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Abstract: Anode-free lithium (Li) metal batteries are
desirable candidates in pursuit of high-energy-density
batteries. However, their poor cycling performances
originated from the unsatisfactory reversibility of Li
plating/stripping remains a grand challenge. Here we
show a facile and scalable approach to produce high-
performing anode-free Li metal batteries using a bio-
inspired and ultrathin (250 nm) interphase layer com-
prised of triethylamine germanate. The derived tertiary
amine and LixGe alloy showed enhanced adsorption
energy that significantly promoted Li-ion adsorption,
nucleation and deposition, contributing to a reversible
expansion/shrinkage process upon Li plating/stripping.
Impressive Li plating/stripping Coulombic efficiencies
(CEs) of �99.3% were achieved for 250 cycles in Li/Cu
cells. In addition, the anode-free LiFePO4 full batteries
demonstrated maximal energy and power densities of
527 Whkg� 1 and 1554 Wkg� 1, respectively, and remark-
able cycling stability (over 250 cycles with an average
CE of 99.4%) at a practical areal capacity of
�3 mAhcm� 2, the highest among state-of-the-art anode-
free LiFePO4 batteries. Our ultrathin and respirable
interphase layer presents a promising way to fully
unlock large-scale production of anode-free batteries.

Introduction

The ever-growing demands on prolonged endurance of
consumer electronics and electric vehicles have driven the
pursuit of high-energy-density Li-ion batteries.[1–5] Li metal

was widely recognized as the ‘Holy Grail’ anode owing to
the high theoretical specific capacity (3860 mAhg� 1) and low
redox potential (� 3.04 V vs. standard hydrogen
electrode).[6–10] The use of highly excessive Li metal,
however, leads to severe safety and processing complexity
that hinders the practical applications of lithium metal
batteries (LMBs).[11–13] Therefore, anode-free batteries with-
out the use of any lithium metal during battery production
are desirable alternatives with overwhelming advantages in
energy density, cost and production convenience.[14–16] How-
ever, the poor CE and cycling stability have severely
hindered their mass applications.[17,18] Considerable efforts
have been made on electrolyte composition,[19–22] anode/
electrolyte interface,[23–25] cathode sacrificial agent[15] and
cycling condition (pressure and depth of discharge).[26,27]

However, realizing both high CE and cycling stability
remains a long-standing challenge for the whole field, owing
to uneven Li deposition and severe parasitic reaction
between Li deposition and electrolyte.

Engineering anode/electrolyte interface represents a
promising approach towards high-performing anode-free
LMBs.[23,28] The interphase layer serves as an effective
physical barrier that suppresses the continuous side reac-
tions between Li deposition and electrolyte, and participates
in solid-electrolyte interphase (SEI) formation.[29–35] How-
ever, these thick (1–10 μm) interphase layers inevitably
sacrifice the energy density of anode-free batteries.[28,32] In
addition, they cannot afford highly reversible Li plating/
stripping processes owing to the week interaction with Li
metal, resulting in poor cycling performances.[36,37] There-
fore, developing ultrathin (e.g., submicrometer) and strongly
interacted interphase layer for anode-free LMBs with high
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CEs (>99%) and practical areal capacities (�3 mAhcm� 2)
presents a grand challenge for the whole field.

Here we show high-performing anode-free LMBs based
on an ultrathin (�250 nm) and ultralight (�0.05 mgcm� 2)
interphase layer. The interphase layer comprised of triethyl-
amine germanate (TEG) can be incorporated on Cu foil
through a facile and scalable method, and reversibly
expands/shrinks mimicking the human lung to accommodate
the volume change during Li plating/stripping. Mechanism
studies show the synergistic effect of triethylamine and
germanate facilitates Li-ion absorption and nucleation into a
dense and uniform deposition layer and induces the
formation of lithium fluoride (LiF) and lithium nitride
(Li3N)-rich passivation layer on Li deposition, which signifi-
cantly promotes Li plating/stripping reversibility. In Li/Cu
half cells, they delivered a high average CE of �99.3% for
250 cycles at 1 mAcm� 2 and 1 mAhcm� 2 and afforded
reversible Li plating/stripping at 5 mAcm� 2 and 2 mAhcm� 2

