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Abstract

Lithium metal anode emerges as an ideal candidate for the next generation of high-energy-
density batteries. However, challenges persist in achieving high lithium utilization rates while
maintaining the demands of high energy density and extended cycle life. In this work, a novel
conversion-lithiophilicity strategy is proposed to regulate the longevity of high-energy-density
batteries by injecting lithium ion activity. This strategy is validated through carbon nanofiber
decorated with FesC and Fe2O3 particles. The uniform metallic lithium deposition induced by
lithiophilic Fe3C substrates has been verified through lithium deposition/stripping experiments
and density functional theory calculations. The electrochemical active Fe2O3 component
supplies additional anodic capacity and suppress battery degradation, as demonstrated in
lithium-ion storage research and three electrode system studies. When paired with LiFePO4
cathodes at an N/P ratio of 2, the full battery showcases outstanding cycling stability over 300
cycles at 1C, with an exceptional energy density of 438 Wh kg™! (calculated based on the
cathode material and lithium content). Furthermore, the full battery delivers rapid kinetics of
124 mAh g!' at 2C. The conversion-lithiophilicity strategy presented offers a promising
avenue for the development of high-energy density and long-life lithium metal batteries.

1 Introduction

Lithium metal is regarded as a leading candidate for anodes in the forthcoming era of high-
energy-density batteries, attributed to its exceptionally high theoretical capacity of 3860 mAh
g ' and a low electrode potential of —3.04 V relative to the standard hydrogen electrode.!! The
realization of high energy density, however, necessitates stringent control over lithium



concentration, which must remain below 10 mAh cm™2, and the ratio of negative to positive
(N/P) capacity, which should not exceed 3.[?! Although an elevated N/P ratio can bolster the
short-term endurance of the battery, it does so at the expense of lithium utilization efficiency
and incurs additional costs.®] Various strategies aimed at modulating the lithium plating and
stripping behavior of lithium metal anodes (LMAs), including the design of electrolytes, the
construction of functional 3D hosts, and the application of artificial protective films, have yet
to fully mitigate challenges such as the formation of dead lithium and the reduction in
Coulombic efficiency (CE).[*l Consequently, innovative approaches are urgently needed to
achieve a prolonged cycle life for lithium metal batteries while maintaining high energy
density.

Functional lithium metal hosts are predicated on lithophilic materials that possess substantial
capacities for lithium adsorption, such as certain metals or metal oxides.’! However, even with
lithiophilic anodes, challenges pertaining to steady-state lithium deposition and the longevity
of the battery have not been entirely surmounted.[! Furthermore, there is a scarcity of
comprehensive studies on carbide-based compounds, which, despite their beneficial properties
like electrical conductivity, have not been extensively explored.”) The application of
electrospinning technology facilitates the creation of custom 3D conductive scaffolds that can
significantly diminish the nucleation overpotential, and it also allows for the seamless
encapsulation of active substrates within nanofibers for lithium storage.®! Yet, batteries may
still undergo a precipitous decline in capacity, potentially attributable to the aggregation of
inactive lithium and the consequent depletion of lithium reserves at the anode.! Through
reversible replacement redox reactions with Li", transition metal cations can achieve
substantial lithium-ion storage capacities.['?] When contrasted with lithium metal anodes, the
conversion process is characterized by a slightly higher delithiation potential (greater than 0.5
V, versus Li/Li") and enhanced reversibility.[!!] The potential difference generated by the
integrating with metallic lithium can mitigate voltage spikes during near-full charge or deep
discharge conditions and provide a buffer for battery power detection.l'?! The integration of
conversion materials into the lithium metal anode, which are endowed with highly reversible
processes for the sequestration and liberation of lithium ions, is anticipated to augment the full
cell's conversion efficiency.[']

Herein, a conversion—lithiophilicity (CL) strategy is introduced to foster the development of
lithium metal batteries with extended cycle life and high energy density. This CL strategy
integrates lithiophilic hosts that enhance the deposition of metallic lithium with
electrochemically active sites capable of storing lithium ions, thereby improving full cell
performance. Utilizing electrospun carbon nanofibers embedded with electrochemically active
Fe20s3 and lithiophilic FesC (referred to as EC-LPF), a prototype has been synthesized to
exemplify this concept. Specifically, FesC substrate demonstrates superior lithiophilicity
compared to conventional oxides, thereby lowering the nucleation barrier, while the Fe203
substrate provides additional capacity for lithium-ion storage through a conversion reaction.
The lithium storage performance of the battery was validated using a two-electrode full cell
configuration, and the dynamic progression of battery failure was elucidated through a three-
electrode system. As anticipated, the EC-LPF composite material achieves the lowest
nucleation overpotential (12 mV). The Li/EC-LPF symmetric cell exhibits stable cycling
performance over more than 400 h with an overpotential as low as 24 mV at a current density
of 3 mA ¢cm 2 and an areal capacity of 1 mAh cm 2. Furthermore, when paired with a LiFePO4
cathode, the LiFePO4||Li/EC-LPF full cell delivers an exceptionally long cycle life of 300
cycles at a 1C rate, coupled with high-rate capability and an energy density reaching up to 438
Wh kg ! (considering cathode material and lithium content).



