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Pairing high-energy nickel-rich cathodes with current collectors as anodes

presents a compelling strategy to significantly boost the specific energy of
rechargeable lithium-ion batteries, driving progress toward a transportation
revolution. However, the limited active lithium inventory sourced by the
cathodes tend to be rapidly consumed by irreversible Li plating/stripping
and interfacial side reactions. To address these limitations, we propose a

dual-gradient metal layer as an innovative solution to mitigate active Li loss
by promoting uniform Li deposition and in situ formation of a stable solid
electrolyte interphase. The operation of these batteries is investigated using
a combination of electrochemical and chemical techniques to differentiate
dead Li and interphase-bound Li inventory loss as well as material character-

ization methods to analyse the plated Li and interfacial composition and
morphology. The developed dual gradient metal layer-based 600 mAh
LiNig.90C00.05Mng 050, | |Cu pouch cells achieve an areal capacity of

7.25 mAh cm™ and deliver an 80% capacity retention over 160 cycles. We show
that the proposed approach is compatible with a range of different metal
materials, offering a promising path toward next generation long-lasting, high-
energy, initially active material-free anode based Li metal batteries.

Rechargeable lithium (Li)-ion batteries (LIBs) have become the domi-
nant energy carriers for modern urban traffic ranging from e-scooters
to electric vehicles, due to theirs high specific energy, good cycle life
(1000 - 10,000 cycles) and cost-efficiency*. The emergence of low-
altitude electric aircrafts, such as electric vertical takeoff and landing
(EVTOL), along with the uptake of drones and humanoid robots, are
creating an urgent demand for light-weight ultra-high specific energy
battery technologies®**. Traditional LIBs, based on “rocking-chair”
chemistry, face inherent specific energy limitations, and a radical
approach to overcome this challenge is to omit the anode host
material and instead plate and strip Li on an anode current collector. In

particular, if these initially active material-free anode based Li metal
batteries (IFLMBs) are paired with high specific energy nickel-rich
layered cathodes (LiNixCo,Mny..,O,, X = 0.90), they offer the potential
for a step-change in specific energy (-500 Wh kg™/ ~ 2000 Wh L) while
at the same time reducing the anode’s material and manufacturing
cost (Fig. 1a and Table S1). However, the combination of a “zero excess
Li” design (i.e. no Li pre-coated on the anode) and energy storage by
plating and stripping introduces significant challenges, primarily
stemming from a rapid depletion of the Li inventory delivered by the
cathode. This active Li loss is driven by the formation of isolated Li
(dead-Li) and continuous reconstruction of the solid electrolyte
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Fig. 1| Conceptual illustration of the dual-gradient metal (DGM) layer.
a Historical development of achievable volumetric specific energy (Wh L™) and
gravimetric specific energy (Wh kg™) across the three generations power batteries

(detailed parameters available in Tables S2-S9). b lllustration of irreversible active
Li loss in zero-excess lithium metal batteries (IFLMBs) during prolonged cycling.
¢ Schematic representation of the DGM layer structure.

interphase (SEI-Li) (Fig. 1b), and typically results in life-times of less
than 100 cycles>®.

To address the challenges associated with active Li loss, various
strategies have been explored. For instance, highly fluorinated elec-
trolyte, salts and additives have gained recognition for their ability to
construct inorganic species with superior mechanical stability and
electrochemical insulation properties’. While impressive advances
have been made in this field, current strategies have only resulted in
lifetimes exceeding 100 cycles when combined with low specific
energy cathode, limited voltage ranges, and/or limited areal capacities
which all limit the specific energy and therefore undermine the goal of
achieving ~500 Wh kg™ and ~2000 Wh L.

Here we address all the above challenges by focusing on the
design of the current collectors and high specific energy cathode
designs, which results the IFLMBs achieving over 500 Wh kg™ with a
good capacity retention of 80% after 160 cycles. A challenge previously
reported for Cu current collectors is the high plating overpotential and
uneven Li nucleation, which stems from the crystal structure mismatch
between Li and Cu (Cu: 1.28A vs. Li: 1.52A), leading to uneven Li
plating'’. Strategies to homogenize plating rely on epitaxial metal layer
Li deposition and three-dimensional (3D) current collectors to pro-
mote compact and uniform Li plating'®" (Fig. 1b). In the first approach,
metal-seed layers with a low nucleation overpotential such as Ag, Au,
In, Mg, and Sn are coated on the current collector, which tends to alloy
with Li prior to Li plating and reduces the interfacial energy between
the substrate and Li metal®**. However, these metal layers undergo
significant volume expansion and uneven stress during lithiation,
resulting in accelerated pulverization and physical degradation®”.

Additionally, the thermodynamically driven Li concentration gradient
promotes metal agglomeration, leading to the further failure of metal
layers during subsequent Li dissolution cycles. In the second
approach, 3D current collectors with high specific surface areas are
used to lower the local current density and accommodate the plated Li
in the pores to reduce electrode swelling during cycling. However, if
these 3D scaffolds are too thick, they negate the enhancement in
volumetric density offered by IFLMBs designs, and if their surface area
is too high, they promote further SEI growth and degradation.

