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phase can suppress lithium
whisker growth

A phase-diagram-driven design
protocol for stable lithium plating
is developed
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Stimulated Raman scattering microscopy is used to study complicated ion
transport and phase-evolution processes in polymer electrolytes and shows that a
new phase can be formed on lithium metal surfaces during polarization. The new
phase is mechanically rigid to suppress lithium whisker growth. Based on this
discovery, we propose a phase-diagram-driven design protocol for poly(ethylene
oxide) electrolytes so that the charging current can induce the formation of a
mechanically rigid phase on the lithium metal surface to achieve a stable lithium

plating.
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SUMMARY

It is widely accepted that concentration polarization in liquid elec-
trolytes promotes whisker growth during metal deposition, and
therefore, high salt concentration is favored. Here, we report
unexpected opposite behaviors in solid polymer electrolytes: con-
centration polarization can induce phase transformation in a poly-
ethylene oxide (PEO) electrolyte, forming a new PEO-rich but salt-/
plasticizer-poor phase at the lithium/electrolyte interface, as un-
veiled by stimulated Raman scattering microscopy. The new phase
has a significantly higher Young’s modulus (~1-3 GPa) than a bulk
polymer electrolyte (<1 MPa). We hereby propose a design rule for
PEO electrolytes: their compositions should be near the boundary
between single-phase and two-phase regions in the phase diagram
so that the applied current can induce the formation of a mechan-
ically rigid PEO-rich phase to suppress lithium whiskers. LiFePO,/
PEO/Li cells with concentration-polarization-induced phase trans-
formation can be reversibly cycled 100 times, while cells without
such transformation fail within 10 cycles, demonstrating the effec-
tiveness of this strategy.

INTRODUCTION

Lithium metal batteries (LMBs) have attracted significant attention in recent years as
next-generation batteries with a high energy density." An Li metal anode has a
theoretical capacity of 3,860 mAh g™, ten times that of a conventional graphite
anode, and an ultralow electrode potential (-3.04 V versus a standard hydrogen
electrode). However, lithium deposition is prone to being non-uniform, leading to
rough morphologies such as mossy and dendritic lithium.*” Such uneven deposition
not only results in a large electrode surface area, which promotes side reactions
with electrolytes and decreases Coulombic efficiency (CE) 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).'%"®

Although polymer electrolytes cannot fully resolve the safety issues in LMBs, they
can help to enhance the thermal stability of LMBs as they are more thermally stable
than liquid electrolytes.'*'® For example, the flash point (f.p.) of poly (ethylene ox-
ide) (Mw ~ 600,000) is 250°C,"” much higher than dimethyl carbonate (21 .5°Q),"®
1,3-dioxolane (2°C),"? and 1,2-dimethoxyethane (=2°C)." Polymer electrolytes

CONTEXT & SCALE

Polymer electrolytes are drawing
increasing interest in terms of their
use in batteries because of their
high thermal stability and
chemical compatibility with
lithium metal, but they are usually
soft and unable to suppress Li
whisker growth, resulting in poor
cycling and safety concerns. The
salt-concentration-dependent
transport and phase dynamics in
the electrolyte were often omitted
in past studies. In this work, by
using an emerging stimulated
Raman microscopy, we unveiled a
polarization-induced phase-
separation process on the anode
surface, which forms a
mechanically rigid PEO-rich phase
with a high Young'’s modulus (~1-
3 GPa) at the electrolyte/lithium
interface and suppresses lithium
whisker growth. We further
propose a phase-diagram-driven
design protocol to realize uniform
lithium deposition in polymer
electrolytes. This work highlights
the significance of phase
dynamics in polymer electrolytes
and holds the potential to help
with better understanding and
improving the performance of
electrochemical devices with
polymer electrolytes.
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are also compatible with conventional battery manufacturing processes and are easy
to scale up.”? Unfortunately, Young’'s moduli of polyethylene oxide (PEO) electro-
21-23

lytes, typically in the range of 20-70 MPa, are much lower than the proposed

threshold of 1 GPa needed to effectively suppress Li whiskers.''** Hence, the fast
growth of Li whiskers in polymer electrolytes is widely observed in literature? 2
and can be seen in Video S1. The whisker growth becomes even more severe with
the introduction of plasticizers for enhancing ionic conductivity, as they further
soften polymer electrolytes.?*?” This issue is difficult to fully resolve by ceramic ad-
ditives,?® as lithium whiskers can still penetrate through interspace between ceramic
fillers. Currently, lithium whisker growth remains one of the major challenges in poly-
mer-electrolyte-based LMBs.?’
Addressing this challenge understanding of the
embedded dynamic Li metal/polymer electrolyte interface, such as how Li* het-

requires a fundamental

erogeneity evolves at the Li anode surface and how the Li anode interacts with
solid electrolytes. Although remarkable advances have been achieved recently
in characterizing Li anodes and the solid electrolyte interphase (SEl), such as