for 150 cycles. With a practical areal capacity of
�3 mAhcm� 2, the anode-free LiFePO4 full battery demon-
strated maximal energy and power densities of 527 Whkg� 1

and 1554 Wkg� 1, respectively, and showed an impressive
cycling stability (250 cycles) with an average CE of 99.4%,
outperforming state-of-the-art LiFePO4 anode-free bat-
teries. The interphase layer engineering presents a promis-
ing strategy for immediate scale-up production of practical
anode-free batteries and can inspire other battery chemis-
tries towards high energy density and long cycling stability.

Results and Discussion

In our attempts to design artificial layers for anode-free
LMBs, we realize that the alveolus and its outside
membrane of the human lung represents an inspirable
model of efficient mass transfer and morphology control
(Figure 1a). During inhalation, the air was subjected to the
expanded alveolus with increasing sites for sufficient O2/CO2

exchanging, and the thin membrane outside the alveolus
further facilitated the gas transfer and restricts the pene-
tration of tissue fluid (Figure 1a).[38] This inspired us to
design an ultrathin interphase layer on Cu to promote Li-ion
transfer and deposition for anode-free LMBs. In specific, we
selected triethylamine germanate as the key building block
of the interphase layer, in which the triethylamine cations
can enhance the lithiophilic capability and passivate the
anode/electrolyte interface, and the germanate anions were
expected to generate Li� Ge alloy that served as efficient
nucleation sites for compact and uniform Li deposition
(Figure 1b). The TEG was synthesized via a one-step
reaction between triethylamine (TEA) and germanium
dioxide (GeO2) as follows:

GeO2 þ C6H15NþH2O! C6H15NHþHGeO3
� (1)

The existence of � NH and HGeO3 was verified by
Fourier transform infrared spectroscopy (FTIR, Figure S1a).
The TEG interphase layer was uniformly incorporated onto
a meter-scale.

Cu foil via a simple and scalable blade-coating method
and showed a thickness of 250 nm with a flat and smooth
surface (Figure 1c and Figure S1b). The ultralow areal
density (less than 0.05 mgcm� 2) also indicated a negligible
influence on the energy density of the resulted batteries via
TEG incorporation.

For analysis of the detailed chemical composition of our
TEG layer, we performed time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and X-ray photoelectron spectro-
scopy (XPS). The formation of C6H16NHGeO3 was con-
firmed by the probed C6H16NHGeO3

+ signal in TOF-SIMS,
as well as the pronounced C6H16NHGeO2

+, C6H16NHGe+,
C6H16N

+ and GeO+ signals as the dissociated fragments of
C6H16NHGeO3 (Figure 1d). Surface XPS profile also indi-
cated the presence of C, Ge, O, and N elements in the TEG
layer, and the N 1s and Ge 3d peaks at 401.2 eV and 33.1 eV
could be assigned to C� N and Ge� O groups, respectively,
corresponding to the featured components in C6H16NHGeO3

(Figure 1e and Figure S2a). Besides, the incorporation of
TEG layer resulted in significantly decreased intensity of the
Cu 2p signal, suggesting that the Cu foil was uniformly
covered by the TEG layer (Figure S2b).

We found the TEG significantly improved the electro-
chemical performances of Li/Cu cells (Figure 2). In fact, A
common ether-based electrolyte was used with optimized
1,3-dioxolane/1,2-dimethoxyethane (DOL/DME) ratio and
lithium nitrate (LiNO3) content (see details in the Support-
ing Information and Figure S3a–b). The lower contact angle
of the electrolyte on TEG-Cu implied the enhanced electro-
lyte wettability attributed to TEG (Figure S4a–b). With
TEG incorporation, an apparent lithiation plateau started at
�80 mV during the initial Li deposition at 1 mAcm� 2

(Figure 2a), which was in accordance with the reduction
peaks in the cyclic voltammetry curves (Figure S4c–d),
corresponding to the Li� Ge alloying reaction. Owing to the
alloying-induced nucleation, the TEG offered a much lower
nucleation overpotential (9 mV) compared with bare Cu
(20 mV), indicating significantly reduced nucleation energy
barrier via TEG incorporation. Moreover, TEG afforded
well-retained overpotentials from 5 to 20 mV with increasing
current densities from 0.5 to 5 mAcm� 2, compared with the
sharp overpotential increase from 15 to 91 mV based on
bare Cu (Figure 2b). The enhanced nucleation kinetics
derived from the TEG layer suggested more uniform
nucleation and lithiophilic nature of the Li� Ge alloy and
triethylamine matrix.

