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Abstract

Lithium metal anodes (LMAs) are widely regarded as a crucial component for the next
generation of high-energy-density lithium batteries. The extended pathways for lithium ion
diffusion exacerbate concentration polarization, leading to dendrite growth in LMAs. Here,
carbon nanofibers with surface-exposed high-activity silver nanoparticles (Ag@CNF) are
achieved through the combination of electrospinning and ion exchange techniques, enhancing
the interfacial dynamics during lithium storage. Compared to electrodes with encapsulated
active sites, the self-supported and binder-free Ag@CNF significantly shortens lithium ion
diffusion pathways, reduces nucleation overpotential, and promotes uniform ion diffusion and
deposition. Furthermore, this unique structure induces a thinner solid electrolyte interphase
(SEI) layer, and greatly reduces the apparent activation energy for charge transfer. Ag@CNF
not only enhances atomic utilization efficiency of active centers but also optimizes
performance in lithium metal batteries. Notably, assembled full cells demonstrate an excellent
retention rate of 90% after 300 cycles at a high capacity of 1.5 mAh cm™2 and a low N/P ratio
of 2.

Keywords : electrospinning; interfacial dynamics; ion exchange methods; lithium metal
anodes; lithium-ion diffusion path.



1 Introduction

The energy density of traditional lithium-ion batteries has approached the theoretical upper
limit of 350 Wh kg '.ll In this context, lithium metal batteries (LMBs) have garnered
significant attention due to their theoretical energy density exceeding 500 Wh kg™ '.[2! However,
the large-scale commercialization of LMBs faces numerous challenges, including the
uncontrolled growth of lithium dendrites, low Coulombic efficiency, and the associated safety
hazards.’] To date, several effective strategies have been proposed to regulate the lithium
plating/stripping behavior, such as the design of functional electrolyte,*! the construction of
3D hosts,l”) and the coating of artificial protective layers.!®) Nevertheless, most modified
lithium metal anode (LMA) are loaded with a large amount of lithium (>5 mAh cm™2).l]
Although the better cycling performance they have achieved, the full cell operates at a high
N/P ratio (>3), resulting in a significant waste of lithium sources and a decrease in energy
density.®! In addition, due to the continuous replenishment of Li during the cycling process,
the thick LMA with an excess Li source cannot actually reflect the effectiveness of the
improvement strategy.[’]

The 3D porous current collectors loaded with active centers are considered effective hosts for
metallic lithium. They have been demonstrated to suppress dendrite growth by effectively
reducing the actual current density and providing nucleation sites for lithium deposition.[!?]
Electrospinning is a well-established technology for constructing 3D carbon nanofiber
skeletons, which facilitates the loading of various active substrates and the design of special
micro-nano hierarchical structures.!'! To alleviate the energy barriers during nucleation and
deposition processes, metal compounds such as Zn,['!] Ag [12] Ay,[13] and SnO2,'"* which have
high solubility in lithium, have been incorporated into carbon fibers. Carbon fiber membranes
possess a large specific surface area, which increases the contact area between the electrolyte
and the electrode, thereby reducing the diffusion distances.!'3! Additionally, the flexible, self-
supporting, and binder-free characteristics of electrospun carbon fibers make them potential
candidates for flexible devices.['! However, it should be noted that for lithiophilic species
embedded in the substrate, their complex diffusion pathways may exacerbate concentration
polarization, potentially constituting additional diffusion barriers and leading to the formation
of lithium dendrites.!”! Studies have shown that under fast or low-temperature charging,
anodes form lithium dendrites on their surface due to potential reduction and limited
intercalation dynamics.!'8] The potential gradient caused by concentration polarization is a key
factor in the formation of surface dendrites.['”- 1] Accordingly, it is highly essential for lithium
metal anodes that possess a 3D porous structure and effectively mitigate surface dendrite
growth to reduce the curvature of solid-phase diffusion.

Herein, a carbon nanofiber scaffold with controllable loading of silver nanoparticles
(Ag@CNF) on its surface is constructed through electrospinning and ion-exchange methods.
This design effectively exposes an active center, significantly enhancing atomic utilization
efficiency. Compared to electrodes with active centers encapsulated internally, Ag@CNF
shortens the diffusion distance of lithium ions, promoting their uniform diffusion and
deposition. Specifically, the prepared Ag@CNF obtains a thinner solid electrolyte interphase
(SEI) layer, and lowers the apparent activation energy for charge transfer. The assembled
LiFePO4||Li/Ag@CNF exhibits a capacity retention of up to 90% after 300 cycles at a capacity
of 1.5 mAh cm™ and an N/P ratio of 2. This study provides valuable insights into shortening
lithium ion diffusion pathways and optimizing diffusion kinetics, contributing to the
improvement of the safety and performance of lithium metal batteries.



