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Lithio-amphiphilic nanobilayer for high energy
density anode-less all-solid-state batteries
operating under low stack pressure†
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Geung-Jong Lee,c Ki Yoon Bae,e Taegeun Lee,ab Nohjoon Lee,ab
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Anode-less all-solid-state batteries (ALASSBs) offer unparalleled energy density and enhanced safety.

ALASSB cells usually incorporate a protective layer on the anode current collector to stabilize lithium (Li)

deposition, yet are liable to short-circuiting even at low current densities. Here we report a nanobilayer

comprising tungsten (W) and magnesium (Mg) with a total thickness of 230 nm for anode protection.

The upper lithiophobic (Li-insoluble) W layer induces highly dense Li deposits underneath through its

high interfacial energy, whereas the lower lithiophilic Mg layer nucleates Li for uniform Li deposition.

Even at room temperature and low stack pressure (2 MPa), an energy density of 1100 W h L�1 and 71.9%

retention after 300 cycles are demonstrated in a pouch-type full-cell. Furthermore, the effect of lithio-

amphiphilicity is validated for other Li-insoluble metals, proving the versatility of the concept. This study

unveils a simple yet effective approach for short-circuit-free cycling at high current densities, a

challenging achievement for ALASSBs.

Broader context
Anode-less all-solid-state batteries (ALASSBs) eliminate the need for a specific host for lithium (Li) storage on the anode, enhancing volumetric energy density
and substantially reducing cost. However, their progress is largely plagued by vulnerability to lithium (Li) dendrite growth, especially during fast charging.
Micrometer-scale protective layers are usually employed to address this drawback but have proven effective only under high temperature and pressure
conditions. This study introduces a bilayer approach in which a lithiophobic tungsten (W) layer is deposited on a lithiophilic (Mg) layer. Whereas the bottom
Mg layer facilitates Li-ion migration downward for uniform deposition of Li, the top W layer induces dense cohesion of Li deposits without dendrite growth via

its exceptionally high interfacial energy with Li. This lithio-amphiphilic bilayer enhances the practicality of ALASSBs by enabling fast charging, room-
temperature, and low-pressure operation, alongside a high volumetric energy density of 1100 W h L�1. This study exemplifies the concept of lithio-
amphiphilicity for the first time for high-energy-density and practically viable ALASSBs.

Introduction

In the emerging era of electric mobility, the development of
advanced secondary batteries with high energy density and
superior resistance to ignition hazards is of paramount
importance.1,2 Along this direction, all-solid-state batteries
(ASSBs) have emerged as a promising alternative to current
commercial lithium-ion batteries (LIBs).3,4 ASSBs not only
provide enhanced safety against ignition by adopting non-
flammable solid electrolytes (SEs) but also offer opportunities
for using high-capacity anode materials such as metallic
lithium (Li) to boost the energy density.5,6 Among various
classes of materials, sulfides are being intensively explored
for SEs owing to their high ionic conductivity, which rivals that
of their liquid electrolyte counterparts.7–9 Additionally, the high
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ductility of these sulfide materials facilitates continuous and
sustained interparticle contact, even upon sintering at room
temperature.10–12

In the pursuit of elevated energy density, extensive research
focusing on the choice of anode materials and their electrode
structures is currently underway.13–16 Among the various
approaches aiming to increase the energy density to its theore-
tical limits, anode-less ASSBs (ALASSBs) have stood out
markedly.17–19 However, the absence of an anode active mate-
rial renders ASSB cells vulnerable to the growth of Li dendrites,
which accelerate the performance degradation with cycling and
restrict the operating conditions.20,21 Researchers endeavoring
to overcome this problem have explored covering the anode
current collector with different types22–25 of protective layers,
with those comprising silver nanoparticles and carbon powder
being the most representative.26 In this protective layer, the
silver nanoparticles serve as nucleation seeds for promoting
uniform Li plating during charging, whereas carbon prevents
direct contact between the SE and deposited Li to mitigate Li
dendritic growth. Nonetheless, the majority of ALASSB cells
either relies on relatively thick protective layers or requires
operating conditions beyond those that are practically feasible
in terms of temperature and pressure.27 In a similar context,
warranting short-circuit-free cycling at elevated current densities
remains a challenge, and limits the rate capability. Moreover, the
associated challenges related to uneven Li (de)plating over
cycling compromise the volumetric energy density, the main
motivation of the anode-less concept.