Achieving high CEs in Li/Cu cells has important
implications for cycling stability improvement of anode-free
LMBs. TEG contributed to well-overlapped Li plating/
stripping profiles for 200 cycles (Figure 2c), outperforming
the cycling stability of bare Cu (Figure S5). In addition, our
TEG-Cu exhibited a higher initial CE (92.7%) compared
with bare Cu (91.3%) and could maintain high CEs of
�99.3% for over 250 cycles at 1 mAcm� 2 and 1 mAhcm� 2,
while bare Li/Cu cell showed drastically decreased CEs after
only �100 cycles (Figure 2d and Figure S6). We varied the
TEG thickness from 125 to 500 nm for electrochemical
performance evaluation, and an optimal thickness of 250 nm
had been found for the best cycling performance (Fig-
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ure S7). Even at higher current densities and areal capacities
(2 mAcm� 2/2 mAhcm� 2 and 5 mAcm� 2/2 mAhcm� 2), the
TEG afforded superior CEs (98.5%) and cycling stability
(up to 200 cycles) compared with bare Cu (Figure 2e, f and
Figure S8a–b). Under harsher conditions, e.g., 5 mAcm� 2

and 5 mAhcm� 2, an average CE of 98.4% could be retained
by TEG after 40 cycles, compared with only two reversible
cycles using bare Cu (Figure S8c–d). When pairing with a
commercial carbonate electrolyte comprised of 1 M LiPF6 in
ethylene carbonate/dimethyl carbonate (EC/DMC, 1 :1 in
volume), our Li/TEG-Cu cell showed much a higher CE of
�98% after 150 cycles compared with only �62% after
50 cycles in Li/Cu cells (Figure S9). Besides, our TEG layers
exhibited significantly promoted CEs and cycling perform-
ances when incorporated with a nickel foil substrate (Fig-
ure S10). These results suggest that the ultrathin TEG layer
significantly promotes the kinetics and reversibility of the Li

plating/stripping process, especially at high current densities
and areal capacities towards practical applications. We
further performed Aurbach test to evaluate the Li plating/
stripping reversibility using TEG (see details in Supporting
Information), and achieved an impressive average CE of
99.31% (Figure 2g)[23,39] which is highly competitive to the
state-of-the-art Li/Cu cells (Figure S11).[40–45] In comparison,
bare Cu showed a much lower average CE of 97.84% with
severe polarization (Figure 2g). Nyquist plots exhibited a
lower ion transfer resistance using TEG after the first cycle,
suggesting the facilitated ion-transfer kinetics (Figure 2h).
Furthermore, the ohmic and charge transfer resistances
using bare Cu were increased by 64.2% and 60.8% after
50 cycles, respectively, indicating continuous electrolyte
consumption and propagated SEI formation (Table S1).[46]

In sharp contrast, less than 13% of the resistance increases
was demonstrated for TEG, indicating that the ultrathin