In this work, we judiciously balance the above approaches by
proposing a dual gradient metal (DGM) anode design, which consist of
athree layers structure with Cu foil as current collector on which a thin
(-3 um) 3D composite metal (Me: metals of Al, Zn, Sn, Ag and so on)-
carbon (C) is coated that is covered by a dense lithiophilic Me layer
(Fig. 1c). The DGM layer is designed to simultaneously mitigate active
Li loss by addressing two key challenges: the continuous accumulation
of dead Li (i.e., Li metal regions which are electronically disconnected
from the current collector) and the undesirable side reactions during
extended cycling. This strategy operates through the following
mechanisms: 1) The lithiophilic outer Me layer offers abundant
nucleation sites, reducing nucleation overpotential. Its undulating
structure alleviates high local current densities and uneven stress
distribution, ensuring homogeneous initial Li deposition and main-
taining structural integrity. 2) The inner porous MeC layer, with its
mixed ionic-electronic conductivity, accommodates the volume
expansion of Li metal during the plating/stripping process while
enabling rapid charge-transfer reactions. 3) C particles provide
mechanical support to the Li-Me-C nanocomposite layer due to their
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Fig. 2 | Electrochemical performance of the DGM layer. a, b Cross-sectional SEM
images of Cu-Ag and Cu-AgC+Ag electrodes. ¢ Contact angle measurements and
optical image of Cu, Cu-Ag, Cu-AgC and Cu-AgC+Ag electrodes. d Voltage-time
profiles and initial voltage-capacity curves of various Li||Cu cells at a current
density of 0.5 mA cm™. e, f Cycle performance and coulombic efficiency of the

NCMOO0 | |Cu full cells at a low current rate of 0.1/0.1 C for conditioning (1 cycle) and
standard current rate of 0.2/0.33 C for cycling between 4.4 to 3.0V

(1C =240 mA g™). g-i Evolution of consumed dead-Li and SEI-Li, calculated using
TGC and electrochemical methods during cycling. All electrochemical testing were
conducted at 25+1°C.

high modulus, preventing the aggregation of Me and ensuring that the
Li-Me alloy remains firmly adhered to the Cu current collector. 4) The
MeC clusters exhibit strong interactions with FSI” anions, facilitating
the formation of a stable, anion-derived SEI layer. Furthermore, sys-
tematic electrochemical and morphological studies confirm the
effectiveness of the DGM layer in enabling dendrite-free Li deposition
and stabilizing the SEI layer. Remarkably, the prototype NCM90 | |Cu
pouch cell achieves an impressive specific energy of 503 Whkg?,
1931Wh L™ (cell level) and high capacity retention of 80% after 160
cycles.

Results and discussion

Electrode design and failure analysis

In this study, we found a surprising dependence of the cycling per-
formance on the current collector morphology. We demonstrate this
first using an Ag lithiophilic coating, where we either coat a continuous
Ag solid film on Cu current collector, or on top of a porous AgC layer,
which results in a granular Ag top layer with an average grain size of
50-100 nm (see the experimental section and Supplementary Note 1).
Figure 2 illustrates the key characteristics of AgC, Ag and AgC+Ag

layers as well as their impact for electrochemical performance. As
discussed above the Ag layer in Cu-Ag and Cu-AgC+Ag electrodes
exhibit distinct structures (Figs. 2a, b and S1), despite having similar
thicknesses of approximately 200 nm. For Cu-AgC+Ag electrode, the
inner porous AgC layer, consisting of Ag and C particles, provides a
fluctuating substrate for the subsequent deposition of the outer Ag
layer with high electron conductivity (6.3 x107 Sm™)". While adding a
3 um AgC layer on Cu prior to Ag coating is subtle, it has vast impli-
cations in the cycling stability as discussed further, which we believe
are due to: (i) porosity and undulation of the Ag layer releasing stress
induced by the volume changes during alloying of Ag to Li,Ag. (ii) The
porous AgC with high specific surface area (Fig. S2 and Supplementary
Note 1) creates a capillary pull for electrolyte infiltration, decreasing
the electrolyte contact eagle (Fig. 2c), and promotes rapid charge-
transfer reactivity (Fig. S3). (iii) The composite porous electrode cre-
ates an environment in which Li* can be transported rapidly and
electrochemically be reduced to metallic Li, creating a flexible and
expandable scaffold for Li deposition.

To verify the effectiveness of DGM layer in optimizing Li nuclea-
tion behavior, Li||Cu cells were assembled following the standard
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Fig. 3 | Morphological and structural evolution of deposited Li metal. a—c Top-
view SEM images and d-f thickness variations of the deposited Li metal on Cu, Cu-
Ag, Cu-AgC and Cu-AgC+Ag electrodes between cycle 1st and cycle 50th with an
area capacity of 6.5 mAh cm™ from NCM90 | |Cu based cells, and data are presented
as mean values + standard deviation (Data points are three randomly selected
thickness values). g, h 3D reconstructed morphology using X-ray computed
tomography (CT), showing porosity/cracks and Ag distribution at fully charged
state (4.4 V) from NCM90 | |Cu based cells with an area capacity of 6.5mAh cm™2in
cycle 10th. i Quantification of porosity and Ag content percentage of deposited Li
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metal across different electrodes. j-1 Cross-sectional SEM images obtained via FIB
milling, illustrating deposited Li metal at 4.4 V (fully charged) and 3.0 V (dis-
charged) after 30th cycled in NCM90 | |Cu cells with an area capacity of

6.5 mAh cm™. m Fitted Nyquist plots of NCM90 | |Cu cells at the discharged state of
3.0V, recorded from the 1st to 30th cycles. All electrochemical testing were con-
ducted at 25+1°C, NCM90 | |Cu full cells were cycled at a low current rate of 0.1/
0.1C for conditioning (1 cycle) and standard current rate of 0.2/0.33 C for cycling
between 4.4 to 3.0V (1C=240 mA g) before disassembling.

procedure’®. The Li||Cu-AgC+Ag cells show the highest average cou-
lombic efficiency [98.39% (Cu) vs. 99.68% (Cu-Ag) vs. 99.63% (Cu-AgC)
vs.99.76% (Cu-AgC+Ag), Fig. 2d], lowest nucleation overpotential [86.3
(Cu) vs. 18.2 (Cu-Ag) vs. 45.2 (Cu-AgC) vs. 12.3 mV (Cu-AgC+Ag), Fig-
ure S4] and polarization potential [56.4 (Cu) vs. 51.2 (Cu-Ag) vs. 57.5
(Cu-AgC) vs. 48.9 mV (Cu-AgC+Ag), Figure S5]. During the initial Li
plating stage, the epitaxial Ag layer eliminate nucleation barrier and
provide ordered lithophilic nucleation sites for Li embryo growth
(Figure S6 and Supplementary Note 2). Meanwhile, the underlying AgC
layer, which contains abundant Ag nanoparticles, further promotes the

downward deposition of metallic Li and accommodates volume
expansion during repeated plating/stripping cycles (cf. Figure 3).