To address these chronic issues associated with ALASSBs,
we propose a simple yet effective approach that involves
the introduction of a thin bilayer consisting of magnesium
(Mg) and tungsten (W) with a thickness of merely 230 nm.
By employing an argyrodite-type sulfide SE, Li6PS5Cl (LPSCl), this
nanobilayer accommodates remarkably high current densities
of up to 5.0 mA cm�2 without short-circuiting. Furthermore,
W/Mg-based pouch full-cells retain 71.9% of their original
capacity after 300 cycles at room temperature and a low stack
pressure of 2 MPa. The synergistic roles of the Mg and W layers
unlock a useful design principle for developing high-
performance ALASSBs, namely, the implementation of a lithio-
amphiphilic protective layer.

Results and discussion
Plating-stripping behavior of the lithio-amphiphilic thin-film
electrode

Although anode-less systems truly offer superior energy density
compared to conventional cell configurations with active mate-
rials in the anodes (Fig. S1, ESI†), they often employ a protective
layer with micrometer-scale thickness for sustainable cycling.
In this regard, our electrode scheme, which entails wrapping
the current collector with a metal layer that is several hundred
nanometers thick, maximizes the benefits of the anode-less
concept in terms of the energy density. In detail, we deposited a
30 nm-thick W layer on top of a 200 nm-thick Mg layer

(Fig. 1(a)). Utilizing its lithiophilicity, the lower Mg layer
induces uniform Li plating in the charging process by facilitat-
ing Li nucleation.28,29 In contrast, the negligible solubility of Li
in the upper W layer,30 the origin of the mismatch in the
surface energy between the two metals, prevents the indiscri-
minate penetration of the W layer by the deposited Li metal.
Nevertheless, this W layer is sufficiently thin to allow the
diffusion of Li ions without offering excessive resistance.
Whereas the lithiophilicity of the Mg layer beneath provides a
driving force for Li ion diffusion through the W layer, the
presence of the W layer effectively prevents direct physical
contact between the deposited Li during charge and the SE,
thereby restricting the unwanted growth of the solid–electrolyte
interphase (SEI). Important to note is that unstable SEI for-
mation in ALASSB cells can severely accelerate capacity degra-
dation because the entire supply of Li originates solely from the
cathode material, unlike the use of Li metal foil, which supplies
an excess amount of Li. The increased interfacial resistance
resulting from unstable SEI formation also hinders fast char-
ging and high power capabilities.31 Consequently, the thin W
layer stabilizes the anode–SE interface in multiple ways, parti-
cularly in operating scenarios involving high current densities.

The electrodes were fabricated by depositing a 200 nm-thick
layer of elemental Mg onto a stainless steel (SUS) anode current
collector using sputtering, followed by the additional sputter-
ing of a 30 nm-thick layer of W. X-ray diffraction (XRD) analysis
(Fig. S2, ESI†) revealed the (002) and (112) orientations to
confirm the crystallinity of the Mg film. In the case of the bilayer,
the (110) and (220) crystalline planes of W were additionally
detected. Scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS) images of the prepared Mg and W/Mg
thin-film electrodes demonstrated that these elements were
uniformly and evenly deposited (Fig. S3, ESI†). Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) depth profiling was
utilized to precisely determine the thickness of the W/Mg bilayer
structure (Fig. S4, ESI†).

