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ABSTRACT: Approaches for regulating electrochemical
stability of liquid electrolytes in contact with solid-state
electrodes are a requirement for efficient and reversible
electrical energy storage in batteries. Such methods are
particularly needed in electrochemical cells in which the
working potentials of the electrodes lie outside the
thermodynamic stability limits of the liquid electrolyte. Here
we study electrochemical stability of liquids at electrolyte/
electrode interfaces protected by nanometer thick, high
electrical bandgap ceramic phases. We report that well-
designed ceramic interphases extend the oxidative stability
limits for both protic and aprotic liquid electrolytes, in some
cases by as much as 1.5 V. It is shown further that such
interphases facilitate stable electrodeposition of reactive metals such as lithium at high Coulombic efficiency and in
electrochemical cells subject to extended galvanostatic cycling at a current density of 3 mA cm−2 and at capacities as high as 3
mAh cm−2. High-resolution cryo-FIB-SEM characterization reveals that solid/compact Li electrodeposits anchored by the
ceramic interphase are the source of the enhanced Li deposition stability. The results enable a proof-of-concept “anode-free” Li
metal rechargeable battery in which Li initially provided in the cathode is the only source of lithium in the cell.

■ INTRODUCTION

Rechargeable batteries are designed to reversibly convert
stored chemical energy to electricity and are of interest in a
growing number of applications, including portable electronics,
electric vehicles, and renewable energy storage.1−4 To meet
increasing demand for reliable, safe, and more energy dense
storage, attention has turned to understanding and controlling
nanoscale physical and chemical processes at the solid
electrode/liquid electrolyte and solid electrode/solid electro-
lyte interphases that normally form spontaneously during the
first cycles of battery operation.5,6 The chemical composition,
thickness, structure, and transport properties of these
interphases are now understood to be key determinants of
battery performance and lifetime, but because of the
complexity of spontaneously formed interphases, little is
known about how and why each of these variables impacts
cell-level performance, and even less is known about how they
might be rationally designed to achieve a desired electro-
chemical function. It is remarkable, for example, that although
the chemical potential (Fermi level) of the graphitic carbon
anode in a lithium-ion battery (LIB) lies well above the lowest
unoccupied molecular orbital (LUMO) of widely used aprotic
liquid electrolytes, LIBs can be operated stably for hundreds to
thousands of charge/discharge cycles at high Coulombic

efficiencies. The expectation that widely used alkyl carbonate
electrolytes would undergo continuous reduction when in
contact with the graphitic anode in state-of-the art LIBs is
proven false largely as a result of the robust, electrochemically
stable, and self-limiting solid electrolyte interphase (SEI) layer
formed spontaneously on the anode by electrochemical
breakdown of electrolyte components.7 We note that these
issues are also pronounced at interfaces between solid-state
electrolytes and battery anodes8 as well as between emerging
high voltage nickel-rich intercalation cathodes and liquid
electrolytes.9

A well-formed and stable SEI is even more critical for
emergent metal anode based rechargeable batteries, where the
graphitic carbon anode of LIBs is replaced by more
electrochemically active elements such as Li, Na, Si, and Sn
to achieve higher energy density.10,11 In addition to the
electrochemical stability of the electrolyte at the anode working
potential, the intrinsic high Fermi levels of Li and Na means
that even in the rest state, there is a thermodynamic driving
force that favors continuous reduction of electrolyte in contact
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with the metals. In addition, these parasitic reactions between
active metal anodes and electrolytes are now understood to be
the root cause of many failure modes, including voltage
divergence, dendrite formation via morphological instability,
and active electrode material loss.12 Even more problematic is
the fact that the electroplating and alloying reactions these
metals undergo during battery charge result in rather large
volume changes (as high as 250% for a Sn anode).13 This
means that a spontaneously formed SEI must not only possess
the traits theorized for the success of the SEI in LIBsself-
limiting formation, electronically insulating, and ionically
conductivebut must also be able to flex and stretch to
accommodate volume changes at the electrode without
cracking or structural breakdown.
Herein, we report on the physical properties, electro-