2 Results and Discussion

Density functional theory (DFT) was initially utilized to determine the adsorption energy of
various carbides on lithium. Models were crafted with lithium integrated into the materials to
create a cohesive structure that results in greater stability (Scheme 1a,b; Figure S1, details of
which are provided in Experimental Section of Supporting Information).['*] It is evident from
Scheme 1c that all carbides exhibit robust adsorption, with FesC demonstrating the most
significant adsorption energy at —2.57 eV, markedly surpassing that of Fe203 (—0.62 eV). When
compared to lithiophilic iron carbide, iron oxide, a conventional redox lithium-ion anode
material, is noted for its exceptionally high capacity for lithium-ion storage.!'>! In the context
of lithium storage using a conversion—lithiophilicity host, as illustrated in Scheme 1d, lithium
initially infuses into the electrochemically active Fe2Os as a provisional storage site, followed
by the deposition of metallic lithium under the influence of lithiophilic FesC. As the
accumulation of dead lithium occurs, the pre-stored lithium ions in Fe2O3, which represent the
reversible lithium-ion capacity generated through the conversion reaction, are gradually
released back into the cycle, thus preventing severe battery degradation. The combined effect
of the conversion mechanism of Fe2O3 and the potent lithiophilicity of Fe3C serves to prolong
the cycle life of lithium metal batteries through distinct lithium storage mechanisms under a
gradient potential (Scheme 1le).
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Scheme 1. The adsorption structure and the corresponding adsorption energy of Li in a) Fe,O3 and b)
Fe;C. c) The adsorption energy of Li in common carbides. d) Schematic diagram of the conversion—
lithiophilicity mechanism based on EC-LPF full battery in its pristine state, Li" insertion, Li deposition,
and after long cycles, as well as e) its redox reaction process.
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Figure 1. a) Schematic diagram of electrode preparation. b) SEM and c,d) TEM images of EC-LPF,
inset: corresponding FFT pattern of the squared region highlighted in (d). AC-STEM image and
corresponding FFT pattern and atomic structure of e,f) Fe;C and g,h) Fe,Os in EC-LPF. i) EDS
elemental mappings of EC-LPF.

The self-supporting EC-LPF membrane is fabricated through electrospinning technology and
subsequent treatment, as outlined in Figure la (see Experimental Section of Supporting
Information). During the subsequent lithium storage process, Fe2O3 within the self-supporting
materials absorbs lithium ions to pre-store a portion of the capacity, while Fe3sC induces
uniform lithium deposition, thereby synergistically achieving secure and enduring operation of
lithium metal anodes. The prepared EC-LPF possesses a uniform diameter of <300 nm through
scanning electron microscopy (SEM) images (Figure 1b; Figure S2, Supporting Information),
with numerous nanoparticles, =20 nm in size, dispersed across its surface. The transmission
electron microscopy (TEM) image in Figure 1c demonstrates that fibers not only bear a
multitude of particles but also exhibit a rich porous structure, potentially a result of the etching
effect of metals on carbon during the annealing process.['®) In addition, high-resolution TEM
images (Figure 1d) disclose particles with a lattice spacing of 0.21 nm within numerous
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graphitized carbon layers, identifiable as the (211) plane of FesC grains, and the cubic phase
Fe2Os3 oriented along [001], as confirmed by fast Fourier transform (FFT) analysis.
Additionally, aberration-corrected scanning transmission electron microscopy (AC-STEM)
with a high-angle annular dark-field detector more clearly reveals the FesC phase. The atomic
layers depicted in Figure le originate from the orderly superposition and arrangement of Fe
and C atoms. The corresponding FFT images and atomic structure diagrams (Figure 1f)
distinctly indicate the [010] zone axis of FesC. The atomic-level image of Fe2O3 oriented
toward the [111] zone axis is also observable in Figure 1g,h. An energy dispersive X-ray
spectroscopy (EDS) elemental spectrum of an individual EC-LPF fiber (Figure 11) reveals the
uniform distribution of C, N, O, and Fe elements within the microstructure. Lithiophilic FesC
on carbon nanofiber (LPF) and electrochemically active Fe203 on carbon nanofiber (ECF) are
prepared using analogous procedures at identical annealing temperature, with the aim of
neutralizing the direct impact of temperature on the degree of graphitization of carbon
materials, thereby influencing their electrical conductivity and lithium deposition
performance.['”] Apart from the distinct pores formed by metal etching due to Hz reduction on
the ECF surface, the comparative sample exhibits a similar fiber morphology and porous
structure (Figures S3 and S4, Supporting Information).!8]