39732 nuclear magnetic resonance
37,38

cryo-transmission electron microscopy (TEM),
(NMR),**** in situ and environmental TEM,3>3¢ synchrotron,
pressure X-ray photoelectron spectroscopy (XPS),*” there is limited progress to-

and ambient

ward imaging the interaction between Li* ion transport in the electrolyte and Li
whisker growth. This arises from challenges in visualizing ions in electrolytes,
which not only have a low concentration (0-2 M) but also possess fast dynamics
(diffusivity of ~1077-107¢ cm? s7) compared with solid electrode materials (10-
50 M, and <107 em? s7"). Hence, ultrahigh chemical sensitivity (~1-10 mM), high
speed (~1 s/image), and fine spatial resolution (<1 pm) are simultaneously
required to image chemical dynamics in electrolytes, such as salt concentration
polarization. Such resolution and sensitivity are beyond the capability of conven-
tional characterization tools. Recently, Steinriick et al. obtained both a 1D con-
centration profile and salt velocity using X-ray photon correlation spectroscopy
(XPCS) and X-ray absorption microscopy (XAM). This represents an important
step in imaging and understanding ion transport in polymer electrolytes.*’

We previously utilized stimulated Raman scattering (SRS) microscopy to image the
ion transport profile in liquid electrolytes, which simultaneously offers high sensi-
tivity (< 1 mM), fast imaging speed (~2 ps per pixel), and fine spatial resolution
(down to 300 nm).*"~*? SRS microscopy uses two temporally and spatially synchro-
nized laser beams with an energy difference equal to that of the targeted bond's
vibrational mode (Note S1). The synergy of the two beams amplifies the otherwise
weak vibrational signal by up to 108 times and thus enables the desired temporal
resolution, imaging speed, and sensitivity (Figures 1A and S1).** SRS is becoming
an emerging technique for materials science.’’"** Using this emerging microscopy,
we visualized for the first time the heterogeneity of ion depletion in liquid electro-
lytes due to concentration polarization and how it correlated with lithium dendrite
growth.”’ We observed that ion depletion at the Li/electrolyte interface led to
faster whisker growth due to an enhanced electrical field and larger concentration

heterogeneity, which agreed with the theoretical predictions.’*

In this report, we further explored solid polymer electrolyte (SPE)/electrode interac-
tion and observed unexpected opposite phenomena. Instead of promoting whis-
kers, concentration polarization reduces salt concentration at the lithium/electrolyte
interface and transforms the single-phase PEO electrolyte into the two-phase one.
This induces the formation of a mechanically rigid PEO-rich phase with a modulus
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Figure 1. The schematics of operando SRS imaging of the Li/PEO electrolyte interface
(A and B) The schematics of SRS imaging of (A) a high-concentration polymer electrolyte (HCPE) and (B) a low-concentration polymer electrolyte (LCPE)
in Li/Li cells. In LCPE, the polarization-induced phase transformation leads to a mechanically strong PEO-rich phase at the lithium/electrolyte interface,

which helps suppress lithium whiskers.
(C) The bright-field image of a Li/PEO/Li cell. The upper picture shows the architecture of the cell, and the lower one shows a zoom-in image taken by an

optical microscope. Scale bar is 100 um.
(D) The Raman spectrum of LCPE, where fingerprint peaks for LiTFSI, SN, and PEO are labeled. The corresponding composition of LCPE is EO:Li:SN =

12:1:2.64 (molarity).
(E) The plot of Raman intensity of the LiTFS| peak at 1,245 cm ™" versus the Li:EO ratio in PEO electrolytes with 40 wt % SN, showing good linearity. The
points of 1.1 and 1.8 M LiTFSI correspond to LCPE and HCPE, respectively.

of ~1-3 GPa at the lithium/electrolyte interface, corresponding to a shear modulus
of 0.36-1.06 GPa (Figure 1B). Such a high modulus suppressed whisker growth and
led to uniform lithium deposition. Based on this discovery, we propose a design rule
of polymer electrolytes for lithium metal anodes: electrolyte composition should be
at the boundary between the single-phase and two-phase regions in the PEO-salt-
plasticizer phase diagram so that a slight salt concentration polarization induced
by a small current can form the mechanically rigid PEO-rich phase on the lithium
metal surface to passivate lithium metal. This design rule guides us to further
develop a PEO electrolyte with an optimal composition (ethylene oxide [EO];
EO:Li = 12:1 with 40 wt % plasticizer, 1.1 M Li salt), which showed stable cycling
over 100 times in an LiFePO,4 (LFP)/PEQO/Li cell at 40°C. In contrast, LFP/PEQO/Li cells
with concentrated PEO electrolytes (EO/Li = 6:1 with 40 wt % plasticizer, 1.8 M Li
salt) failed quickly after 10 cycles due to the rapid growth of lithium whiskers and
dramatically increased impedance.
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RESULTS

SRS imaging of Li/SPE interaction

Home-made parallel cells were used to visualize Li/PEO electrolyte interaction via
SRS microscopy (Figure 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 the two electrodes was typically
around 0.5 mm. The PEO electrolyte contained lithium bis (trifluoromethane sulfo-
nyl) imide (LiTFSI) as the salt and succinonitrile (SN) as the plasticizer47 to enhance
ionic conductivity and enable operation at room temperature (RT). Although SN is
not stable with lithium metal in the long term, it generally only affects the cycling
performance after 100 cycles. Details of electrolyte composition and fabrication
processes can be found in experimental procedures. Wavenumbers at 1,245 cm™'
(C—F stretching),*® 2,250 cm ™" (C=N stretching),*” and 2,800 cm~" (C-H stretching

50 were selected as Raman signatures of LiTFSI, SN, and

with combination vibration)
PEO, respectively (Figure 1D). Due to the requirement of electroneutrality, [Li*]
could be considered to be equal to [TFSI], even at the nanoscale (Note S2), with
an error smaller than 0.1 mM.*" Therefore, [TFSI~] was measured to represent the
local [Li*]. The Raman intensities of TFSI™ were proportional to its concentration,
and hence the Raman signal could be easily converted to chemical concentration
(Figure 1E). It is worth noting that LiTFSI in the PEO-rich phase may have different
Raman cross sections, which may introduce small errors into the calibration curve
in Figure 1E (Figure S2; Note $3).°" The chemical sensitivity of LiITFSI was calculated
to be 0.012 M.