2 Results and Discussion
2.1 Fabrication of Carbon Nanofiber Surface-Exposed with Active Center

Carbon nanofiber membranes (CNF) loaded with Ag nanoparticles (Ag@CNF) are prepared
using a combination of electrospinning and ion exchange methods, with the synthetic steps and
chemical flow diagram depicted in Figure 1a and Figure S1 (Supporting Information),
respectively. Initially, polyimide (PI) nanofiber membranes are fabricated through
electrospinning technology. Subsequently, the fiber membranes are surface-activated with
KOH, resulting in the cleavage of an amide bond to create anchoring sites for metal ions.[2’]
Following this, a cationic exchange is conducted using an aqueous solution of AgNOs3, allowing
Ag" ions to stably bind to the fibers. Finally, metal reduction is achieved through high-
temperature heat treatment, yielding a nanofiber with metal particles loaded on its surface. Due
to the unique 1D structure of the carbon fibers, radial diffusion of KOH is restricted. As the
reactant KOH is consumed, a natural concentration gradient forms in the radial plane of the
fibers, leading to an outward-to-inward particle growth pattern. As shown in Figure 1b, an
Ag@CNF electrode with an area of =120 cm? exhibits flexibility, allowing for folding and
rolling operations. Furthermore, it possesses a certain degree of tensile strength (Figure S2,
Supporting Information). Scanning electron microscope (SEM) images (Figure 1c; Figure S3,
Supporting Information) reveal continuous and uniform Ag@CNF fibers with a diameter of
~500 nm, and numerous nanoparticles are visible on their surfaces. The TEM image in
Figure 1d provides a more direct observation of the fibers being completely encapsulated by
nanoparticles. From the magnified view, it is evident that the nanoparticles have an average
size of =13.2 nm (Figure le). Furthermore, ultra-thin sectioning techniques are employed to
observe the fiber cross-sections. As shown in Figure 1f, the fibers are oriented perpendicular
to the viewing angle, exposing their cross-sections. It is clearly observed that the nanoparticles
are tightly dispersed along the outer surface of the fibers, exhibiting excellent orientation
distribution characteristics. The inset elemental mapping shows a perfect overlap of Ag
elements with the particles. Compared to the traditional one-step electrospinning method
(Ag/CNF), this approach exhibits distinct orientation characteristics on the surface and reduces
the occurrence of particle agglomeration (Figure S4, Supporting Information). Moreover, the
surface atomic concentration of Ag in Ag@CNF (0.83 at%) is 1.4 times higher than that in
Ag/CNF (0.59 at%) (Figure S5, Supporting Information), indicating superior surface exposure
of the active sites in Ag@CNF. This is attributed to the uniform imide bond binding sites
achieved through surface treatment. Additionally, the surface treatment also enhances the
substrate's adsorption capacity (Figure S6, Supporting Information). Moreover, high-resolution
TEM (HRTEM) image (Figure S7, Supporting Information) reveals a lattice spacing of
0.24 nm, corresponding to the (111) plane of cubic Ag. Lastly, energy-dispersive X-ray
spectroscopy (EDS) elemental mapping of a single Ag@CNF fiber (Figure 1g) demonstrats
the uniform distribution of C, N, O, and Ag elements within the microstructure.
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Figure 1. Schematic illustration of the fabrication process. a) Schematic illustration of the preparation
and lithium storage process of carbon nanofiber membranes with surface loaded Ag nanoparticles. b)
Photograph of the self-supporting fiber membrane, along with demonstrations of folding and rolling. c)
SEM, d) TEM, and ¢) HRTEM images of Ag@CNF, inset: particle size distribution histogram. f) Cross-
section TEM image of fibers, inset: Ag element mapping. g) Elemental mapping of Ag, C, N, and O in
a single fiber.