Cross-sectional SEM-EDS images of the W/Mg thin-film
electrode, acquired after Li plating, are presented in Fig. 1(b).
This analysis revealed that Li was predominantly deposited
beneath the W layer, and the overlapped Mg and Li distribu-
tions indicate that Li seamlessly amalgamated with the Mg
therein. This supports that Li ions are able to diffuse through
the W layer despite the inertness of W towards Li. Closer
examination of the interface between the Li deposit and W
layer divulged that, rather than wetting the underside of the
lithiophobic W layer, the Li was deposited underneath this
layer, where it densified (Fig. 1(b), magnified image). Cross-
sectional SEM-EDS images captured after the Li was stripped
revealed the repositioning of the dealloyed Mg beneath the W
layer with detachment from neither the SE layer nor the current
collector (Fig. S5, ESI†). This pointed to the structural stability
of the W/Mg bilayer, a crucial requirement for long-term
cycling. Additionally, XRD analysis of the W/Mg electrode after
one cycle of Li plating and stripping (Fig. S6, ESI†) revealed the
reaction behaviors of the Mg and W layers during Li (de)plat-
ing. Notably, the persistence of the W peak near 401 throughout
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Fig. 1 Li plating-stripping behavior of the thin-film electrodes. (a) Schematic illustration of the charging process employing the W/Mg thin-film
electrode. The Mg layer beneath the W layer promotes spatially uniform nucleation and Li deposition, whereas the W layer effectively suppresses
dendritic growth. (b) Cross-sectional SEM-EDS images of the W/Mg thin-film electrode after Li plating at a current density of 1 mA cm�2 and a capacity of
1 mA h cm�2, including (top right) a magnified SEM image to visualize the interface more vividly. The deposited Li is visible beneath the W layer and was
fully amalgamated with Mg. (c) and (d) Half-cell plating-stripping tests of thin-film electrodes. Voltage profiles of the (c) plating processes with a current
density of 0.1 mA cm�2 and (d) plating-stripping processes with a current density of 1 mA cm�2 and capacity of 1 mA h cm�2. (e) CEs during half-cell
evaluation with a current density of 1 mA cm�2 and a capacity of 1 mA h cm�2. Preventing physical contact between the SE and the deposited Li not only
limits SEI formation but also inhibits the dendritic growth of Li to improve the reversibility and cycle life.
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Li plating and stripping provided direct evidence that W
remains unreactive with Li by serving solely as an interfacial
protective layer.

The lithiophilicity and lithiophobicity of Mg and W, respec-
tively, were confirmed by examining the Li wettability using
molten Li (Fig. S7, ESI†). By comparing two thin-film electro-
des—one coated with only a 200 nm layer of Mg and the other
with an additional 30 nm-thick layer of W on top (W(30 nm)/
Mg(200 nm))—we observed that the molten Li completely
wetted the Mg electrode (contact angle = 01) to demonstrate
its superior lithiophilicity. This uniform wetting facilitates
stable Li plating during charging and is the thermodynamic
driving force for Li ion diffusion through the W layer to
the underlying Mg. In contrast, the molten Li placed on the
W/Mg electrode did not wet the electrode at all, as was evident
from the large contact angle (1251) (Fig. S8, ESI†). These
observations are aligned with our electrode design scheme,
which exploits the strong lithiophobicity of W to greatly
prevent Li dendritic growth by inducing cohesive Li deposition
underneath.

The electrochemical performance of the W/Mg bilayer thin-
film was compared with its bare Mg counterpart by conducting
all-solid-state half-cell plating-stripping tests using LPSCl as the
SE. Initially, we monitored the voltage profiles of Li deposition
at a current density of 0.1 mA cm�2 (Fig. 1(c)). The observed
voltage dips at the initiation of Li deposition for both electrodes
are reflective of Li nucleation. The lithiophilicity of the Mg thin-
film was obvious from its voltage profile, which recovered to
above 0 V immediately after the initial Li nucleation over-
potential to indicate facile Li deposition (enlargements appear

in Fig. S9, ESI†). In contrast, the overpotential of the W/Mg
thin-film remained below 0 V following the initial voltage dip,
attributed to the inertness of W towards Li, which hinders the
diffusion of Li ions. However, it must be emphasized that this
effect on the deposition was unsubstantial due to the limited
thickness of the W layer of only 30 nm. This is evident from the
even lower overpotential of W/Mg than that of bare Mg as the
cumulative capacity exceeded 0.5 mA h cm�2. This finding is in
line with the role of W, namely to inhibit side reactions
between the deposited Li and SE. This result persisted as the
current density increased to 1 mA cm�2 (Fig. 1(d)). In the first
cycle, the coulombic efficiencies (CEs) of W/Mg and Mg were
conspicuously distinct at 93.7% and 89.6%, respectively. Sub-
sequent plating-stripping cycles at 1 mA cm�2 and 1 mA h cm�2

resulted in higher CEs and a longer cycle life for W/Mg
(Fig. 1(e)). This outcome highlights the role of the thin W layer
in stabilizing the interface between the SE and the anode,
thereby mitigating the loss of Li that would be otherwise
utilized for significant side reactions with the SE.

