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ABSTRACT: Poor fast-charge capabilities limit the usage of
rechargeable Li metal anodes. Understanding the connection
between charging rate, electroplating mechanism, and Li morphol-
ogy could enable fast-charging solutions. Here, we develop a
combined electroanalytical and nanoscale characterization ap-
proach to resolve the current-dependent regimes of Li plating
mechanisms and morphology. Measurement of Li* transport
through the solid electrolyte interphase (SEI) shows that low
currents induce plating at buried LillSEI interfaces, but high
currents initiate SEI-breakdown and plating at fresh Lillelectrolyte
interfaces. The latter pathway can induce uniform growth of {110}-
faceted Li at extremely high currents, suggesting ion-transport
limitations alone are insufficient to predict Li morphology. At
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battery relevant fast-charging rates, SEI-breakdown above a critical current density produces detrimental morphology and poor
cyclability. Thus, prevention of both SEI-breakdown and slow ion-transport in the electrolyte is essential. This mechanistic insight
can inform further electrolyte engineering and customization of fast-charging protocols for Li metal batteries.

KEYWORDS: [ithium metal battery, fast charging, charge transfer, dendrite prevention, plating mechanism

S afe and long-lasting Li metal batteries require electro-
plating of a uniform Li anode morphology.'~* Electrolyte
engineering has provided a simple strategy to tune Li plating
and extend the cyclability of these high-energy batteries;"
however, most reports slowly char%e the battery over 5—10 h
(0.2—0.1C) to prolong cycle life.”® Faster charging induces
filamentary Li platin% (sometimes called “dendrites”), which
degrades cyclability.” Fully understanding the connection
between the electroplating mechanism, charging rate, and Li
morphology could inform development of fast charge solutions
needed for practical applications, but a consensus for the
current-dependence of electroplating mechanisms remains
elusive.

In general, two classes of Li plating mechanisms have been
discussed.”® The first uses classical models describing dendritic
deposition of nonreactive metals.”” "> This class attributes large
gradients of Li* concentration in the electrolyte during fast
charging as the main cause of dendritic growth.”'*~'° Ramified
growth of Li at Sand’s time (when Li* surface concentration
reaches 0) has partially validated this idea,'” but requisite
current densities (J) generally exceed typical battery
operations. Furthermore, the reactivity of Li and the solid
electrolyte interphase (SEI)—a nanometers-thick and ionically
conductive passivation film—are neglected. Instead, charge
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transfer is assumed to take place at the metalllelectrolyte
interface, primarily because the ionic transport properties of
the SEI are not widely reported.”'® The second class proposes
that the SEI modulates morphology. Local heterogeneities of
the SEI'”"** or SEl-fracture from volume expansion of the

underlying Li**~*’

are thought to favor nonuniform morphol-
ogy. In situ microscopy has supported this model, but
observational conditions were often unrepresentative of battery
operations or made without quantitative connection to the
electroplating mechanism.”>*”~>* This class generally assumes
that plating occurs at buried LillSEI interfaces and Li'
migration through the SEI is rate limiting. However,
determination of whether Li plates are at buried LillSEI
interfaces is sometimes proposed to depend on J.2%**7%

Resolving the pathways of Li plating and identifying the origin
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Figure 1. Pathways of Li plating within low and extremely high regimes of current. (a) Representative Nyquist plot of a LillLi cell and equivalent
circuit fit. (b) Cryo-high resolution TEM image of Li vitrified in the electrolyte shows the thickness of the SEI on Li. Because cryo-TEM images of
Li vitrified in the electrolyte have very low contrast, a larger image is shown in Figure S11 to more clearly highlight the Li—SEI—electrolyte
interface. (c) Current profile of Li plating in a three-electrode cell with staircase voltammetry. (d) Steady-state linear J—E relationship from (c). (e)
Schematic of the electroplating pathway at low charge rates. (f) Current profile of Li plating with a —500 mV E-step and fit to a model of
nonreactive metal electrodeposition. (g) LSV curves of Li plating on a tungsten UME show the relationship between peak J and E. (h) Dependence

of peak current in (g) on 0"/% (i) Schematic of the electroplating pathway at extremely fast charge rates.