Figure 1. (a) Schematic illustration of the expansion/shrinkage of the alveoli in a human lung during breathing with efficient gas exchange. The
magnified image shows the gas exchange process of a single alveolus during inhalation. (b) Schematic illustration of the anode-free battery based
on a TEG-modified Cu current collector. The bioinspired TEG layer can reversibly expand/shrink during the Li metal plating/stripping process that
suppresses severe volume change and parasitic reactions. The magnified image shows enhanced Li-ion absorption of LixGe alloy and triethylamine
in TEG. (c) Cross-sectional SEM image of the TEG-Cu current collector. The inset shows a large-area TEG-Cu current collector through a scalable
blade-coating process. (d) TOF-SIMS spectrum of the TEG. (e) High-resolution XPS spectra of the N 1s and Ge 3d for bare Cu and TEG-Cu.
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TEG layer effectively suppressed the unfavored parasitic
reactions between the Li deposition and electrolyte, thus
affording a highly reversible Li plating/stripping process
(Figure 2h). To exclude the influence of the Li counter
electrode on the measurement results in two-electrode
arrangement,[47] we also prepared Li/Li symmetrical cells
under the same condition with Li/Cu cells, which could
stably work for 600 cycles without overpotential fluctuation
(Figure S12).

The Li deposition morphology shows important effects
on the cycling performance of the obtained batteries. With
TEG incorporation, the Li deposition on Cu at an areal
capacity of 1 mAhcm� 2 was dense and uniform with a
thickness of �8 μm (Figure 3a). At higher areal capacities,
e.g., 2 mAhcm� 2 and 5 mAhcm� 2, the Li deposition with
TEG were dense and uniform with thicknesses of 15 and
40 μm, respectively (Figure 3b–c and S13). In comparison,
the much thicker Li deposition suggested the formation of

mossy or ‘dead’ Li on bare Cu at increasing current densities
and areal capacities (Figure S14). More importantly, the
TEG interphase layer reversibly shrank to �330 nm after Li
stripping, indicating the reversible expansion/shrinkage
process of the TEG layer that accommodates the huge
volume change during repeated Li plating/stripping (Fig-
ure 3a). In addition, the TEG-Cu layer well maintained the
thickness and morphology after Li plating/stripping for
50 cycles (Figure S15). Laser confocal scanning microscopy
(LCSM) images further indicated that the Li deposition
regulated by TEG was more uniform in height compared
with that on bare Cu after 20 cycles (Figure 3d). Atomic
force microscopy (AFM) showed that the interphase layer
derived from TEG exhibited a much higher average Young’s
modulus (�9 GPa) compared with only 2–3 GPa based on
bare Cu (Figure 3e), suggesting that TEG contributed to a
more robust interphase layer that could accommodate the

Figure 2. (a) Voltage profiles of the initial Li deposition on bare Cu and TEG-Cu at a current density of 1 mAcm� 2. (b) Variation of the Li plating/
stripping overpotential on various current densities using bare Cu and TEG-Cu current collectors. (c) Galvanostatic charge–discharge curves of Li/
TEG-Cu cells cycled at 1 mAcm� 2 and 1 mAhcm� 2. The inset shows the detailed variation of overpotentials in Li/TEG-Cu cells. (d–f) Coulombic
efficiencies (CEs) of Li plating/stripping in Li/Cu cells using bare Cu and TEG-Cu current collectors at the current density and areal capacity of
1 mAcm� 2 and 1 mAhcm� 2 (d), 2 mAcm� 2 and 2 mAhcm� 2 (e), and 5 mAcm� 2 and 2 mAhcm� 2 (f). The insets show the detailed CE variations.
(g) Aurbach CE profiles of Li/Cu and Li/TEG-Cu cells at 0.5 mAcm� 2. The inset shows the plating and stripping curves, in which Li/TEG-Cu cell
exhibits a lower overpotential. (h) Nyquist plots of Li/Cu and Li/TEG-Cu cells after 1st and 50th cycles. Electrolyte for all tests was 1 M LiTFSI in
DOL/DME (volume ratio 8/2) with 3 wt% LiNO3.
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huge volume change during repeated Li plating and
stripping cycles (Figure S16).