The influence of the DGM layer on cycle life is evaluated in com-
bination with a high-nickel layered cathode, specifically
LiNip9C00.0sMng 0502 (NCM90), using a high-areal capacity
(6.5mAh cm™) and large voltage window (3.0—4.4 V) to maximise the
cell specific energy. Remarkably, NCM90 | |Cu-AgC+Ag full cell retains
80% of their capacity after 120 cycles (Fig. 2e), which is comparable to
other IFLMBs reported in the literature with various modification
strategies (Table S10). However, NCM90 | |Cu+Ag cell only has a slight
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improvement compared with the reference NCM90 | |Cu cell, and the
NCMO90 | |Cu-AgC cell exhibits even lower capacity retention. Notably,
all NCM90 | |Cu based cells have a similar degradation pattern, char-
acterized by an initial stage of almost retained capacity [e.g., 20 cycles
(Cu) vs. 60 cycles (DGM)], followed by an inflection point and a rapid
linear decline, which corresponds with a sudden drop in CE to below
99% (Fig. 2f). These comparable electrochemical behaviors may be
attributed to the depletion of latent active Li on the anode side.
Approximately 10% active Li which cannot reinsert into the anode after
the first delithiation process, stays on the anode side, serving as a
reservoir of active lithium to compensate for lithium loss until the
reservoir is exhausted” (Fig. S7 and Supplementary Note 3). The point
of depletion of this Li reservoir coincides well with the inflection point
of specific capacity and CE.

For NCM90 | |Cu cells, active Li loss on anode side primarily gov-
erns the battery life, given superior stability of NCM90 cathode
(Fig. S8). By combining electrochemical tests with titration gas chro-
matography, the evolution of inactive Li on the anode side, primarily
consisting of dead-Li and SEI-Li, can be precisely monitored after
specific cycles. This approach allows for a comprehensive evaluation
of the factors contributing to capacity degradation’®*. Fig-
ures S9 and S10 display reversible Li, active Li reservoir, dead-Li and
SEI-Li capacity after cycling, in which active Li reservoir from DGM-
based cell drains the slowest, e.g., 25 cycles (Cu) vs. 30 cycles (Ag layer)
vs. 20 cycles (AgC layer) vs. 45 cycles (DGM), and detailed data are
provided in Tables S11 and S12. Notably, the growth of dead-Li and SEI-
Li follows a linear increase before the active Li reservoir runs out, which
indicates that the build-up of inactive Li did not affect its subsequent
reformulation behavior (Fig. 2g, h). As shown in Fig. S11 and Supple-
mentary Note 4, the interlayer derived from residual active Li reservoir,
rather than Cu substrates, dominates Li nucleation and deposition in
next adjacent cycle, as illustrated by Powder X-ray diffraction (PXRD)
patterns at different states of charge (SOC)*, which is responsible for
the linear accumulation pattern of dead-Li and SEI-Li.

Figure 2i exhibits significant difference in SEI-Li related capacity
loss across four substrates with the accumulation rate of SEI-Li pro-
portional to that of dead-Li. For instance, Cu-AgC+Ag electrode
effectively promotes uniform and dense Li metal deposition and pre-
served the integrality of SEI during cycling, decreasing the consump-
tion of SEI-Li (Figs. 3 and 4)*>**. Furthermore, the differences in SEI
thickness and uniformity affect the local uniformity and flux of Li*
diffusion in SEI layer, which in turn influences the deposition mor-
phology and structure of Li metal. Consequently, the DGM-based
NCMO90 | |Cu cell shows lowest dead-Li and SEI-Li loss, with values of
13.8 and 17.1 uAh per cycle, respectively, significantly extending the
cycle life of anode-free cells. In the following section, a detailed
explanation of the mechanism by which the DGM layer regulates the Li
electrochemical deposition/dissolution process and optimizes the
nanostructure and composition of the SEI layer will be provided.

Morphological properties coupling with different substrates

Figure 3a—c show the morphology evolution of deposited Li in
representative NCM||Cu based cells after the 1st, 10th and 50th
cycles. After the first charge to 4.4V, the deposited Li on a the DGM
layer, Ag layer and AgC layer all exhibit a denser structure compared
to the reference Cu-based cell. Further, the DGM-based anodes still
maintain a uniform and planar Li deposition after 50th cycles with
silvery metallic shine; while other counterparts underwent a mor-
phological transition from wire-like and dendritic Li structure (10
cycle) to pulverized mossy Li (50 cycle), and metallic Li have black-
ened and fallen away from the current collector. And the growth of
these whisker Li is more prone to losing structural connection,
leading to an increased amount of dead-Li. Moreover, the DGM-
based Li deposition demonstrates minimal thickness variation even
after 50 cycles, with measurements of 34.2 pum (Ist cycle), 35.1 pm

(10th cycles), and 37.5 pm (50th cycles) (Figs. 3d—-f and S12). These
values closely align with the theoretical thickness of deposited Li on
pristine Cu substrate (31.5 pm), confirming the DGM strategy’s
effectiveness in maintaining uniform and dense Li plating/stripping
throughout prolonged cycling’®.

