3 um
min~! (87% porosity), v quickly dropped to 0.048 um/min at t = 30 min after the initial formation
of PEO-rich phase (Fig. 2h), equivalent to a porosity of 16%. At this stage, the PEO-rich phase
progressively formed on the lithium metal surface. After the new phase fully covered the Li metal
surface, the average v from 30 min to 63 min was only 0.044 um mint, which corresponded to a
low porosity of 9.2%, about one thirtieth of that in HCPE, indicating a dense and uniform lithium
deposition. Such behavior is not only self-forming but also self-reinforcing during ion depletion.
For example, if Li dendrite grows fast at a certain location, the local current density will increase
and lead to faster ion depletion and hence thicker new PEO-rich phase, which in turn suppresses
dendrite growth (Supplementary Movie 1, LCPE). This active protection mechanism is distinct
from other conventional passive protective layers, which requires perfect uniformity and durability.
This suppression mechanism has not been reported in the literature, to the best of the authors’
knowledge. This dynamic phase transformation and dendrite suppression are illustrated in

Supplementary Movie 2.

The suppression mechanism and underlying mechano-chemical coupling. To understand how
the new PEO-rich phase formed and suppressed dendrite growth, we first constructed the ternary
phase diagram of PEO-LITFSI-SN with the assistance of SRS (Fig. 3a), as it could measure the



composition of each phase in a high-throughput fashion. The phase diagram illustrates a single-
phase isotropic zone (I-zone) in the middle (orange), and three two-phase regions at the corners
(white & contour region). Representative SRS images of each region are shown in Supplementary
Fig. 8. As shown in Fig. 3a, the composition of HCPE is at the center of the I-zone. When a low-
to-mid-level current is applied, it progressively reduces [LiTFSI] on the lithium metal surface
(Path A'in Fig. 3a). Due to the high salt concentration in HCPE, the electrolyte composition at the
Li/electrolyte interface remains within the I-zone during ion depletion, and thus no phase
transformation occurred. In contrast, the composition of LCPE is close to the boundary between
the single-phase I-zone and the two-phase region, making it susceptible to undergoing a phase
transformation in response to ion depletion (Path B in Fig. 3a), since forming two phases is
thermodynamically more stable than staying in one phase. This phase transformation reduces not
only [LiTFSI], but also [SN] in the new phase, as confirmed by the redistribution of [SN] during
the phase transformation (Supplementary Movie 3 and Supplementary Fig. 6 & 7).
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Fig. 3. The phase diagram and the mechanical properties of PEO-LiTFSI-SN polymer electrolytes. a,
the ternary PEO-LITFSI-SN phase diagram in weight percentage. The orange color marks the region of the
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isotropic single-phase region, while other regions represent two phases. The rainbow color at the top of the
triangle is the contour of Young’s moduli of as-formed PEO-rich phases at corresponding compositions in
the phase diagram. b & ¢, the AFM extending and retraction force curves of b, the isotropic bulk phase (I-
zone, HCPE). No cantilever deformation is detected. ¢, the as-formed PEO-rich phase with a composition
of 0.52 M LiTFSI and 2.6 M SN (See supplementary Table 1 for details). d, the corresponding force-
indentation curves for samples in b and c. e, Young’s moduli of the PEO-rich phase with different salt
concentrations. The sample compositions are along the path A/ B in a. All samples have the same SN/PEO
ratio as HCPE and LCPE (40 wt%), but different [LiTFSI]. The exact composition of each phase is listed
in Supplementary Table 1. The solid and empty squares show Young's moduli of the PEO-rich phase and
the isotropic bulk phases, respectively. f-g, phase-field simulations of Li electrodeposition in solid polymer
electrolytes with f, high concentration (2 M salt) and g, low concentration (1 M salt) at 0.5 mA cm™2.

The effective suppression of Li dendrites by the new PEO-rich phase is hypothesized to
arise from mechano-chemical coupling during the phase transformation at the Li/electrolyte
interface. To verify this, AFM was used to measure the Young’s moduli of solid polymer
electrolytes (SPE) with different compositions, including both the I-zone and the PEO-rich phase,
and the results are superimposed onto the phase diagram in Fig. 3a. For the composition of the
HCPE (1.8 M LIiTFSI and 2.4 M SN), the approaching curve showed no deformation of the
cantilever when the tip was pressed into the electrolyte, indicating that the electrolyte was very
soft (Fig. 3b). Large cantilever deflection is detected during tip retraction, confirming that the tip
was pressed inside HCPE and the electrolyte was sticky. All SPEs within the I-zone and the
isotropic phase of SPEs in the two-phase regions in Fig. 3a displayed similar results (Young’s
modulus E < 10 MPa), indicating they could not mechanically suppress lithium dendrite growth.
Conversely, a classic force curve was observed for the PEO-rich phase formed in SPE. The sample
had an overall composition of 0.6 M LiTFSI and 3.3 M SN, and the PEO-rich phase inside
contained 0.52 M LiTFSI and 2.6 M SN (Fig. 3c). Using the Sneddon model,*® the corresponding
E was 1.6 GPa, well beyond the threshold to suppress lithium dendrites in previous studies,?* thus
explaining why dendrite growth was suppressed in LCPE. The conductivity of the as-formed PEO-
rich state is in the order of 10° S cm™, which still allows Li* to shuttle (Supplementary Fig. 9).