chemical features, and stability of what we here term model
artificial solid−electrolyte interphases (ASEI) created from
ultrathin conformal ceramic coatings, which allow us to
investigate the electrochemical stability of liquid electrolytes
at both high and low potentials. The hypothesis that guides the
study is that by excluding ions and electrolyte solvent from
regions near a charged surface where the electrical potential is
greatest and varies most strongly with distance from the
electrode, a uniform, high electrical bandgap coating on the
electrode would lower the electric field and field-induced
forces on all species in an electrolyte, enhancing electro-
chemical stability at the interface. Figure 1A illustrates the
configuration of the electrodes and ASEI used in this study. A
key finding is that even at thicknesses as low as 15 nm, liquid
electrolytes in contact with such interphases display very large
increases in anodic and cathodic stability. As illustrated in
Figure 1B−D, the improvements in electrolyte stability are
realized in both protic and aprotic liquids. Results reported in
Figure 1B, for example, show that an ASEI composed of a 15

nm thick Al2O3 ALD coating on a stainless steel electrode
increases the electrochemical stability window of an aqueous 1
M LiTFSI electrolyte by more than 1.5 V. Adopting a Li/Li+

reference reveals that the voltage stability range achieved is
1.1−4.2 V (Li/Li+), which is comparable to results reported in
recent pioneering studies using so-called water-in-salt electro-
lytes composed of 21 M LiTFSI.14 Application to aprotic liquid
electrolytes composed of 1 M LiPF6 in propylene carbonate
(PC) shows that both the electrochemical stability and ability
of the electrolyte to sustain stable and reversible electro-
deposition of Li metal are enhanced significantly, underscoring
the importance of the anode/electrolyte interphase in
stabilizing Li and other reactive metal anodes prone to fail
by rough, dendritic depositions and parasitic reactions with
liquid electrolytes. By combining the Al2O3 ASEI with a
suitable liquid electrolyte, we further show that it is possible to
achieve high-Coulombic efficiency (>98%) and stable lithium
cycling at a current density as high as 3 mA cm−2. Building on
these observations, we investigate long-term stability in so-
called anode free lithium cells where the only source of Li is in
the cathode.
A variety of approaches have been proposed in the literature

for fabricating electrolyte/electrode interphases that achieve a
specific electrochemical function, e.g., extended electro-
chemical stability,15,16 passivation of a reactive anode against
parasitic chemical reactions with an electrolyte,17,18 formation
of compact dendrite-free deposition of metals such as Li and
Na during battery recharge,19,20 and so forth. The vast majority
of these designs rely on preferential degradation of so-called
SEI forming molecular additives, such as ethylene carbonate,
vinylene carbonate, fluorinated compounds, etc., which are
introduced as sacrificial agents in an electrolyte.21−24 Achieving
interphases with favorable composition, structure, and physical
properties therefore requires extensive trial-and-error exper-

Figure 1. (A) Schematic illustration of the ultrathin oxide (e.g., Al2O3) artificial SEI on a conductive substrate. (B) Electrochemical stability test of
the Al2O3 coated interphase from −1.8 to 1.8 V vs stainless steel at various potential sweeping rates in 1 M LiTFSI/water. (C) Electrochemical
stability test Li−Al2O3 Cu cells with 2, 5, and 15 nm thickness and control from 0 to 5 V vs Li/Li+ at 10 mV s−1 in 1 M LiPF6/PC. (D)
Electrochemical stability test of Li−Al2O3 Cu cells with 2, 5, and 15 nm thickness and control from 0 to 5 V vs Li/Li+ at 1 mV s−1 in 1 M LiPF6/
PC.
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imentation.25,26 While these approaches have been successful
in creating intermediate voltage LIBs with exceptional stability
and efficiency, their effectiveness in achieving stability of
electrochemically active metal electrodes has been less
impressive. A more promising approach is to select the
electrolyte solvent itself for its ability to produce mechanically
robust interphases. In this regard, ether- and ester-based
electrolytes have been actively investigated for their ability to
form stable and conductive SEI that facilitates reversible
lithium plating/stripping during extended cycling.27 Concerns
about the narrow electrochemical stability window of such
electrolyte solvents and their potential for gas formation during
battery cycling have, until recently, been a major drawback.6

These concerns have been partially alleviated by demonstra-
tions of markedly enhanced electrochemical stability windows
of liquid electrolytes containing large concentrations of soluble
salts.28 Unfortunately, salts with the required levels of stability
and solubility are expensive and incompatible with solid-state,
polymer versions of these electrolytes, which raises additional
concerns about the practicality of the proposed solution.28