To examine the 3D structural features of the plated Li without
damaging its internal microstructure during cell disassembly, X-ray
computed tomography (CT) was employed to analyze the deposited Li
after 10th cycles (Fig. S13). CT imaging leverages the differential
attenuation of X-ray intensity as it passes through materials with
varying densities, allowing the spatial distribution of pores, Li bulk, and
Ag particles to be distinguished based on luminance differences®.
Figure 3g exhibits the 3D reconstructed image for pores distribution,
revealing that the Cu-AgC+Ag electrode has the lowest porosity of
3.06%. This finding highlights the ability of the DGM layer to suppress
the formation of pores during the Li plating process. By doing so, the
DGM layer might reduce the surface area of Li being exposed to the
electrolyte, thereby mitigating side reactions®.

Additionally, Ag could fully dissolve into Li and form LiyAg alloy
in any proportion', which appears to be a key factor in optimizing
the Li growth pattern, promoting uniform Li deposition, and
enhancing rapid Li transport. However, during the dissolution pro-
cess, homo-dispersed Ag particles tend to agglomerate, following
the Ostwald ripening mechanism, and gradually mix with electro-
chemically inactive materials, leading to the failure of the epitaxial
metal layer. As shown in Fig. 3h, i, both the Cu-Ag and Cu-AgC+Ag
electrodes exhibit a similar reunited Ag volume percentage of
approximately 0.2 vol%, while the Cu-AgC electrode shows a negli-
gible value due to its lower initial Ag content. Importantly, these Ag
nuclei were small and evenly dispersed in the Cu-AgC+Ag electrode;
while the Ag nuclei in the Cu-Ag electrode were significantly larger
and enriched in specific areas. This demonstrates that the DGM layer
effectively suppresses the undesired agglomeration of Ag particles,
maintaining their dispersion and promoting stable and uniform Li
deposition®, as further discussed below.

To further explore the significant differences in deposited Li
morphology and deposition behavior, focused ion beam-scanning
electron microscopy (FIB-SEM) sections were employed after 30
cycles, as illustrated in Figs. 3j-1 and S14. The Cu-AgC+Ag electrode
exhibits smooth and plane surface with fractional contrast difference
after charging to 4.4 V. And the lithiated AgC nanocomposite layer is
tightly anchored to the current collector, indicating stable integration
of the DGM layer (Fig. 3j). Upon discharging to 3.0 V, the outer Ag layer
still maintains initial granular morphology, demonstrating its resi-
lience to structural changes. In contrast, partial active Li dissolve from
the inner AgC layer and reserve space for subsequent Li deposition,
serving as respiratory effect to eliminate inchoate volume change, and
the well-preserved Li-Ag-C composite layer support sufficient electron
and ionic path and reduces the interfacial impedance with the Cu
current collector, as demonstrated in Electrochemical impedance
spectroscopy (EIS) measurement? (Fig. 3m).

In sharp contrast, the lower part of deposited Cu-Ag electrode
shows loose and uneven structure with higher porosity and aggregated
Ag block (Figs. 3k and S15), which also dominates the nonuniform
properties of the epitaxial growth of upper Li deposition. And the
initial compact and uniform Ag film was not recovered after Li dis-
solution, replacing by the hybrid layer of pores, dead-Li (considering
that active Li reservoir was almost consumed for NCM90 | |Cu-Ag cell
after 30 cycles, Fig. 2) and Ag block with sluggish electron and Li*
transportation kinetics. As the Ag film gradually expands during
lithiation, its internal strain/stress accumulates due to the different Li
concentration difference®, which causes the fragment and formation
of Ag block. And these Ag block may be further surrounded with dead-
Li and SEI layer, leading to its final failure. Moreover, the Ag agglom-
eration induced failure behavior is related to the discharge current (i),
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interphase layer. a, b FSI” adsorption models and corresponding adsorption
energies of FSI, DME and TTE molecule adsorption energy on different current
collector (CC). c Raman spectra of localized high-concentration electrolytes (LHCE)
electrolyte on different CC. d, e Atomic percentages of the element detected by the
XPS measurements, see more details in Figs. S18 and S19. f, g XPS profiles of C1s

Cu-AgC+Ag

and F 1s spectra on different CC after 10th cycles at 3.0 V. h, i TOF-SIMS traces of
the Cu and Cu-AgC+Ag electrodes after 10th cycles at 3.0 V. j, k Selected secondary-
ion fragments of Cu and Cu-AgC+Ag electrode after 10th cycles detected by TOF-
SIMs. The samples used for XPS and TOF-SIMs measurements were disassembled
from NCM90 | |Cu based cells with an area capacity of 6.5 mAh cm™ at discharged
state (3.0 V).

which could be described in the following Eq. 1'°:

i= — FDyc;vinay; @
where F is Faraday’s constant, D;; is Li diffusivity in the alloy, ¢;; is the Li
concentration and \/Inay; is the gradient of Li activity in alloy layer,
and VIna,; determines the Ostwald ripening behavior of Ag as a direct
driving force. For DGM strategy, on the one hand, the porous AgC layer
magnify specific surface area and reduce local current density during
delithiation process, which suppresses the initial driving force for
initial Ag nucleation; on the other hand, the mechanically stable C
particles with high modulus of 200 Gpa support the lithiated AgC layer
as skeleton and cut off the path for the bottom Ag to gather®® (Fig. S14).