Further evidence of the slight wetting of the interface of the
W/Mg bilayer was gathered by subjecting thin-film electrodes
with both the Mg and W/Mg layers and deposited Li to X-ray
microscopy (XRM) imaging with micro-computed tomography
(m-CT) for two- and three-dimensional (2D and 3D) visualization
(Fig. 2 and Fig. S10, ESI†). These visualizations revealed that, in
the case of the bare Mg, the top surface of the Li deposition was
mixed with the SE, indicating that Li had permeated through
the SE layer as a result of Li dendritic growth (Fig. 2(a) and (c)).
By contrast, the W/Mg bilayer prevented penetration of
the SE layer to enforce compact, monotonic Li deposition

Fig. 2 3D and 2D XRM images of the thin-film electrodes with the Li depositions. (a) and (b) 3D images of anode-SE layers after Li plating on (a) Mg and
(b) W/Mg thin-film electrodes. The black and brindled contrast in the SE layer in (a) reflects Li permeation therein and is attributed to dendritic growth.
Conversely, in the case of W/Mg, the contrast in the SE layer was much weaker and more homogenous. (c) and (d) 2D images of the x–y plane across the
topmost region of the Li deposits on the (c) Mg and (d) W/Mg thin-film electrodes. In the case of the Mg sample, the top of the deposited Li was mixed
with the SE, indicative of its position within the SE layer.
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(Fig. 2(b) and (d)). This result became more pronounced when
the interfaces were magnified, and only the contrast corres-
ponding to the SE was mapped (Fig. S11, ESI†).

Examining the voltage-versus-time curves from the corres-
ponding half-cell assessments, by the second cycle, the voltage
dip disappeared for both the Mg and W/Mg thin-film electrodes
(Fig. S12, ESI†). This behavior is consistent with the typical
pattern associated with Li nucleation in a lithiophilic layer.32 In
scenarios where nucleation occurs on a lithiophobic substrate,
such as on the bare SUS current collector, the voltage dip
persists beyond the second cycle (Fig. S13, ESI†). Therefore,
the absence of the voltage dip serves as direct evidence that Li
ions have effectively undergone nucleation within the under-
lying Mg layer after permeating through the W layer, a fact

corroborated by the cross-sectional SEM and XRM images
captured after Li deposition.

Assessment of anode–SE interfacial stability

The impact of the inhibitory effect of W on the anode–SE redox
reaction was ascertained using X-ray photoelectron spectro-
scopy (XPS) and electrochemical impedance spectroscopy
(EIS) analyses, both before and after 100 half-cell cycles. For
Mg, the S 2p branch of XPS analysis exhibited a distinctive peak
at around 160.8 eV, a higher binding energy than that of the P–S
bond in the PS4

3� of argyrodite sulfide SEs, indicating the
reduction of sulfur to Li2S—a well-known SEI component33

(Fig. 3(a)). The presence of substantial Li2S in Mg, contrary to
the limited amount thereof in W/Mg, affirms the restricted

Fig. 3 Stability assessments of the anode–SE interface during half-cell operation. (a) and (b) XPS results of anode–SE interfaces after 100 cycles of half-
cell evaluation, (a) S 2p and (b) P 2p spectra. (c) and (d) EIS Nyquist plots of the half-cells after 100 cycles with (c) Mg and (d) W/Mg thin-film electrodes.
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direct contact between Li and the SE due to the presence of W
at the interface. The P 2p branch displayed a similar trend,
where, for Mg, the peak near 131.9 eV corresponds to the peak
for Li3P (Fig. 3(b)).34 Li3P is considered one of the less favorable
SEI components, even more problematic than Li2S, owing to its
substantial electrical conductivity.35 Enhanced electrical con-
ductivity can trigger additional side reactions, which contribute
to thickening the SEI.