2.2 Research on Regulation of Mass Loading

This methodology also enables precise control over the loading amount and depth of the active
centers. The loading amount of active metallic elements can be regulated through the degree
of ring-opening by KOH. According to the law of mass action and the Arrhenius equation, the
primary parameters influencing the surface treatment depth are the concentration of KOH,
solution temperature, and reaction time. Control experiments are conducted to regulate these
three parameters, and the mass change is used as the basis for assessing the loading amount
(Table S1, Supporting Information). When the KOH concentration is 0.01 M, the reaction rate
is low, necessitating an increase in temperature to proceed. Conversely, when the concentration
is increased to 1 M, the reaction rate is excessively high, making it impractical to reliably
control the loading amount through time adjustments. A KOH concentration of 0.1 M and a
reaction temperature of 40 °C are determined to be the most suitable choices. Selected samples



with varying loading amounts are characterized using TEM, as shown in Figure S8 (Supporting
Information). It can be observed that precise control over the three aforementioned parameters
enabled the controllable loading of nanoparticles, ranging from sparse to dense. Furthermore,
samples prepared under these conditions with different reaction times (1, 2, and 5 h) are
characterized for their loading amounts. Initially, from the fiber microscopic images
(Figure 2a—c), it is evident that as the reaction time increases, the particles on the surface
change from faintly visible to clearly attached. Subsequently, from the ultrathin sectioning
samples (Figure 2d—f), it can be seen that while particles are fully grown both inside and outside
the fibers in Ag@CNF-5h, the particles in Ag@CNF-1h and Ag@CNF-2h samples exhibit
distinct distribution patterns, with all particles located on the outer surface of the fibers, and
the particle loading depths are 29 and 51 nm, respectively. Additionally, from the outer surface
of the fibers lying flat, it can be observed that the particles became denser and their sizes
increase.
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Figure 2. Study on loading modulations of carbon nanofiber membranes. a-c) TEM images and
corresponding d-f) ultrathin sectioning images of Ag@CNF prepared by treating with KOH solution
for a,d) 1, b,e) 2, and c,f) 5 h, respectively. g) XRD (grain size estimated by Scherrer formula), h) Ag
3d XPS, and i) TGA analysis graphs of carbon nanofibers with different mass loadings.

Through X-ray diffraction (XRD) characterization (Figure 2g), it is found that as the loading
amount increases, the grain size of the fibers increase with the degree of surface activation. An
increase in the Ag content on the fiber surface is observed in the X-ray photoelectron
spectroscopy (XPS) spectra (Figure 2h). Finally, thermogravimetric analysis (TGA) reveals
that the Ag loading amounts are 15.2, 22.2, and 49.1 wt% for the samples with reaction times



of 1, 2, and 5 h, respectively (Figure 2i). Notably, Ag@CNF-5h nearly reaches the maximum
loading capacity, but the internal particles had low utilization due to their long diffusion
distances. Moreover, loading a large number of metal particles make the fibers harder and
brittler, which is unfavorable for the extended application of self-supporting electrodes.
Compared to Ag@CNF-1h, the surface loading of Ag@CNF-2h is more sufficient and dense,
providing adequate nucleation sites. The one-step electrospinning method also enables the
preparation of fiber samples with various loadings by adjusting the proportion of salt precursors
in the spinning solution (Figures S9 and S10, Supporting Information). However, a higher salt
content elevates the difficulty of electrospinning and leads to particle agglomeration, which is
unfavorable for large-scale production. Moreover, due to the broad applicability of the ion
exchange method, it can load most metal elements in the periodic table (Figure S11, Supporting
Information).l?!l Therefore, depending on the application scenario, flexible customization of
loaded elements is possible, and multi-element co-loading can also be achieved. This method,
which combines electrospinning with ion exchange, achieves precise control over the active
loading within a broad range, demonstrating high flexibility and scalability.
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Figure 3. Surface chemical structure and morphological characterization of fiber membranes after
lithium activation. a) XPS spectra of lithium-activated Ag/CNF and b) Ag@CNF after deep etching at
0,10, 30, 60, and 120 s, including high-resolution XPS spectra of F 1s, Ag 3d, C 1s, Li 1s, and elemental
atomic content. Simulation results of ¢) concentration distribution and d) electric field distribution of
Ag/CNF (left) and Ag@CNF (right) anode in the state of deposited lithium metal.

2.3 Characterizations on Lithium Deposition

The structure of the SEI on the electrode surface and diffusion barriers are crucial for uniform
lithium deposition and stripping. When a thinner SEI with higher ionic conductivity forms on
the electrode surface, a lower interfacial resistance can be achieved, optimizing the uniform
deposition behavior of lithium.[??] First, the chemical structure of the SEI on the surface of