A comprehensive series of characterizations were conducted to ascertain the composition and
structural attributes of the self-supporting electrospun fibers. Initially, the X-ray diffraction
(XRD) patterns of LPF and ECF in Figure 2a can be characterized as orthorhombic FesC phase
(JCPDS card no. 35-0772) and cubic Fe203 phase (JCPDS card no. 39-1346), respectively.
EC-LPF clearly demonstrates a good combination of these two phases, accompanied by a
pronounced graphitized carbon peak. The characteristic D and G bands of carbon in Raman
spectroscopy substantiate this observation (Figure 2b). Specifically, the D/G ratios for LPF,
ECF, and EC-LPF are 1.05, 1.11, and 0.97, respectively. A heightened degree of graphitization
in carbon materials is advantageous for electron conduction.l'”) Thermogravimetric (TG)
analysis indicates that FesC constitutes 16.6% by weight of LPF, and Fe2O3 makes up ~38%
by weight of ECF (Figure 2c¢). The calculated mass of each component of EC-LPF reveals that
FesC and Fe203 account for 14.4% and 14.7%, respectively. The surface chemical composition
and elemental states of Fe-based electrospun fibers were investigated using X-ray
photoelectron spectroscopy (XPS). The high-resolution Fe 2p spectrum in Figure 2d displays
peaks at 707.3, 711.2, and 714.7 €V, attributable to Fe-C, Fe?*, and Fe**, respectively, aligning
with their corresponding substances.?l Moreover, following the formation of heterostructures,
the electron cloud overlap results in a reduction of the inter-peak distance from 4.0 to 3.5 eV.
In the high-resolution N 1s spectrum (Figure 2¢), N-doped carbon, particularly pyridine N,
exhibits a higher binding energy and a stronger capacity for lithium-ion adsorption, which will
modulate the nucleation and growth characteristics of lithium.[?!) Additionally, a substantial
amount of graphitized N is presumed to enhance the conductivity of self-supporting
materials.??) The porous characteristics of the prepared electrospun fiber material were further
quantified through specific surface area measurements. The nitrogen adsorption/desorption
isotherm exhibits a type IV characteristic curve with a multitude of microporous structures
(Figure 2f). The Brunauer Emmett Teller (BET) surface areas for LPF, ECF, and EC-LPF are
241,404, and 137 m? g”!, respectively. The substantial specific surface area of ECF is attributed
to its increased number of micropores and a broader distribution of mesopores, as derived from
the Barrett-Joyner-Halenda (BJH) model (Figure S5, Supporting Information). In addition to
the high specific surface area contributed by micropores, electrospun fibers also possess a
higher outer surface, which aids in augmenting the contact area and reducing the effective
current density.



o}
o g
(o]

00 02 04 06 08 1.0
Relative Pressure (P/P,)

740 730 720 710 700 408 405 402 399
Binding Energy (eV) Binding Energy (eV)

=]
w0
(=]

§ = JCPDS NO.39-1346 Fe,0, o e 1004
_ ] _ 1340 1580
E] -/\\.JM s M < 801
-
e £y . ECiPF| = ECLPF| < ool
2 2 g
1) ECF 5] - o3 §'.. 40 4
= c i L 34.0%
JCPDS NO.35-0772 Fe,C PF M 201 gor ETXT
LPF — EC-LPF
|l| .I L. L ' 1 r T T r U - T B
10 20 30 40 50 60 70 80 1000 1200 1400 1600 1800 2000 0 200 400 600 800
2 Theta (degree) Raman Shift (cm™) Temperature (°C)
d e f
Fe2p N1s —~250] = EC-LPF
N-6 [ —t— ECF
oy EC_N = . o 200] — LPF
= S |Ec-LPF = 3
© o KA ; 4
o, x = N-5 150 oo 47
- Fe . o M 4
= = N-O - v [0] i o
@ |ecF 2 | . | € 100] 7
2 & |ECF @ ] oS
24 T T
= Satellites Fe” = & 50 B
LPF Y o £ off
L]
=
[&]

Figure 2. a) XRD patterns, b) Raman spectra, c¢) TG curves, high-resolution XPS spectra of d) Fe 2p
and e) N 1s, and f) nitrogen adsorption and desorption isotherms of EC-LPF, ECF, and LPF.

The lithium-ion storage performance and lithiophilicity of self-supporting electrodes are
characterized using a dual electrode configuration in conjunction with lithium foil. These cells
are initially cycled within a range of 0—3 V, and the typical charge—discharge curve of the
initial battery cycle is shown in Figure 3a. The electrode containing the electrochemically
active Fe2Os substrate achieves a substantial reversible capacity, particularly EC-LPF, with a
specific capacity of 897 mAh g™!. Furthermore, the solid electrolyte interphase (SEI) is formed
by a portion of the capacity. Post stabilization, EC-LPF, ECF, and LPF exhibit specific
capacities of 695, 757, and 337 mAh g! (Figure S6, Supporting Information), respectively,
with a Coulombic efficiency of up to 99%. The corresponding redox peak around 1 V,
observable through the dQ/dV curves in Figure 3b, can be ascribed to the contribution of Fe203
in storing lithium ions. Upon lithium intercalation, Fe:O3 successfully transformed into Fe
(Figure 3c), as reported in the literature.[>>] Notably, due to exposure to air, Li2O has converted
into LiOH. Additionally, the high-resolution TEM image (Figure 3d) further reveals the
retention of FesC grains amidst numerous graphitized carbon layers. The presence of cubic Fe