Additionally, before cycling, the EIS Nyquist plots of both
samples were approximately vertical, with only the bulk resis-
tance (Rbulk) captured at the x-intercept (Fig. 3(c) and (d)). These
values represent the bulk ionic conductivities of the SE.36 The
low electrical conductivities of the SE led to high charge
transfer resistances (RCT), which explains the absence of pro-
minent semi-circular shapes.37 For Mg, the emergence of a
semi-circle corresponding to the SEI resistance (RSEI) at high
frequencies after cycling indicated SEI formation as a result of

side reactions between the Li deposited during charging and
the SE (Fig. 3(c)).38,39 Additionally, the pronounced semi-circle
corresponding to RCT reflected Li filament growth within the SE
layer. By contrast, in the case of W/Mg, the semi-circle corres-
ponding to RSEI could not be retrieved and the graph was more
vertical than that of Mg (Fig. 3(d)). The EIS results obtained
after 25 and 50 cycles exhibited a consistent trend (Fig. S14,
ESI†). This again implies that the presence of the W layer
restricted SEI formation and inhibited Li dendritic growth to
mitigate the accumulation of byproducts within the cell.

Inhibition of dendritic growth and effect on CCD

Following the 100-cycle half-cell evaluation, XRM with m-CT was
employed to visualize the three-dimensional (3D) anode–SE
interfaces40,41 (Fig. S15, ESI†). Voids stemming from Li den-
dritic growth are clearly visible in the SE layer of the Mg sample
(Fig. 4(a)). This implies that, even though Mg may successfully

Fig. 4 Effect of W layer on the inhibition of Li dendrite penetration. (a) and (b) XRM 3D images of anode–SE interfaces using the (a) Mg and (b) W/Mg
thin-films after 100 cycles in half-cells. The white areas at the bottom represent the anode current collectors and the colored regions on top correspond
to the SE layers. (c) Current densities used in the Li plating CCD test with a fixed capacity of 1 mA h cm�2. Negative and positive values represent Li plating
and stripping processes, respectively. The plating current density was increased from 1 mA cm�2 in increments of 0.1 mA cm�2, whereas the stripping
current density was held constant at 1 mA cm�2. (d) Voltage vs. cumulative capacity profiles of the corresponding Li plating CCD test of the thin-film
electrodes. (e) and (f) DFT calculations of the interfacial energies between W and Li. (e) Interfacial energy as a function of the number of Li atoms.
(f) Calculated Li interfacial energies for various crystallographic planes of W. W exhibits a significantly higher Li interfacial energy across all crystallographic
orientations compared to LiF, the common SEI component in LIBs, and Li2S, the prevalent SEI component in ASSBs.
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nucleate Li, the Mg layer alone is insufficient to entirely prevent
extensive Li dendritic growth. In contrast, for W/Mg, voids
connected to the white anode current collector were not
detected (Fig. 4(b)). The 3D XRM results were used to generate
2D representations at the anode–SE contacts for both cells
(Fig. S16, ESI†). These images are clearly distinct in that the
electrode with the W/Mg layers has a flat and uniform interface
with hardly any voids, contrary to the electrode with Mg, of
which the interface has multiple large voids. Furthermore,
cross-sectional examination of the W/Mg electrode following
100 half-cell cycles, revealed the persistence of the bilayer
structure with W on top of Mg (Fig. S17, ESI†). A subsequent
cross-sectional analysis following Li deposition in the 101st

cycle further confirmed the preservation of each layer’s integ-
rity (Fig. S18, ESI†).

The durability of the protective layer was additionally eval-
uated at high current densities by specifically focusing on the
critical current density (CCD) for Li plating. Using the test
protocol shown in Fig. 4(c), the CCD for the Mg electrode was
determined as 1.3 mA cm�2. In contrast, the CCD dramatically
increased for the W/Mg electrode, without any short-circuiting
until 5.0 mA cm�2 (Fig. 4(d)). The conspicuously different CCD
values imply that the addition of the 30 nm-thick W layer
markedly enhanced the tolerance against high current density,
one of the greatest challenges presented by ALASSB operation.
Given that the CCD values for sulfide SEs in typical Li symmetric