Lithium growth in PEO electrolytes with different salt concentrations

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 correspond to 1.8 M
LiTFSland 2.4 M SN for HCPE, and 1.1 M LiTFSl and 2.9 M SN for LCPE, respectively.
The weight ratios of SN to PEO were fixed at 40% in both cases. Cyclic voltammetry
showed that both electrolytes have no appreciable side reaction between 0 and 4 V
versus Li*/Li and were capable of reversible lithium plating and stripping (Figure S3).
The portion of ion pairs/aggregates is relatively small (~10%-20%, Table S1; Fig-
ure S4), so its effect is not considered in our analysis (see Note S4 for details),
and the ionic conductivities of HCPE and LCPE are 1.7 x 107 S cm™' and
1.0x 107*Scm™" atRT, respectively (Figure S5). Due to the relatively low ionic con-
ductivities at RT, a current density of 0.5 mA cm~2 was applied.

In the case of HCPE (Figure 2A; Video S2), the applied current gradually consumed
[Li*] on the lithium surface ([Li*]p ym) from 1.8 M att = 0to 1.2 M at t = 27 min, after
which [Li*lp um remained stable at ~1.2 M in a steady state (Figures 2B and 2C).
Meanwhile, the lithium growth rate (v) quickly increased from 0.27 + 0.18 um
min~" att=0to 0.9 + 0.46 um min~' at t = 27 min (Figure 2D). The growth
was in the form of mossy lithium, and statistical analysis showed a normal distribu-
tion of v (Figures S6A-S6C). Afterward, v was drastically increased to ~1.5 um
min~" for the remaining time, leading to an ultrahigh porosity of 97%, indicating
that the HCPE could not suppress whisker growth. At this stage, a dual-peak normal
distribution of v was observed (Figures S6D-S6H), where v was low in part of the
surface (< 1 um min™") but ultrahigh in other regions (> 2 um min~ "), showing
the heterogeneous whisker growth on the lithium electrode. This dual-peak
mode may arise from SE| properties and non-uniform concentration polarization
of ions. These results show that if no phase transformation occurs, ion concentration
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Figure 2. Lithium growth at the lithium/PEO electrolyte interface with HCPE or LCPE

(A-D) Lithium whisker 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 in (A). (C) [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 in (E).
The yellow shading corresponds to the appearance of the PEO-rich phase, and the green shading indicates the region 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 pm. Error
bars represent standard deviation. Zoom-in SRS images of (A) and (E) are shown in Figure S8. The electrode distances are 500 um for both cells. Both
cells were applied with a current density of 0.5 mA cm™ at room temperature.

polarization at the Li/polymer electrolyte interface promotes whisker growth (Video
S2), similar to our previous observations in a gel electrolyte.”’

In contrast to the conventional behaviors observed in HCPE, we find that concentration
polarization in LCPE induced a phase transformation process at the lithium/electrolyte
interface that unexpectedly suppressed lithium whisker growth, as observed by both
SRS and bright-field (BF) images (Figures 2E and 2F; Video S2). First, the new phase ap-
peared as the blue region in SRS and the granular-like region in BF, which was also
confirmed by the Raman spectra (Figure S7). The spontaneous Raman spectra of the
PEO-rich phase matched with those of PEO spherulites, suggesting its semi-crystalline
nature. This new phase only contained PEO, SN, and LiTFSI, and no obvious peaks of
decomposition products such as Li;O and RO-Li were detected. The PEO-rich phase
had a much lower [LiTFSI] than that in the adjacent 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 (inter-
face 2) (Figure 2G). This difference increased from 0.79 versus 0.74 M at t = 15 min, to
0.87 versus 0.61 M at t = 30 min, and 0.89 versus 0.43 M at t = 79 min. Further study
showed that the new phase was also poorin SN, and[SN]was only ~1.8 M at the interface
compared with 3.8 M outside interface 2 (Figures S9 and S10).
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Although the PEO-rich phase is poor in LiTFSI and SN, their concentrations are well
above 0 M throughout the whole lithium deposition process. Therefore, the PEO-
rich layer still has a moderate ionic conductivity of ~2-5 x 107> S cm ™" (Figure S11).
In addition, the limiting current density and Sand’s time of this cell are 0.28 mA cm 2
and 162 min, respectively (Note S5; Figure S12), so the large voltage polarization
observed at t = 79 min is more likely caused by the increasing thickness of the
PEO-rich phase instead of complete ion depletion. Given that the deposition time
is less than the Sand’s time and the concentration is well above 0 M, the observed
non-uniform deposition in this work should be considered as whiskers or mossy
lithium.*

The appearance of this new phase unexpectedly—but effectively—suppressed the
growth of lithium whiskers. Although the lithium whisker growth was observed at
t = 0 with v of ~0.3 pm min~" (87% porosity), v quickly dropped to 0.048 pum/min
att = 30 min after the initial formation of the PEO-rich phase (Figure 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 to 63 min was only 0.044 um min~", which corresponded to a
low porosity of 9.2%, about one-thirtieth of that in HCPE, indicating a dense and uni-
form lithium deposition. Such behavior is not only self-forming but also self-reinforc-
ing during concentration polarization. For example, if a lithium whisker grows fast at
a certain location, the local current density will increase and lead to larger concen-
tration polarization and hence the formation of a thicker PEO-rich phase, which in
turn suppresses whisker growth (Video S1, LCPE). This active protection mechanism
is distinct from other conventional passive protective layers, which require perfect
uniformity and durability. This suppression mechanism has not been reported in
literature, to the best of the authors’ knowledge.