Table 1. Measured Ionic Transport Properties of the SEI on Li Metal in LiPF, (EC:DEC)

R (Qcmz)
126 + 13

dsg; (nm) Aser ((Qcm)_l)

20+ 1

(1.6 £ 02) x 1078

DLi-ion(cmZ/s)
(22 +0.8) x 107

no(mol/cm?)

(21 +05) x 107¢

of dendritic Li morphology during fast charging are key to
developing fast-charge solutions.

Here, we adapt the complementary strengths of electro-
analytical and nanoscale characterization methods to establish
the current-dependent regimes of Li plating and improve fast
charging. We first adapt cryogenic transmission electron
microscopy (cryo-TEM) to report Li*-transport properties of
the SEI. With this advance, we establish three current-
dependent regimes of electroplating mechanisms that span
0.1 to about 2000 mA/cm® Each regime is connected to Li
morphology, and we identify SEI breakdown as a primary
cause of detrimental Li morphology during battery fast
charging. The work provides a strategic framework to
understand electroplating in batteries and guidance for
improving fast-charging Li metal batteries.

Parameters describing Li* transport through the SEL, such as
the diffusion coefficient (DY), ionic conductivity (4), and
carrier concentration (n,), are critical for electroanalytically
distinguishing electroplating mechanisms. To calculate these
parameters, we combine EIS of LillLi symmetric cells and cryo-
TEM measurements of the native SEI thickness (Figure la—d).
We recently deconvoluted the contribution of charge transfer
and SEI resistances to the total impedance of Li metal
anodes;”” generally, >98% of the interfacial impedance
corresponds to Li'-transport through the SEL’”***" Calcu-
lation of transport parameters from EIS then requires both a
reliable measurement of SEI thickness and equivalent circuit
model. Vitrification of electroplated Li and its SEI and cryo-

TEM imaging can preserve the native SEI thickness and enable
reliable thickness measurements of the beam and air sensitive
SEL** TEM statistics of the SEI thickness show that the SEI
thickness is about 20 nm (Figures 1b, S1). The impedance of
Li with LiPF, ethylene carbonate:diethyl carbonate (EC:DEC,
1:1 by volume) electrolyte fits well to an equivalent circuit
used previously to quantify Li" transport through a model Li,O
SEI (Figure 1a).* Consistent with previous measurements and
simulations of Li* transport through model SEL>~* the
interfacial resistance is about 150 Q-cm?,*° and values of DISF =
22 % 107 cm?/s, A = 1.6 X 107* S/cm, and n, = 2.1 X 107°
mol/cm® are calculated (Table 1, see Methods). These
parameters will serve as metrics to determine the current-
dependent electroplating pathways.

EIS measurements test Li plating at the slowest possible J.
To test whether ion transport through the SEI is rate limiting
under more dynamic conditions, we adapt a three-electrode
staircase voltammetry measurement to electroplate Li onto a Li
electrode (Figure lc, Methods for details). Flat steady-state J-
profiles are observed for sequential E-steps increasing in
magnitude from —5 mV to —50 mV. This result suggests
concentration gradients in the liquid electrolyte are absent,
because the J-profile would decay with time if Li*
concentration gradients built up. The J—E plot is also ohmic
with a resistance of about 124 Q-cm® (Figure 1d). The
consistency of this value with EIS suggests Li* transport
through the SEI is rate limiting."”*° This result suggests plating
occurs at the buried LillSEI interface and Rgg; is rate limiting
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when ] is less than about 0.4 mA/cm® (Figure le). Notably,
such J values correspond to charging rates below 0.1C (a 10 h
charge) for practical 4 mAh/cm?” battery cathodes, which are
most effective for prolonging cycle life.”°