Fig. 5 Full-cell evaluations of the W/Mg thin-film anode paired with an NCM811 cathode. (a) Assessment of charging capability by varying the charge
rate while fixing the discharge rate at 0.5C (1 mA cm�2). Areal capacity = 2 mA h cm�2. (b) and (c) Examination of charge–discharge cycling at 3C
(6 mA cm�2) with a 20-min time cutoff during charge and 2.5 V voltage cutoff during discharge. (b) Voltage profiles and (c) capacity retention (blue) and
coulombic efficiency (red) during cycling. (d) Comparison of the anode layer thickness, operating temperature, and highest current density with those of
previously reported ALASSB full-cells.
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cells are usually approximately 1 mA cm�2, the achieved CCD value
of 5.0 mA cm�2 for Li plating is remarkable.42

Aiming to comprehensively understand the ability of W to
effectively curb the growth of Li dendrites, we conducted
density functional theory (DFT) calculations to assess the Li
interfacial energy of W (Fig. 4(e) and (f)). These calculations
spanned the intrinsic crystallographic planes of W, including
those perpendicular to the predominant (110) plane. The
relationship between the interfacial energy and quantity of Li
atoms is plotted in Fig. 4(e), with the interfacial energy deter-
mined from the y-intercept of the fitted line. A negative Li
interfacial energy indicates a spontaneous chemical reaction, a
characteristic commonly observed for various sulfide SEs due to
their narrow electrochemical stability windows.43 Indeed, the
computed Li interfacial energy of the argyrodite-type LPSCl
SE employed in this work was remarkably low, measuring
�33.767 meV Å�2 for the (100) plane (Fig. S19, ESI†). This
underscores the effectiveness of using a protective layer with
high Li interfacial energy at the anode–SE interface and the
ability of this layer to prevent the interfacial degradation of the
sulfide SE by the Li metal. The Li interfacial energy of repre-
sentative SEI components was also systematically calculated
(Fig. S20, ESI†). Li2S, a representative SEI component of sulfide
SEs, demonstrated a Li interfacial energy of 31.678 meV Å�2.
This value is considerably higher than that of the LPSCl SE, and
is indicative of the effective passivation of the SEI at the anode
interface. Additionally, LiF, widely reported to be an optimal SEI
component of lithium-ion batteries (LIBs), exhibited relatively
high interfacial energy of 44.054 meV Å�2. Indeed, researchers
focusing on both LIBs and ASSBs are actively pursuing ways to
uniformly integrate LiF components into the SEI to protect the
interface.44,45 Calculations of the Li interfacial energies of

various crystallographic planes of W revealed that the interfacial
energy of W is significantly higher than that of LiF across all
planes (Fig. 4(f)). This substantiates the idea that the use of a
30 nm-thick W layer to increase the CCD to such a remarkable
extent can be attributed to the exceptionally high Li interfacial
energy of W, which induces uniform Li plating underneath.

High-energy and fast-(dis)charging ASSB

Subsequently, the W/Mg thin-film anode was evaluated in a
full-cell by employing LiNbO3-coated LiNi0.8Co0.1Mn0.1O2

(NCM811) as the cathode active material. Initially, the dis-
charge capacity reached 193 mA h gcathode

�1 during the first
cycle at 0.1C, along with a high initial coulombic efficiency
(ICE) of 92.3% (Fig. S21, ESI†). The evaluation was succeeded by
a rate assessment in which the charge current density was
increased sequentially from 0.5C to 1C, 2C, and 3C, while the
discharge current density was kept constant at 0.5C (Fig. 5(a)).
Remarkably, the charge and discharge profiles of the W/Mg-based
full-cell were stable up to 3C (corresponding to 6 mA cm�2)
without internal short circuits. In sharp contrast, its Mg-based
full-cell counterpart experienced internal short circuits even at 1C
as the cell showed infinite charging behavior46 (Fig. S22, ESI†).
The high-rate charging capability resulting from implementation
of the lithio-amphiphilic bilayer was preserved in the prolonged
cycling tests at the high C-rate (Fig. 5(b) and (c)). When cycled at
3C for both charging and discharging, with a 20-minute cutoff
time for charging, the W/Mg-based full-cell delivered stable
cycling performance for 200 cycles with capacity retention of
86.7%. This retention corresponds to capacity loss of only
0.06658% per cycle. The CE exceeded 99.9% at only the 15th cycle
and the average CE for 200 cycles was as high as 99.7%.
In comparison with other ALASSB results26,47–50 reported to date,

Fig. 6 High-energy density pouch-cell evaluations at room temperature (25 1C) and low pressure (2 MPa). (a) Photograph of the W/Mg-based pouch-
cell. (b) and (c) Voltage profiles of the (b) 1st, (c) 100th, and 300th cycles. (d) Cycle life of the corresponding pouch-cells at a current density of 0.3C
(1C = 3.7 mA cm�2).