To further understand mechano-chemical coupling at the Li/electrolyte interface, the
composition-dependent mechanical properties of the PEO-rich phases in PEO electrolytes were
systematically measured by AFM. As shown in Fig. 3e, the modulus of the PEO-rich phase quickly
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rises to 1.2 and 1.8 GPa when [LiTFSI] is reduced to 0.80 and 0.44 M in the PEO-rich phase (see
Supplementary Table 1 for exact compositions in PEO rich phase). Further contour on the Young’s
moduli of the PEO-rich phases in the | + PEO-rich two-phase region (Fig. 3a) shows that the
modulus is typically above 1 GPa when [LiTFSI] is less than 0.8 M. The contour indicates that the
mechanism of ion depletion-induced stabilization of lithium deposition is effective in a wide range

of electrolyte compositions.

The proposed suppression mechanism is also supported by phase-field simulations which
take the mechano-chemical coupling into account (Supplementary Note 3 and Supplementary
Movie 4). Since no new phase was formed in HCPE, lithium dendrites grew fast in the soft
isotropic bulk polymer electrolyte (E =10 MPa, Fig. 3f & Supplementary Fig. 10a). In contrast,
the rigid PEO-rich phase was formed (E =1.6 GPa) once [Li*] was depleted below 0.85 M,
effectively suppressing lithium dendrite growth (Fig. 3g & Supplementary Fig. 10b). The
deposited lithium was largely uniform and the [Li*] heterogeneity was low on the lithium surface.
These simulation results strongly agree with experimental observations, supporting the hypothesis
that the formation of the PEO-rich phase with high Young’s modulus suppresses dendrite growth.

lon depletion-induced stabilization of Li anode in Li/Li and LFP/PEO/Li cells. With the
understanding that the formation of a mechanically rigid PEO-rich phase can stabilize lithium
deposition, we further examined the effectiveness of this strategy in repeated cycles. First, as a
proof-of-concept experiment, 0.5 mA cm=2 was applied to a Li/PEO-LCPE/Li symmetric cell with
a deposition capacity of 0.25 mAh cm~ for 20 cycles at room temperature. As observed with the
optical microscope (Fig. 4a & Supplementary Movie 5), no obvious lithium dendrites formed in
the first deposition, and the lithium protrusions were frozen by the growing PEO-rich phase,
leading to stable lithium deposition. During the lithium stripping, both the PEO-rich phase and
lithium metal electrode shrank without forming any dead lithium. Upon cycling, the lithium
surface moved forward slightly after 20 cycles, indicating that this suppression mechanism was
effective upon multiple cycles. Further tests showed that such a reversible behavior could be
achieved in a wide range of currents from 0.25 to 1 mA cm2 (Supplementary Video 5). It should
be noted that the PEO-rich phase sometimes did not fully disappear during lithium stripping, which
is attributed to its disappearance being a kinetically slow process. In contrast, without the PEO-
rich phase, fast dendrite growth was observed within the first several cycles for Li/Li cells with

10



HCPE, forming large amounts of dead lithium during the repeated stripping process (Fig. 4b &
Supplementary Movie 5).
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Fig 4. Cycling stability of the lithium metal anode in LCPE and HCPE. a-b, the bright-field images of
the lithium electrodes during lithium plating and stripping in a. LCPE and b. HCPE. The scale bars are 100
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profiles. e, An SEM image of the lithium metal surface after 100 cycles. f, the cycling of LiFePO.4/Li metal
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battery with HCPE and g, the corresponding voltage profiles. h, An SEM image of the lithium metal surface
after 40 cycles. The scale bars in e and h are 10 um.