Figure la—d shows charge transfer occurs at the buried Lill
SEI interface for low ], but several studies have suggested
plating occurs at Lillelectrolyte interfaces at high J.*37°
These reports deposited Li at up to 2000 mA/cm?® with
ultramicroelectrodes (UME) and suggested Li plating can
outpace SEI formation. Such | compared with the results in
Figure la—d already suggests the plausibility of these
claims.”>~*” Deposition of Li beneath an ohmic 100 Q-cm?
SEI at 2000 mA/cm® would require 200 V. Instead, SEI
breakdown and initiation of lower impedance plating at the Lill
electrolyte interface is more likely. To test this hypothesis, we
expand on our previous work™ and adapt transient linear scan
voltammetry (LSV) and large E-step methods, which can
electroplate Li with a ] of 100—2000 mA/cm* and have
electroanalytical utility (Figure 1f—i). Such ] are outside
practical ranges of battery fast charging, but resolving the
plating pathway of extremely low and high ] will inform
analysis of the transition between them during battery relevant
fast charging (discussed in Figure 3). Metrics to distinguish
between electroplating pathways are the distinct ion-transport
properties of the electrolyte and SEL

Figure 1g shows a series of iR,-compensated LSV experi-
ments for Li plated on a tungsten UME with scan rates (v)
above 10 V/s, similar to our previous work.”> UMEs make
transient high ] plating possible without distortion of the
voltammogram.” After overcoming a nucleation barrier, |
increases sharply, corresponding to the growth of Li metal,
until J reaches a diffusion-limited peak (]p). Figure 1h shows a
characteristic linear relationship between '/ and J, for an
irreversible electrode reaction (full details in our previous
work®®). The term irreversible here refers to the kinetic regime
of the experiment and is not equivalent to its use for describing
capacity loss in batteries. The effective diffusion coefficient
(Dy;*) can then be calculated with

_ S\ 1/2~% ~1/2,1/2
]P = (299 X 10 )(1 CLi+DLj+ [ (1)

where a is the transfer coefficient and C¥. is the bulk
concentration of Li*.*} Assuming « is 0.5,33Du+ is 2 x 1076
cm?/s—consistent with independent measurements of Dy;* in
LiPF4 in EC:DEC*"* and 3 orders of magnitude larger than
Di?l (Table 1). This finding suggests that an SEI is not
impeding Li plating and interfacial charge transfer is occurring
at Lillelectrolyte interfaces (Figure 1i).

To further establish that Li plating occurs at the Lill
electrolyte interface at such high ], we use large E-step methods
that plate Li with J > 100 mA/cm® Figure 1f shows a
representative iR -corrected and three-electrode E-step experi-
ment for Li plating at —500 mV on Cu. The J-profile fits well
to a classical 3D model for the nucleation and growth of
nonreactive metals developed by Scharifker (details in
methods).*® The fit gives values of D that are again 3—4
orders of magnitude higher than DiiE}, closely resembling
expected values for the electrolyte™ (Table S1). Consistency
with models of nonreactive metal deposition suggest plating of
new Li occurs at the Lillelectrolyte interface at such high |
(Figure le).

Previously, a similar study reported that an additional term
for electrolyte reduction in the nucleation and growth model is

necessary to fit the J-profile and that electrolyte reduction
accounts for up to 25% of the measured current."” However,
our data are well-described without this term. Additionally, |
approaches a common value at long times for different voltage
steps (Figure S2), indicating side reactions are not a major
contribution to the current.”® Discrepancies between inter-
pretations are attributed to the extremely low capacities and
short times investigated previously (~10~% mAh/cm?” and 0.2
ms)*” compared to our measurements (~0.2 mAh/cm? and 5
s). While our analysis suggests the rate of concomitant
electrolyte reduction is negligible compared to plating under
these conditions, further exploration of the rate of electrolyte
reduction on Li is necessary.

The morphological implications of the distinct electroplating
pathways can inform development of strategies that tune Li
morphology. Li plated in LiPF4 EC:DEC at low ] is generally
filamentary." To assess how plating at Lillelectrolyte interfaces
and high J influences the morphology of Li, we imaged Li
plated on the UME for ] ranging up to 1000 mA/cm® with
scanning electron microscopy (SEM). For a J of 10 mA/cm?,
Li electrodeposits are expectedly filamentary (Figure 2d);

1,00 mA/cm?