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 S
eo

ul
 N

at
io

na
l U

ni
ve

rs
ity

 o
n 

5/
4/

20
26

 2
:2

5:
26

 P
M

. 
View Article Online

https://doi.org/10.1039/d4ee03130j


7940 |  Energy Environ. Sci., 2024, 17, 7932–7943 This journal is © The Royal Society of Chemistry 2024

the W/Mg-based full-cell delivered highly competitive perfor-
mance in terms of the anode thickness, operating temperature,
and highest current density achieved without short circuiting
(Fig. 5(d)). This comparison emphasizes that the lithio-
amphiphilic nanobilayer concept in this study represents a useful
design principle for the anode protection layer in ALASSBs with-
out sacrificing the advantage of high energy density originating
from the anode-less cell configuration.

Influence of the thickness of the W layer and presence of the
Mg layer

The extent to which the thickness of the W layer influences the
performance of the W/Mg electrode was investigated by depos-
iting W and Mg layers that were both 200 nm thick (W(200 nm)/
Mg(200 nm)). This electrode consistently displayed voltage dips
during repeated Li depositions when tested in Li metal half-
cells (Fig. S23, ESI†). Intriguingly, in this cell, the increased
thickness of the W layer rendered Li ion diffusion infeasible,
resulting in the predominant reduction of Li ions on the

lithiophobic W layer rather than on the underlying Mg layer.
Subsequent cross-sectional SEM-EDS analysis corroborated our
interpretation of the observed voltage dips, namely that all the
Li was exclusively deposited on top of the W layer, instead of on
the Mg layer underneath (Fig. S24, ESI†). The thickness of the
W layer should be appropriately controlled in nanoscale to
beneficially utilize its lithiophobicity toward keeping the Li
deposits highly condensed by effectively suppressing unwanted
dendritic Li growth.

Additionally, an electrode with a 30 nm-thick W thin-film
without a Mg layer (W(30 nm)/Mg(0 nm)) was fabricated to
systematically assess the impact of the lithiophilic Mg layer.
In this case, the absence of lithiophilic Li nucleation seeds
resulted in recurrent nucleation overpotential, manifested as
voltage dips (Fig. S25, ESI†), and provided evidence of Li
nucleation on the lithiophobic substrate. Moreover, cross-
sectional analysis revealed that all the Li was deposited on
top of the W layer (Fig. S26, ESI†). These experiments recon-
firmed the thermodynamic Li attraction of Mg based on its

Fig. 7 Relationship between Li plating CCD and Li interfacial energy of the protective layer. (a) Schematic illustration of the selection of lithiophobic
metals from among various transition metals based on their Li solubility according to their respective phase diagrams. (b) and (c) Voltage vs. cumulative
capacity profiles of the X/Mg (X = Cr, Mo, Ti, and Zr) thin-film electrodes in Li half-cells to determine their CCD values. The plating current density starts at
1 mA cm�2 and increases in increments of 0.1 mA cm�2, while the stripping current density remains fixed at 1 mA cm�2. (d) DFT-calculated Li interfacial
energies of various lithiophobic metals as a function of the number of Li atoms. (e) Correlation between Li interfacial energies of X in X/Mg and Li plating
CCD values.
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high lithiophilicity and that the W and Mg layers both uniquely
contribute toward stabilizing Li (de)plating at practically viable
temperature and pressure levels.