The relation between electrolyte composition and formation of the PEO-rich
phase

To understand how phase transformation in LCPE occurs, we characterized its evo-
lution using spontaneous Raman scattering spectroscopy (Figure S13). During the
formation of this PEO-rich phase, we observed rising peaks at 832, 1,268, and
1,467 cm™', which correspond to semi-crystalline PEO.>? Meanwhile, peaks for
TFSI~ (730, 802, and 1,245 cm~") decreased simultaneously and salt concentrations
derived from different peaks were nearly identical (Figure S14). After the applied cur-
rent was reversed, the PEO-rich layer gradually diminished, as observed in BF im-
ages. Meanwhile, the intensity of LiTFSI peaks gradually recovered and that of
semi-crystalline PEO peaks slowly decreased, showing that the formation of this
layer was reversible (Figure S13C). Therefore, this layer was determined to be a
PEO-rich and salt-poor phase but without any decomposition products of the elec-
trolyte. We also examined the composition of SEl on lithium metal for both LCPE and
HCPE, which have similar compositions (Figure S15; Tables S2 and S3). This indicates
that the difference in SEl is not responsible for the distinct lithium deposition behav-
iors we observed.

After excluding the possibility of electrolyte decomposition, we constructed the
ternary phase diagram of PEO-LITFSI-SN to understand composition-dependent
phase evolution. This was achieved with the assistance of SRS (Figure 3A), as it
measured 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 and contour region). Representa-
tive SRS images of each region are shown in Figure S16. As shown in Figure 3A, the
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Figure 3. The phase diagram and the phase-diagram-derived design principle

(A) The ternary PEO-LITFSI-SN phase diagram in weight percentage. The orange color marks the region of the isotropic single-phase region, while other
regions represent two-phase regions. 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 schematic of how the initial salt concentration in a polymer electrolyte affects the thickness and the coverage of the PEO-rich layer when a
current is applied.

(C) When c¢q is high, there is no PEO-rich layer formed and lithium whisker is easy to form (co >> cp).

(D) ¢o is moderately higher than the ¢, so the whisker is usually formed earlier than the PEO-rich layer. This leads to the partial passivation of lithium
whisker growth.

(E) The suggested concentration range (co = ¢p) can yield the best passivation effect of the PEO-rich phase on lithium metal.

(F) co < cp, which has a low ionic conductivity and may result in a thick PEO-rich layer.

composition of HCPE is at the center of the |-zone. When a current is applied, it pro-
gressively decreases [LiTFSI] on the lithium metal surface (path A in Figure 3A). Due
to the high salt concentration in HCPE, the electrolyte composition at the Li/electro-
lyte interface remains within the |-zone during concentration polarization, and thus
no phase transformation occurred.

In contrast, the composition of LCPE is very close to the boundary between the sin-
gle-phase |-zone and the two-phase region (cp), making it susceptible to undergoing
a phase transformation in response to concentration polarization (path B in
Figures 3A and 3E), as forming two phases is thermodynamically more stable than
staying in one phase. A lower t, can trigger phase evolution at an earlier time due
to a larger ionic concentration gradient. This phase transformation decreases not
only [LiTFSI] but also [SN] in the new phase (Video S3; Figures S and S10) because
the PEO-rich phase also contains less SN, as indicated by Figure 3A. Moreover, the
decreasing [SN] in the PEO-rich layer also repels SN into the bulk isotropic
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electrolyte, causing the accumulation of SN outside the PEO-rich layer (Figures S9
and S10). Such phenomena indicate that the redistribution of SN is a result of phase
transformation instead of electromigration.

We further tested a Li/Li cell with EO:Li:SN = 8:1:2.64, where salt concentration was
moderately higher than c. After lithium deposition started, lithium whiskers grew
first and no PEO-rich phase was observed (Video S4). However, when the salt con-
centration on the lithium surface gradually decreased to be lower than ¢, the
PEO-rich phase appeared and thickened, which suppressed lithium whisker growth.
Nevertheless, the lithium surface could not be fully covered by the PEO-rich phase
due toinitially formed needle-like lithium whiskers, so the effectiveness of protection
was undermined.

Finally, a polymer electrolyte with a concentration of 0.52 M LiTFSI and 2.6 M SN,
which is deep inside the two-phase region, was also tested. This solid electrolyte,
along with many other electrolytes deep inside the two-phase region, has a low ionic
conductivity (0.02 mS cm™"), which cannot afford a reasonable current density (e.g.,
>0.3 mA cm~2) for normal operation. To cycle cells with such an electrolyte, the cur-
rent density in this experiment is only 0.1 mA cm 2 for 1 h, and we have observed the
same phase-evolution phenomena on the lithium metal surface (Video S5).