(Im3m) is corroborated by the orientation along the [1191zone axis, as confirmed by FFT
analysis.
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Figure 3. a) Charge—discharge curve of the first activation of the self-supporting electrode. b) The
dQ/dV curve of the self-supporting electrode after 15 cycles. ¢) XRD pattern and d) TEM image of EC-
LPF in lithium intercalated state after Li activation, inset: corresponding FFT pattern of highlighted
squared region. e) Typical XPS survey spectra, f) atomic chemical composition obtained from XPS,
and g) high-resolution XPS spectra of F 1s for self-supporting electrodes after lithium activation. h)
Deposition curves of Li on self-supporting electrodes, inset: statistical nucleation overpotential
diagram. i) The adsorption energy of Li on interface sites of composites.

Subsequently, the surface chemical structure and morphology of the electrode post-lithiation
were examined. XPS analysis reveals an enrichment of inorganic components within SEI
derived from EC-LPF. The survey spectrum depicted in Figure 3e indicates that the SEI on the
self-supporting electrode is composed of elements Li, C, N, O, F, and S, with atomic
concentrations detailed in Figure 3f and Table S1 (Supporting Information). A significant
presence of lithium is observed, originating not only from the SEI but also from metallic
lithium, as illustrated in Figure S7a (Supporting Information). This metallic lithium fraction is
non-detachable, leading to the formation of dead lithium. Specifically, the composition of
lithium metal decreases in the order of Li/ECF, Li/LPF, and Li/EC-LPF. Additionally, the
substantial presence of C and O elements points to an organic SEI composition consisting of
RCOO™ and R2CO™, as corroborated by high-resolution C 1s spectra (Figure S7b, Supporting
Information).l?* Conversely, the abundance of F and S elements in Li/EC-LPF suggests the
existence of more robust inorganic SEI components.[>’] A thorough analysis of the F 1s
spectrum in Figure 3g shows peaks at 685.0 and 688.8 eV, which can be classified as Li—F and
C-F, respectively.?®! Clearly, Li/EC-LPF and Li/LPF have higher SEI components containing
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F compared to Li/ECF. The higher LiF content in Li/EC-LPF (1.8 at%) and Li/LPF (1.05 at%)
compared to Li/ECF (0.92 at%), may be attributed to the catalytic effect of the electrode.*”]
This helps to achieve a compact and stable SEI structure, thereby optimizing the lithium metal
deposition/stripping process.[?8) SEM observations of the SEI morphology on self-supporting
electrodes reveal that EC-LPF possesses a uniformly thick SEI film (Figure S8, Supporting
Information). In contrast, LPF and ECF display irregular microscopic protrusions on their
surfaces, with a notable increase in fiber diameter, nearly doubling in size compared to the
original fiber structure. These observations suggest that ECF possesses inferior lithiophilicity,
which leads to the formation of less robust SEI structures. In comparison, LPF exhibits a
relatively higher degree of lithiophilicity. EC-LPF, however, demonstrates the most favorable
lithiophilicity and a stable SEI structure. This characteristic is beneficial for establishing a
uniform lithium-ion flux across the electrode, contributing to the creation of a reliable lithium
metal anode. Moreover, even after multiple cycles of lithium deposition and stripping, the
particles within the fibers remain well-preserved (Figure S9, Supporting Information). This
preservation of particles is an indicator of the robustness of the electrode material and its
potential for long-term stability and high performance in lithium metal batteries.

Furthermore, the typical lithium deposition voltage profiles of EC-LPF, ECF, and LPF
electrodes are presented in Figure 3h at a current density of 1 mA ¢cm™2. EC-LPF shows a
nucleation overpotential of 12 mV, significantly lower than that of ECF and LPF. Statistical
analysis of nucleation overpotential in the illustration also demonstrates that EC-LPF is lower
than ECF (17 mV) and LPF (15 mV). DFT calculations were performed using FesC, Fe
crystals, and a graphene sheet to construct models representing the microstructure between
FesC or lithiated Fe2Os particles and carbon nanofiber (Figure S10, Supporting Information).
Subsequently, lithium atoms were introduced into the interface sites between the iron-based
crystals and graphene (Figure S11, Supporting Information), as adsorption at heterogeneous
interfaces is more favorable than surface adsorption.!?”! Figure 3i shows that the introduction
of graphene greatly improves the material's adsorption energy for lithium at the heterostructure
interface. Furthermore, the FesC/Fe composite material achieves an optimal adsorption energy
(=3.20 eV). The aforementioned results demonstrate that the heterogeneous structure
combining Fe3C and Fe2Os further amplifies its lithiophilicity.