ASEI based on preformed materials, including polymer thin
films, particles of various sorts, solid-state electrolytes, two-
dimensional materials, and so on, present a viable alternative to
solution-based methods. Interphases based on these materials
have been prepared by casting, vapor deposition, layer-by-layer
assembly, or direct reaction of components on metal
electrodes.15,19,29−32 With few exceptions,18,30 achieving
conformal coatings of uniform thickness at the requisite
electrode/electrolyte interfaces is challenging, and success is
largely determined on a case-by-case basis. Solid-state
electrolytes including various ion conductive polymers and
ceramics are widely believed to maintain morphological
stability of the metal/electrolyte interface in metal-based

rechargeable batteries. However, the poor contact between the
solid electrode and electrolyte has emerged as a serious
limitation to progress, and strategies for lowering the interfacial
resistance to facilitate room temperature cell operation are an
area of significant recent activity.8 Here we find that atom-by-
atom deposition of the ASEI by means of atomic layer
deposition (ALD) provides a straightforward strategy for
creating ultrathin ceramic coatings on metals that overcome
these limitations.

■ RESULTS AND DISCUSSION

The results in Figure 1B−D show that the improved stability
observed upon application of the ASEI is insensitive to the
voltage scan rate (linear scan measurements at 10 and 1 mV
s−1 reveal at most minor changes in stability), confirming that
the effect is not merely the result of impeded ion transport to
the interface. For a 1 M LiPF6−PC electrolyte between Li and
Al2O3/Cu electrodes with various Al2O3 coating thicknesses,
the results in Figure 1C,D further show that there is a
progressive increase of the cathodic stability as the thickness of
the Al2O3 coating increases. Note that the baseline currents are
at the same level for systems with various coating thickness, as
shown in Figure S1, excluding the artifact of lowered current
from increased impedance. Specifically, whereas the control
cell without the Al2O3 ASEI is seen to exhibit a current
divergence at around 3.6 V, possibly due to the known Cu
corrosion in this range of voltage, the Li−15 nm thick Al2O3/
Cu cells manifest negligible current until around 4.7 V, even at
a slow scan rate of 1 mV s−1 when ample time is allowed for
transport and decomposition reactions at solid/liquid inter-
faces, clearly demonstrating that an Al2O3 ASEI with desirable

Figure 2. (A) Cyclic voltammogram of the Li−Cu asymmetric cell with/without 15 nm thick Al2O3 coating in 1 M LiPF6/PC scanned at 0.1 mV
s−1. (B) Postmortem SEM images of the bare interphase after 3 and 100 cycles in 1 M LiPF6/PC. (C) Postmortem SEM images of the 15 nm thick
Al2O3 interphase after 3 and 100 cycles in 1 M LiPF6/PC. (D) An illustration of the cryo-FIB-SEM setup at liquid nitrogen temperature. (E) A
cryo-FIB-SEM overview of deposits on the 15 nm thick Al2O3-coated interphase. (F) Zoom-in view of a deposit before cryo-FIB-SEM milling, with
red rectangle highlighting the milled region. (G) Cross-sectional image of an electrodeposit on a 15 nm thick Al2O3-coated interphase. (H) EDX
elemental mapping of the cross section shown in (G).
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thickness can profoundly extend the high-voltage stability of all
components (solvent and salt) in a liquid electrolyte.
Figure 2A compares cyclic voltammograms of Li−Cu and

Li−Al2O3/Cu from 2.5 to −0.2 V at a scan rate of 0.1 mV s−1.
In both cases, the peaks from −0.2 to 0.2 V show typical metal
deposition and stripping characteristics, indicating that
reversible lithium cycling is not hindered by the Al2O3 coating
(Figure S2). Cathodic peaks between 0.5 and 0.7 V are also
observed in cells with and without Al2O3 coating along with
their corresponding anodic peaks starting from 1 V, indicating
a reversible process likely related to the SEI forming/reforming
process related to propylene carbonate.31 However, a
pronounced difference can be observed during the first
discharge: prior to the lithium plating, a broad peak in the
range 1−1.5 V is observed in the pristine cell, typically
associated with decomposition of the electrolyte3 and
impurities, which is completely prevented with the application
of a 15 nm thick Al2O3 coating. In other words, the results
show that the natural formation of a poor quality SEI can be
arrested by with the interphase Al2O3 in the conventionally
used liquid electrolytes. The Al2O3 ASEI is also found to
drastically improve the lithium deposition morphology, as in
Figure 2B,C showing the top-view morphology of locations
where the electrodeposition occurs. Propylene carbonate has
been known to form an insulating and fragile SEI, which
produces low Coulombic efficiency in rechargeable lithium
batteries.33 Figure 2B shows that the poor SEI also adversely
affects electrode morphology by promoting uneven electro-
deposition of lithium, which evolves to a dendritic structure
after multiple cycles. Contrarily, as seen in Figure 2C, a 15 nm
thick Al2O3 coating yields compact and dendrite-free Li
electrodeposits.