As shown in Fig. 31 (Cu-AgC electrode), portions of the AgC layer
(i.e., the dark sections) are pulled into the Li bulk due to stress
migration during the charging process. Additionally, significant areas
of the AgC layer detach from the Cu current collector after the deli-
thiation process. For Cu-AgC electrode, the uneven volume expansion

caused by random nucleation of Li embryo results in uneven stress
distribution (Fig. S6). This leads to the layer-by-layer detachment and
pulverization of the AgC clusters, which in turn triggers a cascade of
side reactions and an avalanche-like accumulation of dead Li. These
effects degrade the electrochemical performance of the Cu-AgC
electrode, making it inferior to the reference Cu substrate.

EIS measurements after 30th cycles illustrate that the DGM-based
cell has a lowest charge-transfer resistance, e.g., 6.2 (DGM) vs. 18.6 (Cu-
Ag) vs. 21.2 (Cu-AgC) vs. 34.6 Q cm? (Cu), suggesting that the mixed
electron-ion hybrid dual channel (lithiated DGM layer) closely attached
to current collector enhance electron transport Kkinetic
(Figs. 3m and S16), which is definitely conducive to the reversible
transformation of active Li* and metallic Li. And the resistance
decreases from cycle 1 to cycle 10 might be related to the activation
process. Moreover, the Rsg; of NCM90 | |Cu is significantly higher than
the other three cells, revealing the sluggish transportation process of
Li* through its SEI layer, which usually connected with spatial structure,
chemical composition and thickness characters of SEI layer (Fig. 4).
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The less resistive SEI on DGM-based cell, in turn, enable good Li
transport, which leads to less dead Li formation as discussed in Fig. 2.

Design of inner Helmholtz plane and SEI nanostructure

Density functional theory (DFT) simulations and Raman spectroscopy
were applied to investigate Li ions solvation structure near substrate
surface and the inner Helmholtz plane (IHP) composition
(Figs. 4a and S17), which govern the initial SEI components and their
characters. As shown in Fig. 4b, compared to Cu and Ag substrates, the
AgC cluster exhibits the highest adsorption energy for FSI” and lowest
adsorption energy for DME and TTE solvents, e.g., —3.8134 (FSI", AgC)
vs. —0.2738 (DME, AgC) vs. -0.2587 eV (TTE, AgC); and -3.8134 (FSI,
AgC) vs. =3.3075 (FSI', Ag) vs. —2.9902 eV (FSI", Cu). These results
indicate that the DGM layer enhances anion adsorption on the IHP,
facilitated by its extensive Ag@C interactions®°. Moreover, the
combination of Ag and AgC in the DGM layer may generates syner-
gistic effect, exerting an additional adsorption of FSI, as studied by
Raman spectra below. Figure 4c further exhibits the Raman spectra of
electrolyte covered on substrates, focusing on regions closest to the
substrate. All electrodes show the absence of a free FSI” peak
(-717 cm™), and the Cu-AgC+Ag electrode demonstrates the highest
proportion of aggregate clusters (AGGs, 38%) and contact ion pairs
(CIPs, 62%). This indicates the intensified interaction between Li* and
FSI” is driven by the strong anion adsorption effect of Ag@C cluster,
which, in turn, promotes the formation of a stable SEI layer dominated
by inorganic species®.

To elucidate the chemical principles underlying the formation of a
stable SEI layer with minimal SEI-Li consumption on the surface of the
DGM layer-based electrode, the chemical compositions and their
spatial distributions were meticulously analyzed using XPS and TOF-
SIMS*2. Figures 4d, e, and Figs. S18 and S19 exhibit the atomic per-
centage variations over sputtering time. The Cu-AgC+Ag electrode
shows a similar elemental distribution to the Cu-AgC and Cu-Ag elec-
trodes attributed to the modified adsorption features of substrate. In
contrast, the pristine Cu has a significantly higher S content and
undulant F content, e.g., S (4.2%, 6 min) and F (25.1%, O min) vs. F
(36.7%, 6 min), which reveals the over-decomposition of electrolyte on
the surface of pristine current collector (Fig. S18 and Supplementary
Note 5). After 10-activation cycles, the O content is the lowest for the
DGM-based electrode, particularly after sputtering, e.g., 57.5% (Cu) vs.
58.6% (Cu-Ag) vs. 58.7% (Cu-AgC) vs. 48.3% (Cu-AgC+Ag) after sput-
tering for 360 s, suggesting that the decomposition of organic DME
and TTE solvents are suppressed with DGM layer®, thereby promoting
the formation of a stable and inorganic species-dominated SEI layer
(Supplementary Note 6).

In the high-resolution C 1s spectra, the peaks assigned to C—0/
C=0 (286.4 eV) and R—0OCO,Li (287.8 eV) dominate the C-containing
species for Cu electrode (Fig. 4f and Table S13). Additionally, the F 1s
spectra of the Cu electrode reveal a higher content of unstable C—F/S—
F (688.2 eV), indicating that the SEI layer on the unmodified Cu elec-
trode contains a significant proportion of loose organic components™.
This porous SEI layer fails to effectively isolate the contact between
electrolyte and metallic Li, resulting in continuous interfacial side
reactions and higher SEI-Li consumption (i.e., 0.0275 mAh per cycle).
In contrast, the chemical composition of the SEI layer from Cu-Ag, Cu-
AgC and Cu-AgC+Ag exhibit almost identical compositions
(Figs. S20-S23), characterized by a high content of LiF-dominated
inorganic species and a lower proportion of sulfurized and oxidized
organic species. The inherent adsorption nature of these modified
substrate attracts more FSI” anions in IHP, forming an inorganic-
dominant bilayer SEI after first cycle®. However, their SEI-Li con-
sumption behavior differs significantly. In subsequent cycles, SEI-Li
accumulation is closely tied to the Li deposition behavior. The uniform
and compact Li plating/stripping enabled by the DGM layer minimizes
SEI layer cracking, reduces exposure of fresh metallic Li, and limits

continuous electrolyte decomposition. As a result, the capacity loss
associated with SEI-Li is significantly reduced, emphasizing the critical
role of the DGM layer in enhancing electrode stability.