The reversible volume change of the TEG layer might
originate from the LixGe alloy and triethylamine matrix
during Li plating and stripping (Figure S17). During the
initial Li plating, the lithiation of germanate resulted in the
formation of Li2O and LixGe alloy based on the following
reactions:[48]

GeO3
� þ 6Liþ ! Geþ 3Li2O (2)

Geþ xLiþ þ xe� $ LixGe (3)

The formation of the LixGe alloy during the initial Li
plating process was verified by the roughened morphology
(Figure S18), as well as the pronounced Li15Ge4 signal in X-
ray diffraction (XRD) (Figure S19). The subsequent Li
plating and stripping process further confirmed the reser-
vation of Li� Ge alloy during Li plating and stripping, e.g.,
after 10 plating/stripping cycles and stopped at fully stripped
state (Figure S19). Density functional theory (DFT) calcu-
lation showed that, the LixGe alloy and C� N species
enhanced the interaction with Li metal (Li15Ge4 of � 2.5 eV,
C� N of � 2.05 eV and Ge� O of � 1.25 eV) compared with
� 1.05 eV of bare Cu (Figure 4a–c and S20), together
forming a lithiophilic framework that induced uniform Li
deposition and effectively suppressed dendric Li metal
formation.[49] During Li stripping, the deposited Li metal
was first stripped from the lithiophilic framework, and then

de-alloyed from LixGe particles, corresponding to the
shrinkage of the interphase layer (Figure S17a). The re-
peated Li plating/stripping process resulted in reversible
expansion/shrinkage of the TEG/Li composite layer with
significantly promoted CE and cycling stability. In contrast,
Li deposition on bare Cu foil was porous and dendric
(Figure S14 and S17b), owing to the well-documented
lithiophobic nature and sluggish ion-transfer kinetics.[50] The
improved nucleation kinetics of Li deposition could be
verified by the reduced overpotentials during cycling in Li/
TEG-Cu cells (Figure 2c and S5). Therefore, we supposed
that the facilitated nucleation kinetics and effective regu-
lation of Li deposition could be maintained for TEG-Cu
after cycling.

We used TOF-SIMS to probe the composition and
distribution of Li deposition with TEG. The detected signals
of C� N, LiGe and Li ions originated from triethylamine
cation, LixGe alloy and deposited Li metal (Figure S21a).
Three-dimensional depth profile further showed the uniform
distribution of C� N species on the outer surface (Figure 4d),
which could efficiently suppress the parasitic reaction
between Li deposition and electrolyte and induce dense Li
deposition through enhanced interaction according to DFT
calculation (Figure 4a–c). The LixGe alloys were uniformly
distributed within the Li deposition, providing strongly
coupled nucleation sites for dense and uniform Li deposition
(Figure 4d).

Understanding the formation mechanism of SEI has
important implications for better battery performances.[51]

Figure 3. (a) Cross-sectional SEM images of the TEG-Cu current collector at three representative Li plating/stripping states, i.e., as-prepared, after
Li plating and after Li stripping. Li plating and stripping were performed at 1 mAcm� 2 and 1 mAhcm� 2. (b–c) Cross-sectional SEM images of the Li
deposition on a TEG-Cu current collector with areal capacities of 2 and 5 mAhcm� 2, respectively. Li plating and stripping were performed in Li/
TEG-Cu cells at 1 mAcm� 2 for 10 cycles and stopped at the fully plating state for characterization. (d) Three-dimensional distribution of Li
deposition on bare Cu (left) and TEG-Cu (right) after 10 cycles constructed from laser confocal scanning microscopy images. The analysis area is
645×645 μm2. Current density and areal capacity, 1 mAcm� 2 and 1 mAhcm� 2, respectively. (e) Young’s modulus distribution profile based on
atomic force microscopy using TEG-Cu after 10 cycles and stopped at fully stripped state. Current density and areal capacity, 1 mAcm� 2 and
1 mAhcm� 2, respectively.
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The F 1s and Li 1s spectra of the XPS profile from Li-plated
TEG-Cu indicated the formation of a LiF-rich SEI, which
might be originated from the facilitated decomposition of
TFSI� into LiF induced by the strong electrostatic inter-
action between TFSI� in electrolyte and � NH+ groups in
TEG (Figure 4e and S21b), thus facilitating LiF
formation.[6,52] In contrast, the Li deposition on bare Cu
showed a lower LiF content but higher Li2CO3 content that
is widely recognized to be insufficient for Li ion transfer and
Li metal passivation.[53] Besides, stronger Li2O and Li3N
signals of TEG-Cu suggested that the TEG participated in
SEI formation (Figure S22). Notably, the LiF and Li3N with
low diffusion barrier and high interfacial energy have been
proved to effectively promote the flux, nucleation and