The morphological evolution of Li metal deposition/stripping by self-supporting electrodes
was further investigated using SEM. With the lithium deposition amount controlled at 2.5 mAh
cm2 and a current density is 0.5 mA cm2, the voltage curve is shown in Figure S12a
(Supporting Information). Electrodes at the initial stage of lithium deposition (Stage I), the end
stage of lithium deposition (Stage II), and the stage post-lithium stripping (Stage III) were
selected for characterization (Figure S12b—d, Supporting Information). During Stage I, EC-
LPF fibers appear smooth and hazy, indicating a uniform SEI layer. In contrast, ECF fiber
membranes exhibit a few black blocks on the surface, attributable to a high nucleation barrier
leading to the concentrated precipitation of metallic lithium. During Stage II, these black blocks
expand and thicken, forming island-shaped metallic lithium. LPF also shows similar island-
like metallic lithium in Stage II, but EC-LPF significantly mitigates this issue. At Stage III,
these metallic lithium ions are almost entirely stripped, reverting to their original morphology
prior to deposition (Figure S13, Supporting Information). Post-stripping, a small amount of
metallic lithium remains in LPF fibers. The thickness of island metallic lithium on the ECF
surface has decreased, but a considerable amount of dendritic lithium remains within the fibers,
unstripped. This is consistent with the aforementioned XPS results post-activation. The large
pores of electrospun fiber membranes enhance electrolyte penetration, and the presence of iron
oxide improves the wettability of iron carbide (Figure S14, Supporting Information), thereby



reducing concentration polarization and the deposition of lithium metal on the electrode
surface.

The electrochemical endurance and reversibility of the self-supporting electrodes as LMAs
were initially assessed using a symmetrical battery setup. The Li/EC-LPF, Li/ECF, and Li/LPF
electrodes, were pre-plated with 3 mAh ¢m™2 lithium on EC-LPF, ECF, and LPF at a current
density of 1 mA cm2, respectively. Figure 4a illustrates the voltage hysteresis associated with
the plating and stripping of metallic Li in the symmetric cell, conducted at a current of 1 mA
cm 2 for a capacity of 1 mAh cm™2. The Li/EC-LPF symmetric battery demonstrates the lowest
overpotential and superior cycling stability, enduring for up to 960 h. The minimum
overpotential recorded for the Li/EC-LPF was 12 mV, outperforming the Li/ECF at 15 mV and
the Li/LPF at 21 mV. After 950 h, an increase in voltage polarization for the Li/EC-LPF
symmetric batteries was observed, likely due to the qualitative changes from the continuous
depletion of active lithium and the accumulation of dead lithium, a phenomenon that intensifies
over extended cycling periods. This increase in polarization, however, confirms the absence of
false positives in long-term performance indicators that might be caused by battery hard short
circuits, as validated by the post-cycling Electrochemical Impedance Spectroscopy (EIS)
(Figure S15a, Supporting Information).% In succession, the Li/ECF and Li/LPF symmetric
batteries show escalating voltage hysteresis throughout cycling, culminating in failure after 320
and 640 h, respectively. Under identical current density and capacity conditions, the Li||EC-
LPF half-cell demonstrates the highest CE of over 97% across 200 cycles at a 100% depth of
discharge (Figure 4b). In contrast, the Li||[ECF and Li||[LPF half-cells exhibit shorter cycle
lifetimes of 80 and 100 cycles, respectively, with an average CE of =96%. Even when subjected
to a current density of up to 3 mA cm™2, the voltage hysteresis of the Li/EC-LPF symmetric
cells remains stable for 400 h (Figure 4c), a performance significantly superior to that of the
Li/LPF (150 h) and Li/ECF (100 h). The magnified voltage curve and EIS (Figure S15b,
Supporting Information) confirm low electrochemical polarization (24 mV) and stable cycling.
These results underscore the EC-LPF host's ability to significantly bolster the reversibility of
Li metal deposition and stripping. This enhancement is particularly advantageous,
demonstrating its lithiophilic superiority, when compared to other lithium metal anode reports
from the past 4 years (Figure 4d; Table S2, Supporting Information).