To quantitatively monitor the variation of the selected chemical
species in the SEI layer, the TOF-SIMS measurements of the cycled Cu
electrode were conducted®, focusing on specific organic species (e.g.,
CH,0, and SO,") and inorganic species (LiF) identified earlier through
XPS analysis (Fig. 4h, i, S24 and Supplementary Note 7). The signal
related to the residual bulk Li phase (i.e., Li") reaches a peak value for
the Cu-AgC+Ag sample after sputtered by Cs* ions for less than 200 s
while the Cu electrode presents a gradually intensified Li~ signal until
sputtering for 600 s, indicating the ultrathin nature of DGM-based SEI
layer. The CH,0,", SO, and LiF" related species are derived from the
decomposition of electrolyte (i.e., DME, TTE and LiFSI) and could be
used as a judgment for measuring interfacial stability’’. The CH,0,",
SO, and LiF~ contents are significantly lower for Cu-AgC+Ag electrode
than that for Cu electrode, and these species mainly enrich in the
surface region for the former one. Notably, even though the relative
proportion of these species are almost the same for all substrates as
shown in XPS (cf. Fig. S19), the actual absolute content from the
reference Cu electrode is obviously higher, which reveals extra elec-
trolyte decomposition. Figures 4j-k and S25-S28 illustrate the spatial
distribution of selected secondary-ion fragments. For the Cu-AgC+Ag
SEI layer, decomposition products are uniformly distributed in the
outer region. In contrast, for the reference Cu electrode, these
decomposition species penetrate deeper into the SEI layer, mixing
with bulk Li. Furthermore, the Cu-AgC+Ag electrode exhibits a high
concentration and uniform distribution of Ag-, which further con-
tributes to the stability and compactness of the SEI layer.

Combined with the overall results, the enhanced interfacial sta-
bility in DGM electrodes can be illustrated as follows: the AgC cluster in
the DGM layer adsorbs massive FSI™ anions within the IHP layer, which
governs the initial interfacial evolution process. This results in the
formation of an ultrathin, inorganic species-dominated SEI layer
characterized by exceptional chemical, electrochemical, and
mechanical stability. Such a robust SEI layer effectively suppresses
electron leakage, inhibits Li dendrite growth, and minimizes electro-
lyte decomposition. Moreover, the DGM layer’s electron conductivity,
mechanical compliance and increased surface area facilitate uniform
and dense Li plating/stripping, avoiding the formation of pores and
inactive Li. This further preserves the SEI layer’s integrity, protecting it
from mechanical fractures and repeated regeneration cycles. How-
ever, the loose and fragile SEI formed on the Cu electrode induces a
serious adverse chain reactions involving its continuous thickening,
leading to the rapid active Li consumption and cycle performance
degradation. This comparison highlights the critical role of the DGM
layer in stabilizing the electrode interface and improving long-term
battery performance.

Practicalizing DGM layer for high-energy anode-free battery

Compared to prototype coin cells, pouch cells are widely used to
evaluate the applicability of new materials for practical application in
EVTOLs integration due to their key parameters—such as electrode
area, areal loading, and electrolyte/capacity ratio—that closely resem-
ble those of commercial cells®. To fully access the large-scale feasi-
bility of DGM layer, we fabricated industrial-level DGM electrode and
assemble multilayer pouch cell with 600 mAh according to a standard
assembly protocol developed in Songshan Lake Materials Laboratory
(Table S14 and Fig. S29). Remarkably, the DGM-based pouch cells
achieve a high specific energy of 503 Whkg™ and 1931 Wh L™ (cell
level), significantly surpassing the limits of conventional rocking-chair
chemistry-based batteries. As shown in Figs. 5a, b and S30, the DGM-
based anode free NCM90 | |Cu pouch cells, with a high areal capacity of
7.25 mAh cm™ demonstrate great cycling performance, retaining over
80% after 160 cycles at 0.2/0.33 C under a constant stack pressure of
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Fig. 5 | Electrochemical performance of DGM-based pouch cells. a, b Cycle
performance and optical image of 600 mAh DGM-based NCM90 | |Cu pouch cell
operating between 3.0 and 4.4 V and the corresponding reference pouch cells
(1C=240mAg"), and the cross-sectional SEM image of high-loading NCM90

cathode (32 mg cm™). ¢ Comparison of area capacity and cycled life in various
NCM | |Cu cells using different modification methods for pouch cells. d, e Cycle
performance of additional DGM-based NCM90 | |Cu cells. All electrochemical
testing were conducted at 25+1°C (1C=240mAg™).

1.0 MPa (Fig. S31). This performance surpasses the state-of-the-art
results reported in the literature for other modification strategies
(Fig. 5c and Table S15). In contrast, the reference NCM ||Cu cells
achieve an 80% capacity retention over 50 cycles. The obvious
improvement in cycling stability has been consistently validated by
duplicate experiments (i.e., cell 1 and cell 2), clearly highlighting the
pivotal role of the DGM layer in extending the cycle life of high-energy
IFLMBs.

To comprehensively assess the scalability of DGM layer, we
expand of the DGM concept to other materials, for instance, displacing
the Ag nanoparticles from inner layer with Al, Zn and Sn nanoparticles,
and replacing the outer Ag layer with Al layer (Figs. S31 and S32). These
alternative DGM-based electrode achieve cycle life of up to 100
(Figs. 5d and S33), underscoring the potential of the DGM layer to
increase the cycling stability of IFLMBs. In particular, Al based
NCMO90 | |AIC+AI cells provide an interesting balance between cost
efficiency and an 80% capacity retention for over 100 cycles
(Figs. 5e and S34). These results suggest that DGM layer, as a universal
methodology, effectively extends the lifespan of IFLMBs via eliminat-
ing accumulation of dead-Li and SEI-Li, while alleviating concerns for
the reliance of DGM strategies on specified metals (Fig. S35 and Sup-
plementary Note 8).