Low-pressure pouch-cell assessments

The feasibility of operating W/Mg in practically viable cell
settings was evaluated using pouch-type full-cells (Fig. 6(a)).
These tests were intended to approximate real operating con-
ditions as closely as possible (room temperature (25 1C), low
stack pressure (2 MPa), and anode-less cell configuration). Thus
far, to the best of our knowledge, only a single study29 reported
meeting all of these criteria concurrently. However, the given
study employed current densities as low as 0.1 C, and the
capacity retention was only 57.9% after 30 cycles. In compar-
ison, the W(30 nm)/Mg(200 nm)-based pouch cells achieved
initial discharge capacities of 189 mA h gcathode

�1 at 0.3C
(Fig. 6(b)). With a high areal capacity of 3.7 mA h cm�2 and a
current density of 0.3C, long-term cycle evaluations attested to
decent performance. The voltage profiles remained stable with-
out any evidence of short-circuiting (Fig. 6(c)) and the capacity
retention after 300 cycles was 71.9% (Fig. 6(d)). Moreover, the
CE surpassed 99.9% at the 4th cycle and exceeded 99.99% at
the 9th cycle. When evaluated at a higher current density of 1C
(3.7 mA h cm�2), the system continued to exhibit robust
performance (Fig. S27, ESI†). The calculated volumetric energy
density of the W/Mg-based pouch cell (Fig. S28, ESI†) reached
1100 W h L�1 (Table S1, ESI†) and revalidated the impact of the
extreme thinness of the anode.

Extension to various lithiophobic elements

The broad applicability of the concept of lithio-amphiphilicity
was assessed by evaluating the performance of other lithiopho-
bic metals, including chromium (Cr), molybdenum (Mo), tita-
nium (Ti), and zirconium (Zr), based on their inability to form
Li alloys according to their respective phase diagrams. Thin-
films with a uniform thickness of 30 nm were deposited on Mg
(Fig. 7(a)), in accordance with the above-mentioned deposition
of W. Half-cell plating-stripping evaluations of these X (30 nm)/
Mg (200 nm) (X = Cr, Mo, Ti, and Zr) thin-film electrodes
confirmed Li nucleation on the Mg layer as indicated by the
disappearance of the voltage dips from the 2nd cycle onwards,
thereby mirroring the behavior of W/Mg (Fig. S29, ESI†).
Accordingly, the CCD values for Li plating across these thin-
films exceeded 3.2 mA cm�2 to affirm the universality of the X/
Mg bilayer strategy (Fig. 6(b) and (c)). In particular, the CCD
value of Cr/Mg was as high as 4.8 mA cm�2, in comparison with
the baseline CCD of 1.3 mA cm�2 for bare Mg. Additionally, the
higher Li interfacial energies of these four lithiophobic metals
(DFT results in Fig. S30, ESI†) than those of the representative
SEI components (values in Fig. 4(f)) validate the effectiveness of
incorporating nanoscale layers of these metals into anodes to
mitigate Li dendrite formation. Notably, the highest values of
the interfacial energy, those against the Li (100) plane, followed
the order of Cr 4 Mo 4 Ti 4 Zr (Fig. 7(d)), which indeed
corresponds well with the CCD value for Li plating (Fig. 7(e)).
These consistent trends reconfirm the validity of using the Li

interfacial energy as a metric for designing the lithio-amphiphilic
nanobilayer. The comparison of the CCD values indicates that
there might exist a threshold (i.e., 100 meV A�2) in terms of Li
interfacial energy in evaluating the CCD value. As counter-
examples, Mo and Ti with different Li interfacial energies
(81.742 vs. 66.799 meV A�2) showed almost identical CCD
values as their Li interfacial energies are below the threshold.

Conclusions

In spite of the unprecedented theoretical energy density from
the inherent cell configuration of ALASSBs, short circuit-free
reliable operation at practically viable temperature and stack
pressure levels remains challenging and few attempts have
been reported. Our approach was to introduce a lithio-
amphiphilic nanobilayer with a total thickness of only
230 nm. The key feature thereof is the thinness of the W layer,
which allows facile Li ion transport through this layer. In
addition, its high interfacial energy with metallic Li serves to
enable Li deposits to coalesce toward a highly compact mor-
phology, thus protecting the anode from the uncontrolled
growth of Li dendrites and side reactions with the SE. Simulta-
neously, the lithiophilic Mg layer underneath the W promotes
uniform Li (de)plating through its nucleation with Li. All of
these physicochemical properties synergistically allow the
ALASSB cell to achieve CCD that exceeds 5.0 mA cm�2 and to
operate stably at room temperature and low stack pressure. In a
broader context, the demonstrated strategies are universally
applicable to other transition metals with negligible Li solubi-
lity as well as other high energy density anodes that are
susceptible to Li dendritic growth under highly polarized
operating conditions.
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