deposition of Li ions,[39,54] which is consistent with the
reduced overpotential values in our Li/TEG-Cu cells. At a
higher depth of 20 nm, the intensities of Li3N and Li2CO3

obviously decreased, while the LiF and C� N signals still
existed (Figure S23). Therefore, our TEG layer contributed
to a lithiophilic framework with promoted Li-ion diffusion
and nucleation, as well as a robust SEI that suppressed the
parasitic reactions at anode/electrolyte interface, thus
achieving significantly improved rate and cycling perform-
ances (Figure 4f).

We paired our TEG-Cu current collector with high-
mass-loading LiFePO4 (LFP) cathodes for anode-free bat-
teries. At a practical areal capacity of �3 mAhcm� 2 (
�16.9 mgcm� 2 LFP). The anode-free TEG-Cu/LFP battery

Figure 4. (a–b) Optimized structures and charge density difference plots of Li atom adsorption on Cu and Li15Ge4, respectively. (c) Adsorption
energy (Ead) of Li among Cu, C� N and Li15Ge4. (d) Three-dimensional distribution of CN� , LiGe� and Li� constructed based on TOF-SIMS depth
scan of the TEG-Cu after Li plating at 1 mAcm� 2 and 1 mAhcm� 2. The analysis area is 50×50 μm2. (e) High-resolution XPS spectra for F 1s, Li 1s
and N 1s of the Li deposition on bare Cu and TEG-Cu after 20 cycles. Current density and areal capacity, 1 mAcm� 2 and 1 mAhcm� 2, respectively.
(f) Schematic illustration of the Li deposition on TEG-Cu during repeated plating/stripping processes.
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showed much lower overpotentials compared with Cu/LFP
battery, e.g., 267 mV vs. 464 mV at 2 C (Figure 5a).
Importantly, the TEG contributed to remarkable rate
capability of the anode-free batteries, maintaining 84.9% of
the specific capacity with increasing rates from 0.1 to 3 C,
compared with only 43.1% of the capacity retention at 3 C
using bare Cu, confirming the promoted kinetics of the Li-
ion diffusion and nucleation induced by the TEG layer
(Figure 5b and S24). The pursuit of even higher rates
depended on the optimization of Li-ion diffusion in the
electrolyte according to the diffusion-limited C-rate (DLC)
principle.[55] TOF-SIMS verified the formation of an inter-
phase layer comprised of organic C� N and inorganic LiF
species on the surface of the Li deposition (Figure S25). In
addition, organic C� N species and Li� Ge alloys were
uniformly distributed within the Li deposition layer, con-

firming that the lithiophilic framework could be stably
maintained even at 3 mAhcm� 2. The corresponding mor-
phology induced by TEG was also verified via SEM and
LCSM, which showed more uniform Li deposition on TEG-
Cu compared with mossy Li deposition on bare Cu (Fig-
ure S26 and S27).

Ragone plot highlighted the advantages of our anode-
free batteries in energy and power densities (up to
527 Whkg� 1 and 1554 Wkg� 1, respectively, based on the
total mass of active materials on both cathode and anode)
compared with state-of-the-art LMBs based on LFP[45,56] and
other high-energy-density cathodes such as LiCoO2

[13] and
LiNi0.5Mn0.3Co0.2O2 (NMC532, Figure 5c).[57] With the use of
ultrathin current collector/separator and low-density electro-
lyte, the energy and power densities of our anode-free

Figure 5. (a) Galvanostatic charge–discharge curves of the anode-free Cu/LFP and TEG-Cu/LFP batteries at a current density of 2 C. (b) Rate
performances of anode-free Cu/LFP and TEG-Cu/LFP batteries cycling at increasing rates from 0.1 to 3 C. (c) Ragone plot of our TEG-Cu/LFP full
batteries compared with other anode-free and lithium metal full batteries using various cathodes, e.g., LiFePO4,