The high current performance of symmetric batteries was further evaluated through rate testing
at a capacity of 1 mAh cm™2 (Figure 4¢). Specifically, the Li/EC-LPF symmetric battery
displays stable voltage polarization of 12, 25, 33, 38, and 41 mV at 1, 2, 3, 5, and 10 mA cm 2,
respectively. Conversely, as the rate increases, the polarization of the Li/LPF and Li/ECF
symmetric batteries escalated due to their higher lithium diffusion barrier. The reaction kinetics
at the electrode interface of the lithiophilic host were further investigated using Tafel curves.[?!]
The exchange current density (jo) for the Li/EC-LPF symmetric batteries is 4.98 mA cm™2, as
shown in Figure 4f and Figure S16 (Supporting Information), surpassing that of the Li/LPF
(3.86 mA cm2) and Li/ECF (2.59 mA c¢m?). This finding indicates a marked improvement in
charge transfer capability at the electrode/electrolyte interface within the Li/EC-LPF
symmetric batteries, a result of low electrochemical impedance and high-quality SEI
Collectively, these results highlight that the FesC/Fe2Os heterostructure host significantly
ameliorates the Li deposition/stripping overpotential and enhances stability in symmetric
batteries.
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Figure 4. a) Voltage hysteresis of metallic Li plating/stripping in the symmetric cells of fibers
symmetric cell at 1 mA cm™* for 1 mAh cm™. b) Coulombic efficiency of Li||CNF half cells at 1 mA
cm ? with the deposition capacity of 1 mAh cm 2. ¢) Voltage hysteresis of metallic Li plating/stripping
in the symmetric cells of fibers symmetric cell at a current of 3 mA cm ™2 for 1 mAh cm 2. d) Comparison
diagram of electrochemical performance of symmetric lithium metal batteries. ) Rate performance at
various current densities. f) The Tafel plots in symmetric cells with a scan rate of 1.0 mV s .

To extend the investigation of the unique attributes of EC-LPF heterogeneous material in
lithium metal batteries, its performance in a full cell configuration was assessed by integrating
it with commercial LiFePOs4 cathodes. Due to its flat and stable charge and discharge plateau,
LiFePOu4 serves as an ideal candidate for evaluating voltage hysteresis induced by the anode.
The positive electrode was designed with a capacity of 1 mAh cm™2, and the N/P ratio was
maintained at 2. To mitigate the potential risk of decomposition of ether-based electrolytes
under high voltage, a voltage range of 2-3.7 V has been adopted.*?! As illustrated in Figure
5a, the LiFePOs||Li/EC-LPF configuration shows the highest initial discharge capacity (139
mAh g!), retaining 66% after 500 cycles at a rate of 1C (1C = 170 mA g ), with a CE of
99.9%. In contrast, the LiFePOs||Li/LPF and LiFePO4||Li/ECF exhibit notable performance
degradation at the 200 and 160 cycles, respectively. This decline is attributed to the
accumulation of dead lithium on the anode surface, resulting in sudden drop in full battery
performance (Figure S17, Supporting Information). The superior low polarization of the EC-
LPF is further evident upon comparing the capacity—voltage curves (Figure S18, Supporting
Information). The LiFePOs|[Li/EC-LPF battery demonstrates significantly lower voltage
hysteresis of 98 mV during charge and discharge, outperforming the LiFePOu||Li/LPF (123
mV) and LiFePO4||L/ECF (157 mV). This advantage is linked to the adept lithium
plating/stripping ability and elevated lithium-ion diffusion rate of EC-LPF. An intriguing

10



Q
O

= 100 4.0 {LiFePO,|ILVEC-LPF

T = 500" 300" 200" 100" 1%

E 5 '

— - B0 ‘G Li}]

g {5 90

o} 40 o 9

8 50]LitFsi > LiFePQ,||LiLPF £ 254

e 1 mAh em-2 1 o LiFePo,|LiECF [20 5

S ez . . > LiFePO,ILEC-LPF| 8 20 . . \ . .

c% 0 100 200 300 400 500 600 0 30 60 90 120 150
Cycle Number Specific Capacity (mAh g™")

c Anode ;_){)tential Cathod‘e'fgotential d 4

. Y ©

a;. o [ ] :.>':

Q () o o ol

E g % g o Cathode potential

° = o % — Anode potential

@D < & > 1] — Cellvoltage

0]

e ([ ] @

£ o

0 20 40 60 80
DC, Cell voltage Time (h)

€ ‘T = v ok 3 f ™ LiFePO, |LiILVEC-LPF
40{ wm LiFePO, |LilLiILPF
o= = LiFePO,|Li|LIIECF
34 =
F2 g | J
s s £
o 24 ‘_J m =
& 0.1 1 e E 204
3 1~ o
g 0.01 e E)
1 per i —
" —01 15.9 mV g
\ .
3 = S o
0 80 160 0 80 160 O 80 160 O 80 160 5 20 100
Specific Capacity (mAh g™) Cycle Number

Figure 5. a) Long-term cycling of LiFePO4 full batteries with different anodes at 1C, and b)
corresponding voltage profiles. ¢) Schematic diagram of the testing principle for a three electrode
system. d) The voltage distribution curve of LiFePO4Li|Li/EC-LPF full cell and e) the potential
distribution of each electrode in a three electrode system, with enlarged curves for specific cycles. f)
The potential of lithium metal anode in a three electrode system for 1, 5, 20, and 100 cycles.

observation is that in the subsequent cycle of LiFePOs||Li/ECF, a minor bulge emerges ahead
of the charging platform (Figure S19, Supporting Information), indicative of the depletion of
metal lithium in the anode. Then, lithium ions from the cathode re-deposit on the anode during
charging. The poor lithiophilicity of the ECF leads to continuous accumulation of dead lithium,
accelerating the full cell performance decline. Conversely, the LiFePO4||Li/LPF batteries have
no significant bulges except for capacity decay. In addition, as the cycle progresses (Figure 5b),
the charge and discharge curves of the LiFePO4||Li/EC-LPF and LiFePO4||Li/ECF undergo
deformation. This can be ascribed to the gradual consumption of metallic lithium, with the
lithium-ion capacity pre-stored in Fe2O3 being progressively replenished into the cycle. The
LiFePO4||[EC-LPF full battery also demonstrates the best cycling stability at an N/P ratio of 0,
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retaining 87% of its initial capacity after 100 cycles at 1C (Figure S20, Supporting
Information).