From the four cases above, we can conclude that the PEO-rich layer originates
from solid phase transformation at or near RT, and its formation highly depends
on salt concentration in the PEO electrolyte (Figure 3B). If the initial salt concentra-
tion (co) is deep inside the single-phase region as HCPE (cg >> c,), the PEO-rich
phase is unlikely to form (Figure 3C). If ¢g is moderately higher than ¢, whiskers
may initiate before the formation of the PEO-rich phase, so the whisker growth
cannot be fully suppressed (Figure 3D). If ¢ is close to ¢, such as LCPE, even a
small current can form the PEO-rich phase that fully covers the lithium surface
within a short period and effectively suppresses whiskers (Figure 3E). If co < cp,
the ionic conductivity of the polymer electrolyte is usually low. In addition, the
PEO-rich phase is readily formed on a lithium metal surface, but it may be too thick
to conduct ions (Figure 3F).

Based on the analyses above, we propose a design principle of polymer electrolytes
for LMBs: electrolyte composition should be at the boundary between the single-
phase and two-phase regions in the PEO-salt-plasticizer phase diagram so that a
small current induces reduced salt concentration and forms a mechanically strong
PEO-rich phase on the lithium metal surface. To further support our proposal, we
determined another LCPE electrolyte from the phase diagram in Figure 3A, which
has a composition of EO:Li:SN = 17.1:1:5.66, 50% more SN than the one we previ-
ously used. As shown in Video S6, even with a higher portion of SN, the PEO-rich
layer can still form on the lithium metal surface and suppress the growth of lithium
whiskers.

Mechano-chemical coupling in PEO-rich layer and mechanisms of whisker
suppression

The effective suppression of Li whiskers by this 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 Young's moduli of
SPEs with different compositions, including both the isotropic phase (I-zone) and
the PEO-rich phase, and the results are superimposed onto the phase diagram in
Figure 3A. For the composition of the HCPE (1.8 M LiTFSI and 2.4 M SN), the
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Figure 4. The mechanical properties of PEO-LITFSI-SN polymer electrolytes and the phase-field simulations

(A and B), the AFM extending and retraction force curves of (A). The isotropic bulk phase (I-zone, HCPE). No cantilever deformation was detected. (B)
The as-formed PEO-rich phase with a composition of 0.52 M LiTFSI and 2.6 M SN (see Table S5 for details).

(C) The corresponding force-indentation curves for samples in (A) and (B).

(D) Young's moduli of the PEO-rich phase with different salt concentrations. Error bars represent standard deviation. The sample compositions are
along the path Aand B in Figure 3A. All samples have the same SN/PEO ratio as HCPE and LCPE (40 wt %), but different [LiTFSI]. The exact composition
of each phaseis listed in Table S4. The solid and empty squares show Young's moduli of the PEO-rich phase and the isotropic bulk phases, respectively.
(E and F) Phase-field simulations of lithium electrodeposition in solid polymer electrolytes with (E) a high concentration (2 M salt) and (F) a low
concentration (1 M salt) at 0.5 mA cm~2.

approaching curve showed no deformation of the cantilever when the tip was
pressed into the electrolyte, indicating that the electrolyte was very soft (Figure 4A).
Large cantilever deflection was detected during tip retraction, confirming that the
tip was pressed inside HCPE and that the electrolyte was sticky. All SPEs within
the l-zone and the isotropic phase of SPEs in the two-phase regions in Figure 3A dis-
played similar results (Young's modulus < 1 MPa), indicating they could not mechan-
ically suppress lithium whisker 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 LiTFSl and 2.6 M SN (Figure 4B). The conductivity
of the as-formed PEO-rich state is in the order of 107> S cm ™" as there is still a reason-
able amount of LiTFSI (0.2-0.6 M) and SN (2-3 M) left inside, which still allows Li*
shuttle (Figure S11). Using the Sneddon model,”® the corresponding modulus was
1.6 GPa (Figure 4C) and the indentation hardness ~410-780 MPa (Table S5; Note
S6). The indentation hardness of a material is usually 3 times its tensile strength,
implying that the PEO-rich phase’s tensile strength is ~137 MPa. Such stress is
well beyond the hardness (~7-43 MPa) and yield strength (0.6-1.3 MPa) of lithium
metal reported in the literature,®” so the creep of lithium metal is inevitable during
lithium deposition, which results in the suppression of lithium whisker growth (see
Note S6 for detailed analysis). In contrast, the bulk PEO electrolyte has a modulus < 1
MPa, similar to or smaller than the hardness and the yield strength of lithium metal,
so lithium whisker growth cannot be suppressed. In addition, such analysis is also
consistent with previous studies®® explaining why whisker growth was suppressed
in LCPE.
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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 Figure 4D, the
moduli of the PEO-rich phases quickly rise to 1.2-1.8 GPa when [LiTFSI] is reduced
t0 0.80 and 0.44 M in the PEO-rich phase, respectively (Table S5). Further contour on
Young's moduli of the PEO-rich phases in the | + PEO-rich two-phase region (Fig-
ure 3A) shows that the modulus is typically above 1 GPa when [LiTFSI] is less than
0.8 M. Because pure crystalline PEO has a Young’s modulus of 5-7 GPa,”>** it is
reasonable that a semi-crystalline PEO-rich layer with a limited amount of salt/plas-
ticizer inside can reach a modulus of 1-2 GPa. The contour indicates that the mech-
anism of concentration-polarization-induced stabilization of lithium deposition is

effective in a wide range of electrolyte compositions.