To determine the mechanism by which the Al2O3 ASEI
enhances interfacial stability, we employed cryo-focused ion
beam scanning electron microscopy (cryo-FIB-SEM) (Figure
2D) to characterize the morphology and structure of the
lithium deposits. Cryo-FIB-SEM enables high-quality cross-
sectional images of lithium deposits to be obtained, which are
not achievable with conventional room temperature FIB
approaches due to the tendency of materials such as lithium
to react with the ions used during milling. Figure 2E reports a
typical cryo-FIB-SEM image of a 15 nm thick Al2O3/Cu
electrode in 1 M LiPF6/PC after three cycles of charge and
discharge before milling. It is apparent that the lithium deposits
form a complex structure in which very large island-like
satellites are connected to a compact, flat center by fibrous
edges. Cryo-FIB-SEM milling allows the cross-sectional
morphology of the deposits to be scrutinized, as shown in
Figure 2F−H. It is seen that a dense layer of lithium with a
thickness of ≈3 μm exists at the center of the deposits and that
the edges are composed of a relatively loose, rough structure.
These results are to our knowledge the first demonstration that
Li can form solid dense electrodeposits in liquid electrolytes.
Energy-dispersive X-ray spectroscopy (EDX) mapping was
employed to elucidate the chemistry of the cross section of the
material. The results show local devoid of oxygen confirming
the existence of electrodeposited lithium, which is not
detectable in our EDX setup. A portion of Al2O3 in the
middle of the map appears to be lifted off of the copper
surface, allowing Li deposition beneath the Al2O3 ASEI,
though the majority of the Li mass is actually on top of the
Al2O3 coating surrounding this point. Considering that Al2O3
is an electrical insulator, this unorthodox result may be
explained by radial growth of the lithium deposit under the

Figure 3. (A) Impedance spectra of the Al2O3-coated interphase with different thicknesses in 1 M LiPF6/PC (top) and after three charge/discharge
cycles (bottom). (B) High-resolution XPS spectra of the 15 nm thick Al2O3-coated interphase before and after cycling. (C) Coulombic efficiency
measurement of the Al2O3-coated interphase with different thicknesses operated at 1 mA cm−2 for 0.5 mAh cm−2 capacity per cycle.
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strained ASEI from the center of the island outward, as
confirmed by further cryo-FIB-SEM images and EDX mapping
of multiple electrodeposits formed at a low current density
(Figures S3 and S4). We conclude, therefore, that the Al2O3
layer essentially serves to anchor the Li deposit to the current
collector, which ensures good adhesion between the lithium
deposit mass and current collector, facilitating good electronic
transport through the Li mass and facilitating uniform
deposition.
Impedance spectroscopy provides additional insights into

the behavior of the Al2O3 surface layer in an electrochemical
system. Figure 3A reports the impedance spectra of the Li−
Al2O3/Cu asymmetric cell as a function of Al2O3 coating
thickness in the range 2−15 nm. Results in the figure show that
the interfacial impedance increases with coating thickness. This
trend continues with further increases in the coating thickness,
as demonstrated in Figure S5. Figure 3A also shows that while
the trend of increasing interfacial impedance with increasing
Al2O3 thickness is preserved after cycling the Li−Al2O3/Cu
asymmetric cells, the interfacial impedance of cells with higher
Al2O3 thickness decreases by several orders of magnitude, with
the result that the area specific resistance (ASR) at all coating
thicknesses is low. This large reduction in interfacial resistance
could arise from lithiation of the Al2O3 coatings and/or from
stress-induced cracks in the coating, which would facilitate
direct contact with the liquid electrolyte. The latter hypothesis
can be partially ruled out by the fact that the interfacial
impedance remains a strong function of coating thickness. To
more thoroughly evaluate the two hypotheses, X-ray photo-
electron spectroscopy (XPS) was employed to elucidate the