This perspective is further corroborated through three-electrode testing, which is advantageous
because it can separate the voltage changes of the positive and negative electrodes, offering a
clearer analysis of the electrode failure mechanisms (Figure 5c). A button-type three-electrode
battery was assembled using homemade lithium reference electrodes, with the structure and
positioning of the lithium reference electrode detailed in Figure S21 (Supporting Information).
The voltage distribution curve of the LiFePO4|Li|Li/EC-LPF three-electrode cell is depicted in
Figure 5d. It is observed that while the electrode potentials of the cathode and anode display a
decreasing and increasing trend, respectively, the cell voltage remains stable. Initially, the
cathode exhibits a characteristic LiFePO4 charging/discharging platform, and the anode shows
a voltage profile akin to that of a symmetrical battery (Figure 5e). After 20 cycles, a notable
increase in anode potential is detected, and the cathode potential deviates from its initial state,
indicating complete stripping of anode metal lithium. Following that, metallic lithium re-
deposits at the anode, with a nucleation overpotential of 15.9 mV, outperforming comparative
sample (Figure S22, Supporting Information). During discharge, when the lithium metal
capacity of the anode is insufficient to maintain a complete cycle of the cathode, the lithium-
ion capacity within the system is released to allow continued lithium intercalation into the
cathode until the discharge cutoff voltage is reached. Consequently, lithium ions pre-stored in
Fe203 become active, corresponding to a capacity above 0.1 V. Voltage fluctuations below 0.5
V in the Li/LPF and disappear in subsequent cycles (Figure S23, Supporting Information),
potentially due to unexpected side reactions.*3] As Fe2Os releases more capacity, the voltage
curve of the full battery begins to show a gradual trend deviation from the original sharp
rise/drop. Compared to Li/EC-LPF, Li/ECF displays earlier lithium metal depletion due to
inferior lithiophilicity. Li/LPF does not deliver the same voltage changes but suffers from rapid
capacity decay. By 100 cycles, incomplete charging of the positive electrode is observed,
indicating that failure is primarily due to lithium loss in the anode. This gradual change
provides a buffer for the detection of open-circuit voltage and facilitates the calibration of the
battery's state of charge.?* Similar phenomena are also observed in carbonate based
electrolytes (Figure S24, Supporting Information) and NCM full cells (Figure S25, Supporting
Information). Moreover, the three-electrode configuration facilitates a more direct assessment
of the negative electrode potential, revealing the actual contribution of overpotential from the
lithium metal anode during cycling. Electrodes containing the FesC substrate, such as Li/EC-
LPF, demonstrate superior performance in the cycling process of the metallic lithium anode
(Figure 5f), with an overpotential of 28 mV, better than Li/LPF (30 mV) and Li/ECF (33 mV).
The EC-LPF host, with its lowest overpotential and pre-stored lithium-ion capacity,
significantly extends the full battery cycle life.