In summary, we introduce a dual-gradient layer strategy that
regulates uniform Li plating/stripping behavior through alloying
reaction with lithiophilic metals. The DGM layer consists of a carbon
base layer mixed with Ag nanoparticles and a top Ag providing sites for
Li nucleation and a stable interface with the Cu current collector.
Additionally, the strong adsorption of FSI” anions from the interaction
with the AgC cluster facilitates the formation of a LiF-rich inorganic SEI
layer, protecting against parasitic side reactions. The incorporation of
this DGM layer significantly enhances the cycle life and specific energy
of Ah-level pouch cells. Moreover, this approach is adaptable to other
low-cost metals such as Al, Zn, and Sn. The DGM layer strategy

provides a revolutionary advancement for practical IFLMBs, driving
high energy battery technology, and supporting the widespread
deployment of EVTOLs and humanoid robots.

Methods

Materials

LiNig.0C00.05sMng 050, (NCM90) powder was prepared by calcining a
mixture of Nip9C0g,0sMno.0s(OH)2 precursor, LiOH-H»0, and a small
amount of Nb,Os additive (0.5wt%) at 750 °C for 15h in a flowing
oxygen atmosphere using a tube furnace; battery-grade electrolyte
and electrode materials (>99.95% purity) were sourced from com-
mercial suppliers: metallic Li sheet (14 and 15 mm, thickness = 0.6 mm,
China energy lithium), N-methyl pyrrolidone (NMP, Acros Organics),
lithium bis(fluorosulfonyl)amide (LiFSI, Aladdin), Ag nanoparticles
(Dso =50 nm, Aladdin), Ag nanoparticles (Dso=50nm, Aladdin), Sn
nanoparticles (Dsp=50nm, Xiangtian nano), Al nanoparticles
(Dso =50 nm, Xiangtian nano), Zn nanoparticles (Dso =50 nm, Xiang-
tian nano). The electrolyte solvents of 1,2-dimethoxyethane (DME,
99%) and 1,1,2,2-Tetrafluoroethyl 2,2,3,3- tetrafluoropropyl ether (TTE,
98%) were provided by Aladdin.

Preparation of DGM layer

The metal nanoparticles (e.g., Ag, Sn, Al and Zn) were pre-mixed with
Super-P (SP) in a weight ratio of 1:3 and stirred with the mixing
solution of 10wt% poly(vinylidene difluoride (PVDF, HF Keijing,
M,, =4 x 10°) in NMP for 30 min. The solid content of this slurry is
30 wt%. After fully stirring, the slurry was then coated on the Cu foil
with a 25 pm blade (Kemai) and dried at 80 °C (air) for 20 min and
120 °C (vacuum) for 6 h. The Ag and Al epitaxial layers was further
plating by magnetron sputtering (SP600, Hengyue cacuum) with a
working rate of 1A s™ for ca. 1000 s at 107 Torr. The thickness of AgC
composite layer was 3 to 5 um and the thickness of metal epitaxial
layer was ca. 200 nm.
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General characterizations

X-ray diffraction analysis (PXRD) of the electrodes was performed on a
Bruker D8 Advance instrument employing Cu Ko radiation
(A=1.5406 A). Data collection spanned 10° to 80° (20) at a step width
of 0.0198°. Field emission scanning electron microscopy (FE-SEM,
ZEISS Demini 300) at an accelerating voltage of 5kV was utilized to
examine the deposited Li surface morphology, cross-sectional thick-
ness variation, and elemental distribution via EDS mapping. The
focused ion beam (FIB, Thermofisher Helios SUX) with Ga" ion beam
(30kV, 9.1nA) was used to mill the cycled Cu electrode for further
analysis, and these samples were prepared in glove box with a home-
made vacuum chamber. The Raman spectra of electrolyte on different
substrates were detected by a confocal Raman microscope (Horiba,
LabRam HR Evolution) with a 532 nm laser.

Atomic force microscopy (AFM, Oxford Instruments Cypher S)
operating in contact mode quantified the average roughness and
current distribution of the pristine substrates. Samples’ chemical
compositions (e.g., post-reaction solid phases, electrode surfaces)
were analyzed using X-ray photoelectron spectroscopy (XPS, Thermo
Fisher ESCALAB XI+) with a nonmonochromatic Al Ka source
(hv=1486.6 eV). High-resolution spectra were acquired under low-
power conditions (100 W, 20 eV pass energy, 0.05¢eV step size). To
compensate for charging effects, all spectra were referenced to the C
1s peak at 284.8 eV. Prior to transfer into the XPS chamber via a
homemade vacuum system, samples underwent gentle DME rinsing
followed by thorough vacuum drying.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS, ION-
TOF Mé6) provided additional characterization of the
electrode-electrolyte interphase. Sputtering was performed with a
1keV Cs* ion beam. All target secondary ions were acquired at a mass
resolution >30,000. Consistent with XPS sample preparation, elec-
trodes were rinsed with DME, dried thoroughly under vacuum, and
transferred into the TOF-SIMS chamber via a homemade vacuum
system.