Figure 2. Plating of {110}-terminated rhombic dodecahedra shaped
Li with extremely high currents. SEM images show the microstructure
of electrodeposited Li metal plated at 1,000 mA/cm? (a,b), 100 mA/
cm? (c), and 10 mA/cm? (d) on a tungsten UME. (b) SEM image
showing rhombic dodecahedra of Li with clear {110}-facets. The inset
of (b) shows two rhombic dodecahedron models arranged in the
same orientation as two specific Li crystals highlighted with arrows
(numbered 1 and 2). (e) Cryo-TEM image of faceted Li
electrodeposited at 100 mA/cm? aligned along the (111) axis. (f)
SAED pattern of the particle in (e) shows the characteristic SAED of
BCC Li; arrows in reciprocal space are drawn in real space on (e). (g)
Cryo-high resolution TEM image showing a sharp interface between a
Li(110) surface and the SEI located within the red box from (e).

however, once J is 100 mA/cm? nonfilamentary particles
emerge (Figure 2c) and above 1000 mA/cm® Li grows
exclusively as faceted rhombic dodecahedra (Figures 2a,b, S3,
S4). The rhombic dodecahedra, highlighted in Figure 2B, are
characteristic of {110}-faceted body-centered cubic (BCC)
crystals: {110} are the closest packed planes in BCC metals
like Li.*” This finding contradicts conventional wisdom that
large gradients of Li* concentration alone during high J favor
dendritic growth, suggesting the SEI plays a substantial role
during real battery operation. Figure 3 explores this idea
closely.
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Figure 3. Breakdown of the SEI at battery-relevant fast charging rates. (a) Representative staircase voltammetry of Li electrodeposition in LiPFj
EC:DEC. The inset shows the stacked ] profiles in the low-voltage regime. (b) Representative SEM images show the morphology of Li during
different stages of the staircase voltammetry measurements shown in (a). (I), (II), and (III) in the SEM images correspond to the locations
highlighted in (a) and indicate where distinct measurements were stopped and taken for ex-situ SEM analysis. Capacities deposited during this step
are 0.02, 0.8, and 1.5 mAh/cm?, respectively. (c) Galvanostatic staircase measurements of Li electrodeposition in LiPF; EC:DEC; the inset shows
the stacked voltage profiles in the low-J regime; black and orange lines correspond to 15 and 60 min of SEI growth, respectively. (d) Electrolyte

dependence of J*5 in low and high-performance ether electrolytes.

Cryo-TEM and selected area electron diffraction (SAED) of
Li plated on a Cu TEM grid at 100 mA/cm* confirm the
indirect assessment from SEM (Figures 2e, SS). Alignment of a
Li particle along the (111) axis (Figure 2e) gives the
characteristic hexagonal SAED pattern (Figure 2f) for BCC
Li crystals (space group: Im3m). Arrows in the SAED pattern
(Figure 2f) point along the (110) direction toward the
reciprocal space reflections (circled in red) and correspond to
the {110} family of planes. Overlaying these arrows on the Li
polyhedral in Figure 2e confirms that the surfaces are {110}
planes. The low surface energy and activation energy for self-
diffusion on Li(110) (0.01 V)’ likely cause the preferential
exposure. Atomic-resolution images (red box in Figure 2e) also
show a well-defined atomic interface between Li(110) and an
SEI (Figure 2g). The presence of an SEI here does not
contradict the above discussion on high J plating. The SEI
forms after Li plating within seconds during sample
preparation. Rather, the faceted Li morphology is consistent
with the electroanalytical results. Exposure of large {110}
surfaces suggests plating occurs at Lillelectrolyte interfaces at
such high J: fast surface diffusion of Li adatoms is not
suppressed by an SEI The increasing width of the particles
with the capacity of electroplated Li (Figure S6) indicates
growth happens at the tip rather than the base due to
passivation by an SEL’” further supporting this picture.