The dynamic mechanism of the EC-LPF heterogeneous host in the full battery was then
investigated. In the C-rate test, the LiFePOu4||Li/EC-LPF battery delivers high specific
capacities of 156, 155, 150, 140, and 123 mAh g ' at 0.2, 0.3, 0.5, 1, and 2C (Figure 6a),
respectively. The LiFePOus||Li/LPF also achieves commendable C-rate performance. As
anticipated, the LiFePOs|[Li/ECF does not perform as well as batteries containing FesC
lithiophilic substances across all current densities, with significant capacity decay at 2C. This
may be attributed to the overpotential of lithium deposition on the anode side, leading to
electrochemical polarization that impedes the diffusion of lithium ions in the material,
exacerbating concentration polarization, and resulting in limited capacity release. Cyclic
voltammetry (CV) curves of the full batteries at various scanning rates are presented in
Figure 6b, displaying the typical redox peaks of LiFePOus that tend to polarize with increasing
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scanning rate. Moreover, compared with LiFePOs||Li/LPF and LiFePO4||Li/ECF (Figure S26,
Supporting Information), the LiFePO4||Li/EC-LPF full cell shows more intense redox peak,
suggesting a higher reversible capacity. The charge—discharge voltage hysteresis can be
quantified by calibrating the peak positions of each scanning rate in the CV, as depicted in
Figure 6¢.1%°1 The voltage hysteresis of the LiFePO4||[Li/EC-LPF consistently remains the
lowest, for instance, it is only 319 and 690 mV at 0.2 and 2.0 mV s, respectively, followed
by the LiFePOs||[Li/LPF (329 and 736 mV) and LiFePOs|Li/ECF (385 and 864 mV).
Furthermore, the power-law relationship between current response (i) and scanning rate (v),1¢!
was used to quantify their interdependence. Although LiFePO4 operates on a traditional
intercalation redox mechanism controlled by semi-infinite diffusion, the battery exhibits
varying proportions of Faradaic reactions under anodic influence (Figure S27, Supporting
Information). The full cell charge storage mechanism is predominantly dominated by semi-
infinite diffusion, nevertheless the LiFePOus||Li/EC-LPF demonstrates greater advantages in
Faradaic storage. The promising kinetic mechanism of the LiFePOs||Li/EC-LPF can be
ascribed to the lower lithium nucleation overpotential at the anode and the accelerated
deposition/stripping rate of metallic lithium on the anode side.
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Figure 6. a) Rate performance. b) Typical CV curves of LiFePO4||Li/EC-LPF under different scan rates
of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s™', and c) the corresponding linear fits of the peak currents. d) The
voltage hysteresis diagrams from CV. e) The migration barrier of Li ion in the structure of EC-LPF,
ECF, and LPF. f) Comparison diagram of electrochemical performance of LiFePOy||Li full batteries.

The apparent lithium-ion diffusion coefficient (DLi") was evaluated to characterize the
diffusion kinetics of Li* in the full cell. A linear curve obtained by linearly fitting the peak
current of CV confirms the enhanced lithium diffusion characteristics at the anode in the
LiFePO4||LV/EC-LPF (Figure 6d; Figure S28, Supporting Information). The galvanostatic
intermittent titration technique (GITT) technique also supports these results (Figure S29,
Supporting Information).?”) Specifically, the average Dri* of the LiFePOu||Li/EC-LPF during
discharge is 4.02 x 10712 cm? s7!, significantly improved compared to the LiFePOu4||Li/ECF
(3.28 x 107'2 cm? s71). EIS also indicates that the LiFePOu||[Li/EC-LPF full cell has the lowest
SEI resistance (Rsgr) and charge transfer resistance (Ret) (Figure S30 and Table S3, Supporting
Information). The inferior SEI of Li/ECF anode leads to additional polarization, resulting in a
less favorable apparent diffusion coefficient. Moreover, as the current gradually increases, the
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relatively poor lithium diffusion rate of the Li/ECF anode becomes the rate determining step,
causing polarization and a decline in full battery performance at high current densities. The
migration barrier of lithium ions was calculated using the optimal structure, and the
corresponding relative energy distribution along the diffusion path is shown in Figure S31
(Supporting Information). The diffusion energy barrier for lithium crossing the FesC/Fe
heterostructure interface is the lowest (0.29 eV), indicating rapid diffusion characteristics
(Figure 6e). Compared to lithium metal full batteries reported over the past 4 years, the
LiFePO4||Li/EC-LPF full batteries maintain significant advantages when considering energy
density, cycle stability, and lithium utilization rate comprehensively (Figure 6f; Table S4,
Supporting Information). Thanks to the superior lithium storage performance and adaptability
to alower N/P ratio of EC-LPF, considering the cathode material and lithium content, an energy
density of up to 438 Wh kg™! can be achieved. As a practical demonstration, LiFePOu||Li/EC-
LPF pouch cells were assembled and successfully powered an electronic badge (Figure S32,
Supporting Information). These results confirm that FesC/Fe203 heterostructure hosts with
lithiophilic and electrochemical-activity can effectively regulate uniform lithium
plating/stripping and improve the stability of lithium metal batteries.

3 Conclusion

In summary, the conversion-lithiophilicity strategy presented in this work has proven to be
effective in enhancing lithium metal batteries performance. The integration of lithiophilic FesC
particles, achieved through electrospinning, resulted in low nucleation overpotential (12 mV)
and uniform lithium deposition devoid of dendrite formation. The electrochemically active
Fe203 component provided a reserve capacity, mitigating dead lithium expansion and extend
battery lifespan. A comprehensive study on Li storage characteristics, nucleation mechanisms,
and DFT calculations confirmed the benefits of the heterogeneous host. The LiFePO4||Li/EC-
LPF full cell demonstrated impressive performance, with rapid kinetics (124 mAh g! at 2C)
and an unmatched cycle life exceeding 300 cycles at 1C, corresponding to an energy density
of 438 Wh kg ! (calculated based on the cathode material and lithium content). In theory, any
material based on conversion reactions can achieve this effect. However, due to their unique
potentials and other characteristics, different conversion materials will exhibit slight variations.
Further exploration and experimentation are required to tailor them to specific systems. This
innovative strategy is highly promising for the future advancement of high-performance
lithium metal batteries.
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