The proposed suppression mechanism is also supported by the phase-field simula-
tion, which takes the mechano-chemical coupling into account (Note S7; Video S7).
Based on the results above, the simulation assumed that the PEO-rich phase formed
when overall [LiTFSI] was < 0.85 M and the PEO-rich phase had Young's modulus of
1.6 GPa, while any region with [LiTFSI] > 0.85 M had a modulus of <1 MPa. Because
no new phase was formed in the HCPE, lithium whiskers grew fast in the soft isotropic
bulk polymer electrolyte (Figures 4E and S17A). In contrast, the PEO-rich phase was
formed once [Li*] was polarized to below 0.85 M, effectively suppressing lithium
whisker growth (Figures 4F and S17B). The deposited lithium was widely 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 whisker
growth.

In addition, our results do not conflict with Chazelviel’s previous work,”’* where
cells were operated at the molten state (80°C) and dendrites grew faster at full ion
depletion. In our case, the polymer electrolyte is solid (RT), and phase transforma-
tion exists upon the decrease of salt concentration so that a mechanically rigid
PEO-rich phase forms and suppresses whisker growth. The salt concentration
does not decrease to 0 M and thus it avoids the formation of the space charge re-
gion, which induces the ultrahigh electrical field and dendrite growth. In addition,
we consider the observed phase transformation as a method to enhance the sup-
pression of lithium whisker growth, but not a method that can eliminate whisker/
dendrite growth.

Concentration-polarization-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, and that an electrolyte with composition at the
boundary between single-phase and two-phase regions can induce the formation
of such a PEO-rich phase, we further examined the effectiveness of this strategy in
repeated cycles in Li/Li cells and full cells.

First, as a proof-of-concept experiment, a current of 0.5 mA cm % was applied to a Li/
SN-LCPE/Li symmetrical cell with a deposition capacity of 0.25 mAh cm 2 for 20 cy-
cles at RT. As observed from the optical microscope (Figure 5A; Video S8), no
obvious lithium whiskers formed in the first deposition, and the lithium protrusions
were frozen by the growing PEO-rich phase, leading to stable lithium deposition.
During lithium stripping, both the PEO-rich phase and lithium metal electrode
shrank without forming any dead lithium debris. The lithium surface moved forward
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Figure 5. Cycling stability of the lithium metal anode in LCPE and HCPE

(A and B) The bright-field images of the lithium electrodes during lithium plating and stripping with a current density of 0.5 mA cm~2in (A) LCPE and (B)
HCPE. The scale bars are 100 pm.

(C and D) (C) The cycling performance of a LiFePO,/Li battery with LCPE, and (D) the corresponding voltage profiles.

(E) An SEM image of the lithium metal surface after 100 cycles.

(F and G) (F) The cycling of LiFePO4/Li metal 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 current densities for both batteries are 0.15 mA
cm™2. All cells were tested at 40°C.
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slightly after 20 cycles, indicating that this suppression mechanism was effective
upon multiple cycles.

Such a reversible behavior is universal, and it could be achieved in a wide range of
currents from 0.1 to 1 mA cm~2 for LCPE (Video S8; Figure S18), where the corre-
sponding limiting current was 0.28 mA cm™2 (Note S5; Figure S12). It should be
noted that the PEO-rich phase sometimes did not fully disappear during lithium
stripping, which was attributed to its disappearance being a kinetically slow process.
In contrast, without the PEO-rich phase, fast whisker growth was observed within the
first several cycles for Li/Li cells with HCPE, forming large amounts of dead lithium
during the repeated stripping process (Figure 5B; Video S8). The voltage polariza-
tion also increased in a few cycles of plating and stripping due to the formation of
dead lithium (Figure S19).

To show that the formation of the PEO-rich phase in LCPE does not depend on
the current density, we prepared Li/Li cells with a more practical electrolyte
width of 150 um and cycled them with a small current density of 0.1 mA
ecm™2, which is well below the limiting current density of 0.8 mA cm™2. The
PEO-rich phase still formed in deposition and dissolved in stripping reversibly
(Video S9; Figure S20), proving that a low current density well below the limiting
current density could still trigger the formation of the PEO-rich phase if the elec-
trolyte composition were chosen at the boundary between the single-phase and
two-phase regions.

We further assembled Li/Cu cells to validate that the corresponding CE was reason-
able. The cells were cycled at 0.1 mA cm~2 for 4 h. For LCPE, the initial CE was
around 90% and it was stabilized at 92%-95% after ~40 cycles (Figure S21A). The
overpotential of lithium plating and stripping also barely changed within 40 cycles
(Figure S21B). These results indicate that the LCPE-based electrolyte results in stable
lithium deposition instead of side reactions. In contrast, the HCPE cell has a fluctu-
ating CE between 70% and 90% as a result of whisker formation. The overpotential
also increased after 40 cycles, showing the possible accumulation of dead lithium on
the electrode (Figure S21C).

The effectiveness of this strategy was also demonstrated in LFP/PEO/Li cells at 0.25
C and 40°C. LFP cathodes with a mass loading of ~4 mg cm ™2 were assembled with
PEO electrolytes and lithium metal. The thickness of the PEO electrolyte was fixed at
100 um without using a separator (Figure S22). Stable cycling was achieved with
LCPE. The initial discharge capacity was 160.2 mAh g~ with a CE of 93.4% and

“"in the 10™ cycle as a result of activation. After

slowly increased to 164.2 mAh g
100 cycles, the capacity remained at 156.1 mAh g~', corresponding to retention
0f97.4%. The average CE from the 5™ cycle to the 100" cycle was 99.5% (Figure 5C).
The voltage profile shows that the internal resistance only increases slightly, and
there is no sign of a whisker-induced short circuit (Figure 5D). SEM further revealed
that the lithium metal surface was relatively flat after 100 cycles, with occasional is-
land-like morphology, demonstrating the effectiveness of the PEO-rich phase in sup-

pressing lithium whiskers (Figure 5E).