Resolving the electroplating pathways at the extremes of low
and high ] enables deconvolution of the plating pathways at
battery-relevant | (ie, 0.4—10 mA/cm? or C/10 to 2.5 C for a
4 mAh/cm? cathode). Here, identifying the transition between
regimes and whether native SEI breaks down is key. To probe
this ] regime, we expand our three-electrode staircase
voltammetry method in Figure 1lc,d beyond —50 mV. In
Figure 3A, we sequentially step the E from —5 to —400 mV
(see Methods). Low E gives ohmic steady-state J-profiles (Rgg;
about 100 ohm-cm?®), suggesting charge transfer occurs
beneath the SEI (Figure 3a inset). Once E reaches about

—120 mV (1.2 mA/cm?) J deviates from ohmic character and
decays over time for a given E (Figure 3a inset), suggesting
mixed control of J from Rgg and Li* diffusion through the
electrolyte. An increase in A would increase J—an opposite
effect. After E reaches —300 mV (about 3 mA/cm?) J increases
sharply. This reproducible increase of ] (Figure S7) is
associated with the transition between regimes, a sharp
decrease in impedance, breakdown of the SEI, and exposure
of fresh Li to the electrolyte.”* Mechanical stress from fast
volume expansion of the underlying Li likely initiates the
breakdown.>

Ex situ SEM demonstrates the morphological implication of
this transition (Figure 3b). In the low ] region (I) of Figure 3a,
ex situ SEM shows the Li morphology is relatively uniform
(Figures 3b (I), S8a). In region (II) of Figure 3a, where Li*
diffusion through the electrolyte starts to play a role, Li plating
remains mostly uniform (Figure 3b (II)). We hypothesize that
some SEI-breakdown could cause Li* diffusion through the
electrolyte to influence region (1), but the repair process is fast
enough to prevent runaway growth of Li. After the SEI breaks
down in region (III), high surface area Li dendrites are clearly
visible (Figures 3b (III), S8b). Both filamentary and faceted
particles are observed on the Li protrusions (Figure S8b).
Overall, these images demonstrate that SEI breakdown initiates
high surface area “dendritic” Li during battery fast charging.

J-controlled experiments are more representative of battery
operations, so we developed an analogous galvanostatic
staircase measurement. Figure 3c (black-line) shows the E-
profile associated with constant current steps from 0.05 mA/
cm?® to 8 mA/cm?. For low ], ohmic (R = 100 ohms-cm?) and
flat steady-state E-profiles are evident (Figure 3c inset). Once |
reaches 1.5 mA/cm?® (about —120 mV), the E-profile deviates
from ohmic behavior and increases with time during individual
J-steps, suggesting mixed control from SEI impedance and Li"
transport in the electrolyte (Figure 3c inset). At 4.5 mA/cm”
(about —300 mV), the E rapidly decreases, indicating the SEI
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Figure 4. Implications of SEI-breakdown on cyclability and customization of fast-charging protocol. (a) Charge-rate dependent CE measurements
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LiFSI:DME:TTE electrolyte.

breaks down and exposes low impedance Li surfaces. The
values of ] and E are consistent with the results in Figure 3a.
Hence, we define ] = 4.5 mA/cm® as a critical current density
for breakdown of the SEI (J°£). Similar measurements with
direct steps to J above and below J35 verify that the breakdown
is J-dependent—not capacity dependent (Figure S16).

Some studies have rationalized similar transitions between
growth modes with theories using only concentration gradients
in the liquid electrolyte.'”>" There, Sand’s time—when the
surface concentration of Li* reaches O—initiates rapid growth
of Li dendrites.'” However, Sand’s time cannot explain our
results. First, Sand’s time only applies to constant ] plating, but
a transition occurs in E-step methods (Figure 3a)."’ Second,
the 0.6 mAh/cm?” of Li deposited in Figure 3c is substantially
less than the calculated Sand capacity for ] = 4.5 mA/cm?, 2.1
mAh/cm’® (see Methods). Lastly, aging Li for 1 h instead of the
standard 1S min (see Methods) yields a more resistive and
heterogeneous SEI” and decreases Joi to 1 mA/cm? (Figure
3¢, orange line). Hence, breakdown of the SEI, rather than ion
transport in the liquid electrolyte alone, underlies the transition
observed here.