[44,56] LiCoO2
[13] and

LiNi0.5Mn0.3Co0.2O2 (NMC532).[57] The energy and power densities are calculated from the total mass of the active materials in cathode and anode.
(d) Cycling performances of anode-free Cu/LFP and TEG-Cu/LFP batteries with the LFP mass loading of �16.9 mgcm� 2. The inset shows the
detailed CE fluctuations of the TEG-Cu/LFP batteries. (e) The comparison of the areal capacity and cycle number of our TEG-Cu/LFP with state-of-
the-art anode-free LFP batteries. (f) Cycling performance of a 30 mAh anode-free TEG-Cu/LFP pouch cell at 0.3 C charge/0.5 C discharge rates. The
inset shows our anode-free pouch cell charging a mobile phone. (g) Comparison of the thickness and energy density of conventional Li metal
batteries and anode-free Li metal batteries based on thick and ultrathin interphase layers.
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batteries can be further promoted at the cell level.[58] More
efforts are still underway for further improvement.

Our anode-free batteries also exhibited remarkable
cycling stability during 250 cycles with an average CE of
99.4% (Figure 5d and Figure S28). In-depth analysis of the
charge/discharge curves showed that the CEs of the Cu/LFP
cell sharply decreased to 97%–98% after the initial
10 cycles that was in accordance with the CEs in Li/Cu half
cells, which resulted in a more rapid capacity decay of the
anode-free Cu/LFP cell. After 170th cycle, the CEs of Cu/
LFP further decreased to �93% with significantly increased
overpotentials (Figure S29), indicating the significantly in-
creased inner resistance originated from the severe parasitic
reaction without TEG. Our anode-free battery represents
the highest cycling performance and areal capacity among
state-of-the-art anode-free LFP batteries (Figure 5e and
Table S2). The theoretical capacity retention in full cells was
estimated as 47.1% based on the CE and initial CE,[18] which
was slightly lower than the experimental results (Fig-
ure S30). This could be attributed to the Li compensation
from lithium salts and additive in electrolyte, as well as the
quasi-reversible SEI (such as Li2O) that prolonged the cycle
performance.[18,59] Under lean-electrolyte condition, i.e., a
low electrolyte-to-capacity ratio of 10 μL mAh� 1, our TEG-
based anode-free battery showed a capacity retention of
�50% after 150 cycles with an average CE of 99.1%,
compared with only 10% retention and 97.1% CE for bare
Cu (Figure S31).

We demonstrated the scale-up potential of our anode-
free batteries in pouch cells. A 30 mAh TEG-Cu/LFP pouch
cell could stably work for over 50 cycles with a capacity
retention of �80% and an average CE of more than 99.1%
(Figure 5f). As a proof-of-concept, the anode-free pouch cell
could reliably charge a mobile phone and light up 37 com-
mercial LED lamps (Figure 5f and S32). It is worth noting
that the use of an ultrathin interphase layer significantly
reduces the total thickness of the obtained batteries, which
makes our anode-free batteries highly competitive in both
volumetric and gravimetric energy densities (Figure 5g and
Table S3). In addition, our TEG layer could be used in a
variety of other battery systems, such as the highly
promising solid-state batteries with the anode-free config-
uration, which could further promote their safety, energy
density, and practicability.[60,61]

Conclusion

In conclusion, we show an ultrathin (250 nm) interphase
layer can enable high-performing anode-free LMBs. The
triethylamine germanate interphase layer shows enhanced
Li adsorption that facilitates Li-ion diffusion, nucleation and
deposition, inducing a smooth and dense Li deposition layer
with remarkable reversibility. An impressive Li plating/
stripping CE of �99.3% is achieved for 250 cycles in Li/Cu
cells, and the anode-free LiFePO4 full batteries deliver
maximal energy and power densities of 527 Whkg� 1 and
1554 Wkg� 1, respectively, along with excellent cycling
stability of 250 cycles. We believe our results can unlock the

designing and screening of novel interphase materials
towards practical anode-free Li metal batteries and inspire
other anode-free battery chemistries such as Na, K and Ca
with grand challenges in interface stabilization.
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