surface chemistry of Al2O3/Cu electrode before and after
lithium electrodeposition, as reported in Figure 3B. The
carbon spectra and their decoupled components (C−H 284.1
eV, C−O 285.5 eV, and CO 288.3 eV) remain virtually
unchanged after lithium electrodeposition, confirming that
minimal decomposition of the PC-based electrolyte occurs,
which is inconsistent with expectations for the ASEI cracking
mechanism. A variation of the fluorinated species is observed
as indicated by the forming LiPxFy and LiF, likely from the
breakdown of the salt. The aluminum signal remains
pronounced after cycling, despite a reduced intensity likely
related to the surface masked by electrodeposits. The
aluminum peak also exhibits a negative shift in the binding
energy from 74.4 eV, which is typical for Al2O3, to 73.5 eV.
Such change is believed to be associated with the lithiation and
the reduction of the Al2O3 upon the interaction of lithium, as
also confirmed by the slight negative shift from the
deconvoluted oxygen peaks.34 XPS results confirms the
effectiveness of Al2O3 coating arises from generating and
maintaining a stable and conductive SEI upon cycling.
The Al2O3 coating also has a major influence on the

Coulombic efficiency (CE) of lithium plating/stripping. Figure
3C compares the CE of Li−Cu and Li−Al2O3 Cu asymmetric
cells cycled in 1 M LiPF6 PC at a current density of 1 mA cm−2

for 0.5 mAh cm−2 capacity, with different Al2O3 coating
thicknesses. The lithium electrodeposition on the bare Cu is
observed to occur at low CE, which quickly decreases in the
first 50 cycles, a result within our expectation as PC is known
to form a poor SEI which results in low efficiency stripping and
plating of Li. In contrast, both CE values and the lifetime

Figure 4. (A) Coulombic efficiency measurement of the 15 nm thick Al2O3-coated interphase and bare interphase in 1 M LiPF6/EC:DOL (9:1 vol
%) at a current density of 1 mA cm−2 and capacity of 0.5 mAh cm−2, with the illustration on the left. (B) Voltage−areal capacity profile at different
cycles for part A. (C) Coulombic efficiency measurement of the 15 nm thick Al2O3-coated interphase and bare interphase in 1 M LiPF6/EC:DOL
(9:1 vol %) at a current density of 3 mA cm−2 and capacity of 3 mAh cm−2. (D) Voltage−areal capacity profile at different cycles for part C. (E)
Anode-free model cell with lithium originating in the LTO counter electrode (capacity of LTO:Li = 1:3) operated at 0.5 C with the lithium anode
formed in situ during the first cycle (inset). (F) Voltage−areal capacity profile at different cycles for part E.
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before failure are markedly improved with thicker Al2O3
coating with the same liquid electrolyte used in all cells. The
15 nm thick Al2O3 coating provides what appears to be the
optimal CE ≈ 90% over 500 cycles (Figure S6) with only a
small increase in overpotentialan impressive result for a PC-
based electrolyte. Further increasing the thickness of the
coating does not contribute to better performance, likely due
to the insulating nature of Al2O3. The result can be trivially
explained in terms of the Al2O3 ASEI protection of Li against
parasitic side reactions. The high bandgap of Al2O3 (∼7 eV)
likely alters the voltage profile in the vicinity of the electrode
and thus slows down the decomposition of PC, implied by
results from same experiments on asymmetric cells with HfO2
and TiO2 (Figure S7)two materials with lower bandgaps of
∼5.5 and 3.2 eV, respectively. More detailed investigation of
the lithium electrodeposition process, however, suggests that
this explanation is incomplete. Specifically, by combining the
morphological and electrochemical analytical studies, we
believe that a “lifting−expanding−jointing” process is involved
during the electrodeposition, which exposes the edge of the
deposits to the electrolyte. That means the lifting of the Al2O3
creates the space for the further electrodeposition of Li, which
expands horizontally until joining with other electrodeposits.
The enhanced stability provided by the Al2O3 coating therefore
appears to stem primarily from the protection provided by the
Al2O3 overlayer and the strong adhesion achieved near the
deposit nucleus (root) and the current collector, which also
limits the formation of electronically disconnected or “dead”
lithium.
Additional support for this mechanism comes from electro-