The effectiveness of this strategy was further demonstrated in LFP (~4 mg cm=2)/PEO/Li
cells at 0.25 C and 40 °C. The PEO electrolyte was 100 um-thick without a separator
(Supplementary Fig. 11). Stable cycling was achieved with LCPE. The initial discharge capacity
was 120 mAh g and slowly increased to 141 mAh g in the 4th cycle due to activation. After
100 cycles, the capacity remained at 140 mAh g, corresponding to a retention of 99%. The
average CE for cycle 5-100 is 99.6% (Fig. 4c). The voltage profile shows that the internal
resistance only increases slightly and there is no sign of dendrite-induced short-circuit (Fig. 4d).
SEM further revealed that the lithium metal surface was relatively flat after 100 cycles, with
occasionally island-like morphology, demonstrating the effectiveness of the PEO-rich phase in
suppressing lithium dendrites (Fig. 4e). On the other hand, the LFP/Li cell with HCPE quickly
failed with the capacity dropping from 143 to 50.7 mAh g* after only 14 cycles (Fig. 4f). The
voltage profile showed drastically increased overpotential, and the unstable voltage curve in
charging suggests possible dendrite growth and micro-shorting (Fig. 4g). The average CE is only
97.4%, which probably arises from the prosperous growth of lithium dendrites, as validated by
SEM imaging (Fig. 4h).
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LiBF,4 dual salt-based LCPE and HCPE. a/b, the bright-field images of the lithium electrodes in Li/Li
cells with (a) LCPE and (b) HCPE at room temperature and 0.75 mA cm. The scale bars are only 25 um
to better show the as-formed new PEO-rich phase (The dashed cyanic area). c/d, the cycling performance
of LiFePO4/Li metal batteries with (c) LCPE (EO/Li* = 6) and (d) HCPE (EO/Li* = 3) at 38 °C. The current
density is 0.3 mA/cm?. In both LCPE and HCPE, PC is used as the plasticizer and it is 90 wt % of PEO.
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Such phase separation-induced dendrite suppression is universal in PEO electrolytes. In
another PEO electrolyte of lithium difluoro(oxalato)borate (LIiDFOB) and lithium
tetrafluoroborate (LiBF) as salts and PC as plasticizer, a similar phenomenon was also observed.
In this system, phase separation exists when EO/Li* > 6 and it diminishes at EO/Li = 5.3
(Supplementary Fig. 12), therefore, a PC-based LCPE with EO/Li* = 6 (2.9 mS cm™) was tested
in a Li/Li cell at 0.75 mA cm. A PEO-rich layer was clearly observed during lithium deposition
and capable of suppressing lithium dendrites (Fig. 5a and Supplementary Movie 6). In contrast,
phase separation was not observed in the PC-based HCPE with EO/Li* = 3 (5.2 mS cm), and
obvious dendrites and dead lithium were formed (Fig. 5b). The effectiveness of the strategy was
also demonstrated in full cells. In an LFP/PC-based LCPE/Li cell with 5 mg LFP cm™ and 40 pm
thin lithium (Fig. 5¢), the cell shows steady cycling over 200 cycles at 0.3 mA cm (122, 140 and
129 mAh gtin cycle 1, 25 and 200, respectively). In contrast, when LCPE was replaced by HCPE,
the cell dies after ten cycles due to dendrite-induced internal shorting (Fig. 5d). The corresponding
voltage profiles are shown in Supplementary Fig. 13. Batteries with 10 mg LFP cm™ (1.3 mAh
cm2) and 40 pm lithium also showed stable cycling. The cell capacity is 116 mAh g in cycle 1,
131 mAh gt in cycle 20 and 119 mAh g? in cycle 80 (Supplementary Fig. 14). Details of

electrolyte composition and fabrication process can be found in Supplementary Note 1.
Conclusion

The dynamic ion depletion, phase transformation in polymer electrolytes, and their correlations
with lithium deposition were observed for the first time thanks to the high chemical, temporal, and
spatial resolutions of SRS microscopy. We successfully unveil phase transformation in the
polymer electrolytes induced by ion depletion and the formation of a new PEO-rich phase at the
electrode/electrolyte interface. This new phase has a high Young's modulus of up to 3 GPa, which
is effective in mechanically suppressing lithium dendrite growth by functioning as a reversible,
self-reinforcing protective layer on lithium anode. In contrast, without such phase transformation,
conventional polymer electrolytes have a small modulus < 10 MPa, leading to fast lithium dendrite
growth. This strategy is universal and effective with different salt and plasticizers. By utilizing this
unexpected mechano-chemical coupling mechanism, we successfully demonstrated
LiFePO4/PEO/LI cells with 200 stable cycles, while cells without this mechanism failed quickly
within 10 cycles. This study shows that phase transformation can be used as a new strategy to
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suppress lithium dendrite. This strategy is compatible with state-of-the-art battery materials and
manufacturing processes without extra needs to control the conformability of protective layers in
previous literature. It will facilitate the development of solid polymer electrolyte-based lithium
metal batteries with enhanced thermal stability and high energy density.
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