On the other hand, the LFP/PEO/Li cell with HCPE quickly failed, with the capacity
dropping from 151.5 to 26.2 mAh g™ after 40 cycles (Figure 5F). The voltage profile
showed a drastically increased overpotential, which suggests possible whisker
growth (Figure 5G). The average CE is only 98.2%, which probably arises from the
prosperous growth of lithium whiskers, as validated by the SEM image (Figure 5H).
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Figure 6. Cycling stability of the lithium metal anode in Li/Li cells and LFP/Li cells with PC/LiDFOB-LiBF, dual salt-based LCPE and HCPE
(A and 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~2. The scale
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(C and D) The cycling performance of LiFePQO,/Li metal batteries with (C) LCPE and (D) HCPE at 38°C. The current density is 0.3 mA cm~2. In LCPE,
PEQO:LIDFOB:LiBF, = 12:1:1, and PC is 90 wt % of PEO. In HCPE, PEO:LIDFOB:LiBF, = 6:1:1, and PC is 90 wt % of PEO.

More reproducible results can be found in Figure S23. The charge transfer resistance
(Rey) further supports the conclusion. The R, of LCPE and HCPE increase 77% and
132%, respectively (Figures S24A and S24B; Table S6), further proving the formation
of mossy lithium and dead lithium in the cells with HCPE.

Such phase-separation-induced whisker suppression is universal in PEO elec-
trolytes. In another lithium difluoro(oxalato)borate (LIDFOB) and lithium tetrafluor-
oborate (LiBF4) in PEO/propylene carbonate (PC) plasticizer system, a similar
phenomenon was also observed. We first identify the boundary of the single-phase
region and two-phase regions in this system, which is at EO:Li* = 6 with a
conductivity of 2.9 mS ecm~' (PC-LCPE, Figure S25). Hence, Li/Li cells were tested
with PC-LCPE at 0.75 and 0.375 mAh cm~2 and characterized using an optical mi-
croscope. A PEO-rich layer was observed during lithium deposition and was
capable of suppressing lithium whiskers (Figures 6A and S26; Video S10). In
contrast, phase separation was not observed in the PC-HCPE with EO/Li* = 3
(5.2 mS cm™"), and obvious whiskers and dead lithium were formed (Figure 6B).
The effectiveness of the strategy was also demonstrated in full cells at 40°C, where
both films are still solid and free-standing (Figure S27). In an LFP/PC-LCPE/Li cell
with 5 mg LFP ecm ™2 and 40 pm thin lithium (Figure 6C), the cell showed steady
cycling over 160 cycles at 0.3 mA cm™2 (139.4, 149.9, and 147.1 mAh g~ in cycle
1, 25, and 160, respectively). In contrast, when PC-LCPE was replaced by PC-
HCPE, the cell only has capacity retention of 17.3% after 100 cycles (Figure D).
The corresponding voltage profiles are shown in Figure S28. Similar to SN-based
electrolytes, The R increase of LCPE is much smaller than that of HCPE
(Figures S24C and S24D; Table S6). More reproduced results are in Figure S29.
Batteries with 10 mg LFP cm ™2 (1.3 mAh cm~2) and 40 um lithium foil also showed
stable cycling. The cell capacity was 116 mAh g~ in cycle 1, 131 mAh g in cycle
20, and 119 mAh g~ " in cycle 80 (Figure S30). These results of SN-LCPE and PC-
LCPE polymer electrolytes are among the best at a similar temperature (30°C-
40°C) in literature (Table S7; Figure S31), showing that stable lithium plating can
be achieved in polymer electrolytes by optimizing the salt concentration.

Such concentration-polarization-induced phase transformation also exists in poly-
mer electrolytes without plasticizer or with a different polymer host. We imaged
Li/Li cells with a polyethylene oxide (Mw =1,500)/LiTFSI electrolyte and a polyeth-
ylene glycol diacrylate/SN/LiTFSI electrolyte. When a current is applied, a secondary
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phase can be observed on the surface of lithium plating in both cases, further vali-
dating this phenomenon (Videos S11 and S12).

DISCUSSION

The dynamic concentration polarization, phase transformation in polymer electro-
lytes, and their correlations with lithium deposition were observed for the first
time thanks to the high chemical, temporal, and spatial resolutions of SRS micro-
scopy. We successfully unveiled phase transformation in polymer electrolytes
induced by concentration polarization and the formation of a new PEO-rich
phase at electrode/electrolyte interface. Such a phase transformation exists in
various other polymer electrolyte systems (Videos S11 and S12). This new phase
has a high Young’s modulus of up to 3 GPa, which is effective in mechanically
suppressing lithium whisker growth by functioning as a reversible, self-reinforcing
protective layer on a lithium anode. In contrast, without such phase transforma-
tion, conventional polymer electrolytes have a small modulus < 1 MPa, leading
to fast lithium whisker growth. Based on such understanding, we proposed a
design rule for polymer electrolytes:electrolyte composition should be at the
boundary between the single-phase and the two-phase regions in the PEO-
salt-plasticizer phase diagram so that current can easily reduce salt concentration
on lithium metal surfaces and lead to the formation of the PEO-rich phase on the
lithium metal surface.