JeE also depends on the electrolyte. Figure 3d shows that a
standard ether electrolyte (1 M lithium bis(fluoro-
sulfonylimide) (FSI) in dimethoxyethane (DME)) also has a
SEL of 4.5 mA/cm” However, select state-of-the-art electro-
Iytes (4 M LiFSI in DME and LiFSI:DME:2,2,3,3-tetrafluor-
opropyl ether (TTE)>*) show no noticeable breakdown. We
hypothesize that the nanoscale uniformity and mechanics of

the compact SEI in each electrolyte are responsible for the
susceptibility to SEI breakdown. State-of-the-art electrolytes
form an SEI that is generally more unifom at the nanoscale and
have a higher modulus than an SEI formed with LiPFq
(EC:DEC) and 1 M LiFSI in DME.****%*

Coulombic efficiency (CE) measurements of Li cycled in 1
and 4 M LiFSI in DME with currents above and below J55: for
1 M LiFSI DME demonstrate the operational importance of
Je& (Figure 4ab). The CE quantifies Li output during battery
discharge to input during.”” Both 1 and 4 M LiFSI electrolytes
give stable CE for cycles 1-20, 95.8% + 0.5 and 96.3% + 0.7
respectively (1 mA/cm? 1 mAh/cm?). However, only the 4 M
LiFSI electrolyte maintains a stable CE with 5 mA/cm”
deposition (93.6% + 0.9 vs 70.3% =+ 2.5 for 1 M LIFSI).
Hence, preventing SEI breakdown and improving ionic
conductivity, the more common focus of fast charging efforts,”
are key to fast-charging. Understanding how SEI character-
istics, prior cycling, and external pressure influence J55 will be
future areas to explore. This mechanistic insight could also
inform future development of custom fast-charging protocols.
For example, pulse char§in§ protocols are known to improve
cyclability of Li anodes.”® " Pulse charging could potentially
prevent the propagation of high surface area Li caused by SEI
breakdown, as well (Figure 4c). Switching between slow and
fast charging regimes with short pulses could prevent
propagation by repairing fractured SEI during the low current
density pulses. While keeping the same nominal 1C rate
(Figure 4d), Figure 4e,f shows a pulse protocol alternating
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between 1.5C and 0.05C (6 and 0.2 mA/cm? for 48 and 25 ms,
respectively) extends the lifetime of fast-charged Li metal
batteries. Optimization of the charging protocol is ongoing, but
we want to introduce how mechanistic insight can inform
protocols that augment electrolyte engineering.

B CONCLUSIONS

This study connects the charging rate, electroplating
mechanism, and morphology of Li metal anodes. Measurement
of Li* transport through the SEI enables categorization of Li
plating into three regimes (Figure S). The slow plating regime
corresponds to currents below about 1 mA/cm’. Here,
electroplating occurs at buried LillSEI interfaces and Li'-
transport through the SEI is rate limiting. In this regime, Li
morphology is more uniform, so cyclability can be extended.
Currents exceeding 100 mA/cm? correspond to the extreme-
fast plating regime. Here, electroplating fractures the SEI and
occurs at fresh Lillelectrolyte interfaces. Li can grow uniformly
as {110}-faceted rhombic dodecahedra; however, targeting this
morphology in batteries may not be ideal. Fresh Li surfaces are
exposed to the electrolyte, and Sand’s time could initiate fractal
dendrite growth after longer charging times.

The SEI-breakdown regime is most applicable for battery
fast charging. Here, SEI breakdown at about 2—4 mA/cm”® in
standard carbonate electrolyte initiates plating at fresh Lill
electrolyte interfaces. Breakdown initiates dendritic Li plating
and substantial loss of rechargeability. Poor ionic conductivity

of the electrolyte can also favor undesirable Li morphology, but
SEI breakdown presents a more extreme failure mode. Hence,
mitigating SEI breakdown, in addition to improving the ionic
conductivity of electrolytes, is essential for fast charging.
Designing a custom charging protocol informed by this
mechanism could also improve fast charging. Overall, our
work highlights the power of combining electroanalytical
methods with nanoscale characterization to understand
complex electrochemical reactions.
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