chemical studies in a EC:DOL-based electrolyte that exhibit
greater chemical stability in contact with Li. Similar to the PC-
based electrolyte, the natural decomposition of the solvent and
impurities can be prevented, as shown in Figure S8. Figures 4A
and 4C report results from CE measurements using control
Li−Cu and Li−15 nm Al2O3 Cu asymmetric cells cycled in a 1
M LiPF6 EC:DOL electrolyte at different current densities and
capacities. The control cells exhibit initial CE > 95%, but the
values quickly decrease, with clear signs of interphase failure
after 200 cycles at 1 mA cm−2 for 0.5 mAh cm−2 and 50 cycles
at 3 mA cm−2 for 3 mAh cm−2. In contrast, the Li−15 nm
Al2O3 Cu cells exhibit high and stable CE > 98% even at a high
current density and capacity for over 250 cycles without any
obvious signs of failure. Voltage−capacity profiles provided in
Figures 4B and 4D show that the cells cycle with minimal
overpotential buildup, indicative that the interface is stable.
The higher overpotential after 10 cycles at a high current
density can be attributed to the nucleation of lithium
electrodeposits in the first few cycles. The high CE achieved
with this combination of ASEI and electrolyte can be tested
more rigorously in a so-called anode-f ree lithium battery, in
which an overlithiated or thick cathode is the only source of Li
in the cell and the anode used in the cycling studies is formed
in situ by lithium deposition on a Al2O3 Cu current collector
during the first cycle. As a demonstration of the concept, cells
with a 15 nm thick Al2O3 Cu-LTO (areal capacity 3 mAh
cm−2) configuration were constructed with a thin lithium foil
placed on the LTO electrode to mimic an overlithiated
cathode. The capacity ratio between the Li in the overlayer and
Li in the LTO electrode was maintained as 3 to 1. The initial
voltage profile measured in the first charge cycle is illustrated in
the inset of Figure 4E. A clear long first charge step with two
voltage plateaus which represent the lithium deposition under

low potential (∼0.4 V for Li−Li) and high potential (1.5 V for
LTO−Li) is observed. At the point of transition, it can be seen
from the voltage profiles that the cell performs identically to a
typical Li−LTO cell. Stable, high CE charge−discharge cycling
is achieved for over 120 cycles, which compares well to what is
observed for the Cu−LTO control cell in the same electrolyte,
where by the 10th cycle (Figures S9 and S10) the initial
capacity is already below 80% of the initial value. The stable
battery cycling performance is attributed to the high
Coulombic efficiency of Al2O3 Cu−LTO cell, as directly
calculated from the equation Rnp(CE)

n = 80%, in which Rnp
represents the N/P capacity ratio, CE is the average
Coulombic efficiency and n is the cycle number before 80%
capacity retention. The Al2O3 Cu−LTO cell thus exhibits an
average CE of 98.9%, whereas the cell without artificial SEI
shows a CE of about 91%. Al2O3 deposition also enables high-
voltage LMB as tested in prototype cells with the
LiNi0.6Co0.2Mn0.2O2 (NCM 622) cathode in which the N/P
capacity ratio is kept about 3 to 1. To avoid the phase
transition of NCM electrode upon direct contact with lithium,
lithium is predeposited on the Al2O3 Cu to form the anode.
Figures S11 and S12 report the reasonably well cycling and
voltage profile of the thin Li−NCM cell showing a CE of about
96.7%. Together with the LTO cell results, it is testified that a
rationally designed artificial interphase of ALD Al2O3 leads to
promising application of practical LMB.

■ CONCLUSIONS

To summarize, we show that by facilely engineering the
electrode/electrolyte interphase with a pinhole-free few
nanometer thick Al2O3 coating, it is possible to dramatically
improve the electrochemical stability of protic and aprotic
liquid electrolytes. At low voltages, the Al2O3 layer also serves
as an effective artificial SEI which enables long-term reversible
and efficient lithium cycling even in a poor SEI-forming
propylene carbonate electrolyte. The ASEI is shown to
promote formation of flat, compact Li electrodeposits that
maintain strong attachment to the Cu current collector and
appear to grow by a “lifting−expanding−jointing” process. By
incorporating a new, high-efficiency (EC−DOL) electrolyte
design, the Al2O3 ASEI is reported to yield stable high-
efficiency lithium plating/stripping with a CE > 98% at a
current density of 3 mA cm−2 and a capacity of 3 mAh cm−2

for over 250 cycles. We take advantage of these results to
demonstrate in situ formation of Li anodes and stable charge/
discharge cycling of so-called anode-free lithium metal cells in
which an overlithiated LTO cathode with a 3 to 1 lithium−
cathode capacity ratio is the only source of Li in the cell. Our
observations are consistent with previous findings reported in
ref 16 that spontaneously formed interphases based on hairy
SiO2 nanoparticle additives in liquid electrolytes enhance the
electrochemical stability limits of liquids. They are also
consistent with results provided in the Supporting Information,
which show that nano-sized Hf2O electrode coatings (a
material of intermediate electrical bandgap) created using
ALD enable higher CE cycling of Li anodes.

■ ASSOCIATED CONTENT
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