Electrode preparation

The cathode slurry was formulated by combining NCM90 cathode-
active material (94 wt%), PVDF binder (3 wt%), and SP conductive car-
bon (3 wt%, Alfa-Aesar) in NMP. This slurry was coated onto a 9-pm
thick aluminum foil and dried at 80 °C for 6 h to form the cathode
electrode sheet. The resulting NCM90 electrodes exhibited an active
material loading density of 28 mgcm™. Subsequently, the electrode
sheets were punched into discs (15 mm diameter for anode, 14 mm for
cathode) and subjected to further drying at 120 °C for 6 h prior to
assembly into coin cells. (The Cu foil thickness is 4.5 pm).

X-ray microscope and reconstruction

For micro-CT samples, the cycled anode electrode was disassembled
from NCM90 | |Cu cells after 10 cycles at fully charged state (i.e., 4.4 V)
and washed with DME for three times. Then the electrode was cut into
3x3 mm? and encapsulated with transparent sealing tape in glove box.
All samples were analyzed by micro-CT (Xradia Versa610) for 2 h and
reconstructed by dragonfly. Deep learning embedded in the Dragonfly
software was used for further analysis of micro-CT images, and the
U-net network was used as the deep learning architecture®. To train
the deep learning model, images containing different morphologies
were selected to identify Li-metal bulk, pores/cracks and Li,Ag alloy.
OrsDiceLoss and Adadelta were employed as the loss function and
algorithm, respectively.

Computational details

All spin-polarized total energy calculations were carried out using
the Vienna Ab Initio Simulation Package (VASP) with the projector
augmented wave (PAW) method based on density functional theory
(DFT)*. The generalized gradient approximation (GGA) was

employed to describe the exchange-correlation potential, using the
Perdew-Burke-Ernzerhof (PBE) parametrization. Additionally,
the van der Waals interactions were accounted for using Grimme’s
DFT-D3 correction**. The first model employed Ag (111) with lattice
parametersa=10.0A,b=17.3A, and c=22.14,and a2 x1x1Gamma
k-point mesh for Brillouin zone integration. For simulating interac-
tions with the AgC layer, a single graphene sheet was used
as a substrate to host the Ag clusters, with lattice parameters
a=25.6A, b=12.3A, and c=20.4A. For Cu (111), the lattice para-
meters were a=8.6 A, b=17.9 A, and ¢ =213 A. All structures were
fully relaxed until the force on each atom was less than 0.02 eV/A,
with an energy convergence threshold of 10~ eV. The calculation
parameters and configurations are provided in Supplementary
Data 1-4.

Electrochemical measurements

CR2032 coin-type full cells were assembled in an argon-filled glovebox
(Braun MB-Unilab Pro SP) using anode/cathode disks, a Celgard
2400 separator (thickness = 25 pm, diameter = 16.2 mm, porosity =
40% and average pore size = 0.117 pm x 0.042 pm), and 1.5M LiFSI-
DME/TTE (2:8, v/v) localized highly concentrated electrolyte (LHCE),
cycled at 25+1°C using a LAND (Wuhan LAND) tester Coulombic
efficiency (CE) was measured in Li||Cu half-cells by first plating
5mAh cm™2 of Li onto the Cu substrate, followed by cycling at a fixed
capacity of 1 mAh cm™2 (constant current density: 0.5mA cm~2) until
stripping to 1.0 V vs. Li/Li*, with CE calculated as the ratio of stripped-
to-plated capacity. NCM90 ||Cu full cells were cycled between
3.0-4.4V using a protocol of 0.1C charge/0.1C discharge for 1 for-
mation cycle, followed by 0.1C charge/0.33 C discharge for sub-
sequent cycles, while NCM90 | |Cu-AgC+Ag pouch cells were tested
under identical cycling conditions with a constant stacking pressure of
1MPa. The Li||Cu cells use stainless steel based disks with 1 spacer
(0.6 mm) and 1 spring, while the NCM | |Cu cells use aluminum-coated
disks with 3 spacers (0.6 mm) and 1 spring. All coin batteries were
injected with 120 ul electrolyte.

Electrochemical impedance spectroscopy (EIS) measurements
(potentiostatic mode) were conducted in the frequency range of 1.0
MHz-0.01 Hz with a 5 mV amplitude at 25 +1°C, and the the number
of data points were 66. NCM90 | |Cu cells were measured at 1, 10, and
30 cycles after full discharge to 3.0 V. The open-circuit voltage before
the testing was 3.0V, and the fluctuation was less than 3mV
within 0.5 h.

Titration gas chromatography

The cycled NCM90 | |Cu cells after different cycles were disassembled
in the argon-filled glovebox, and the glovebox pressure was then
lowered to 1atm before titration experiment. The cycled Cu electrode
and separator were sealed in a 30 mL flask with parafilm (M parafilm,
PM 996) and tape, and 1 ml deionized water was injected by a syringe
with needle to fully react with electrochemically inactive lithium. After
shaking for three minutes and no bubbles generating, 0.5 ml mixed gas
was collected by self-locking syringe (Hamilton, 81256) and injected
into a Gas Chromatograph (ThermoFisher, Trace 1300). Based on the
ratio of H, peak (t=1.375min) area to the known standard gas
(Cy2=2mol%) H, peak area, the content of inactive lithium metal is
further calculated as shown below:

5—; x2%V1x MLix CLi
x= V2

where x is the capacity of inactive lithium metal, S; is H, peak aera of
tested gas, S, is H, peak aera of standard gas, V; is the volume of flask
(i.e., 30ml), V, is the molar volume of gas (ie., 24.5L, 25 °C,
1.01x10° Pa), My ; is the molar mass of lithium (i.e., 6.941 g mol™) and C;;
is the theoretical capacity of lithium (i.e., 3860 mAh g™).
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Data availability

The authors declare that all data supporting the findings of this study
are available within the paper, its Supplementary Information and
Source Data file. Source data are provided with this paper.
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