By utilizing this design rule, we successfully demonstrated LFP/PEO/Li cells with sta-
ble cycling, while cells without this mechanism failed quickly within 10 cycles. This
strategy is also compatible with state-of-the-art battery materials and manufacturing
process, without the extra need to control the conformability of protective layers.
Moreover, the strategy is universal and effective with different salt and plasticizers,
and it facilitates the development of solid polymer-electrolyte-based LMBs with
enhanced thermal stability and high energy density. It should be mentioned that ex-
tra polarization brought by the new phase requires discreet design on parameters
such as film thickness and salt concentration. Meanwhile, although this strategy
helps enhance the suppression of lithium whisker growth, it is unlikely to eliminate
the uneven growth of lithium, especially in harsher conditions, and should be com-
bined with other strategies for further improving the reversible plating/stripping of
lithium metal. In the future, the ion concentration profile and possible phase
evolution in cross-linked polymers and polymers with ceramic fillers require more
investigation using SRS, and would further help design polymer electrolytes with
better performance.” The phase evolution discovered in this work may help in un-
derstanding and designing polymer electrolytes in other electrochemical systems,
and optimize the composition to achieve better performance. For example, the
asymmetric composition induced by phase evolution may be helpful for designing
ionic diodes and thermogalvanic cells.°

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Yuan Yang (yy2664@columbia.edu).

Materials availability
This study did not generate new unique materials.
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Data and code availability
The data that support the plots within this this study are available from the corre-
sponding authors upon requests.

Preparation of SPE precursors

To prepare SN-LCPE / HCPE, 0.19 g / 0.38 g LiTFSI (Gotion) was dissolved in 5 g
acetonitrile (Sigma Aldrich) along with 0.35 g poly (ethylene oxide) (Mw 600,000,
Sigma Aldrich) and 0.14 g SN (Tokyo Chemical Industry). Then the solution was
stirred overnight to form a translucent solution. SPEs with other compositions
were prepared similarly, and PEO is typically 7 wt % of acetonitrile. For PC-LCPE/
HCPE, the preparation procedure is similar. LIDFOB and LiBF, are mixed first with
a molar ratio of 1:1, then the dual salts, PEO, and PC with a weight of 0.16/0.32,
0.35, and 0.315 g, respectively, were dissolved in 5 g acetonitrile.

Preparation of the lithium-lithium symmetric cells

40 pm thick of lithium foil and 50 um thick of SPEs were used in the Li/Li symmetric
cells while the horizontal gap between two lithium metal electrodes is ~ 500 um.
One layer of Kapton tape was laminated onto a glass slide, and two chambers
(~1 x 1 cm for each) and a channel (~1 X 6 mm) to connect two chambers were
cut inside Kapton tapes (thickness ~ 100 pm). We tried to drop the PEO electrolyte
onto the lithium surface at a high temperature and melt PEO to form a better Li/
PEO interface. Unfortunately, there was still a high impedance, and the overpoten-
tial was very high even at a low current density. Therefore, PEO electrolyte was
prepared in situ to form a low-resistance interface. The lithium foil was cut to
the desired size and soaked in dimethyl sulfoxide (DMSO) with 0.2 wt % H3POy4 so-
lution for 1 min to form a thin LizPO4 protective layer to isolate the contact be-
tween Li and acetonitrile in the SPE precursor above. Lithium electrodes were
then placed at two ends of the chamber, and the precursor of SPE above was
dropped between two Li electrodes and rested to evaporate acetonitrile. Finally,
Cu foils with similar sizes were placed on the two ends of lithium as an external
electrical contact, and a glass cover was placed on top of the Li/Li cell, followed
by sealing with epoxy. The whole process was done in a glove box with O, and
water levels < 0.1 ppm.

Preparation of the LFP-PEO-Li cells

For SN-based PEO electrolyte, LFP was selected as the cathode material due to its
stability with PEO electrolyte. LFP, carbon black, and polyvinylidene fluoride (PVDF)
were mixed with a mass ratio of 8:1:1, then stirred in N-methyl-2-pyrrolidone (NMP)
overnight to form a uniform slurry. Then the LFP slurry was coated on an Al foil using
the doctor-blade method, followed by drying at 110°C for 12 h. The mass loading of
LFP is ~ 4 mg cm~2. Then the LFP electrodes were assembled with 40 pm lithium
metal as anode and SN-LCPE/HCPE as the electrolyte in an argon-filled glove box
with both H,O and O, below 0.1 ppm. A Kapton ring with a thickness of 100 um
was used to fixate the distance between the LFP electrode and lithium metal. The
cells were tested at 40°C, which enhanced ionic conductivity but the formation of
the new PEO-rich phase still occurred. The cells were rested for 15 min and 1 h after
each charging and discharging step, respectively.

For PC-based PEO electrolytes, the preparation procedure is similar, except that 0.7
wt % of carbon nanotubes (CNTs) were added into the LFP electrodes to achieve
better rate performance at high mass loading (5-10 mg). The electrode will be infil-
trated with PEO/PC/dual salts electrolyte first, then roll-pressed, and assembled
with 40 pm thick lithium metal. The batteries were tested under 38°C.
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