lithiated electrodes was investigated through depth-profiling XPS (Figure 3a,b). The F 1s
spectrum peaks at 685.3 and 688.8 eV can be deconvoluted into Li—F and C—F bonds,
respectively.[?*] LiF is recognized as an inorganic component with high ionic conductivity,
contributing to the formation of a more compact and stable SEI structure, which optimizes the
deposition/stripping process of lithium metal.”*) Both samples exhibit comparable LiF
components. However, the Ag@CNF samples show a reduced organic C—F component
internally, resulting in a lower total fluorine content compared to Ag/CNF. From the outer to
inner layers of Ag/CNF, the carbon-containing SEI component gradually decreases, while the
Li content significantly increases, suggesting an elevated inorganic component ratio
(Figure 3a). In contrast, the carbon content in Ag@CNF first decreases and then increases
(Figure 3b). Notably, when etched for more than 30 s, the C—C peak reappears and grows in
Ag@CNF, accompanied by the emergence of the corresponding Ag peak, indicating that the
etching has reached the fiber surface. In comparison, Ag/CNF only exhibits weak characteristic
peaks at 120 s. Despite the broad signal collection range of XPS, the results are statistically
significant, suggesting a thinner SEI thickness for Ag@CNF. Additionally, the Ag peak shifts
significantly compared to the elemental state, potentially due to the formation of an alloy
between Ag and Li.

Furthermore, the surface morphology of the SEI was observed using electron microscopy. As
shown in Figure S12a,b (Supporting Information), Ag@CNF exhibits a smoother SEI film,
while Ag/CNF presents a rough and cracked morphology. TEM images (Figure S12c,d,
Supporting Information) reveal that the SEI of Ag@CNF is only 30 nm thick, half that of
Ag/CNF, confirming depth-profiling XPS analysis. Therefore, as illustrated in the schematic,
both Ag@CNF and Ag/CNF possess abundant inorganic SEI components, but the Ag particles
on the surface of Ag@CNF preferentially alloy with Li, which is more favorable for the
deposition of lithium metal. Additionally, Ag@CNF has a thinner SEI layer. Generally, the
thickness of the SEI is controlled by the conductive properties of its components, with the
electrolyte being reduced to form the SEI layer on the anode surface until it becomes passivated
and prevents electrons from transferring from the anode to the electrolyte's lowest unoccupied
molecular orbital (LUMO).[2>] The special structure of Ag@CNF, with metal particles fully
loaded on its surface, provides favorable electron transport channels for the electrode (Figure
S13, Supporting Information), reducing the voltage drop due to ohmic polarization.?®! The
Ag@CNF with a higher work function exhibits an elevated Fermi level (Figure S14,
Supporting Information), thereby increasing the LUMO-Fermi level gap and enhancing the
strong adsorption of Li*. This widened energy gap suppresses electron tunneling through the
SEI and restricts the reduction reaction of the electrolyte, ultimately leading to the formation
of a thinner SEI layer.[?’]

Besides the modulation of the SEI structure, the short ion diffusion pathway constructed by the
anode with surface-exposed active centers regulated the lithium-ion diffusion behavior.
Microscopic modeling of both the anode with surface-exposed active centers and the anode
with uniformly distributed active centers internally was conducted using COMSOL
Multiphysics software (Figure S15, Supporting Information). Subsequently, simulations were
performed to analyze the distributions of ions and electric fields during the lithium deposition
process. The simulated concentration profiles reveal a distinct concentration gradient,
decreasing from the surface to the interior, for the anode with uniformly distributed active
centers internally, accompanied by a significant potential gradient (Figure 3c,d). This
observation is consistent with the early dendrite growth model described by the Sand's time
equation.[?!! Furthermore, metal lithium deposition was observed on both the outer and inner
particle surfaces, with a gradual decrease from the exterior to the interior. This phenomenon



can be attributed to concentration polarization. In contrast, the anode with surface-exposed
active centers exhibits uniform concentration and electric field distributions, which
significantly mitigated the effects of polarization. This can be attributed to the abundant
surface-active centers, which serve to lower the barrier for lithium metal deposition.
Consequently, lithium ions achieve stable and uniform deposition on the anode with surface-
exposed active centers, reducing their inward diffusion.
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Figure 4. Electrochemical and kinetic studies of lithium deposition. a) Lithium deposition profiles on
the self-supporting electrode, inset: a statistical plot of nucleation overpotential. b) Voltage profile of
GITT for the Ag@CNF electrode at 0.2 mA cm 2. ¢) Nyquist plot of in situ EIS during the discharge
process. d) DRT contour plot at different discharge stages. €) DRT plots of anode impedance tests at
various temperatures. f) Arrhenius plot illustrating the temperature dependence of the charge transfer
process. g) Schematic representation of SEI formation and lithium deposition on the self-supporting
electrode.
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Figure 4a displays the typical lithium deposition voltage profiles of Ag@CNF and Ag/CNF
electrodes at a current density of 1 mA c¢cm™2. Ag@CNF exhibits an exceptionally low
nucleation overpotential of 4 mV, outperforming the 8§ mV of Ag/CNF. Statistical analysis
further confirms consistent trends in multiple deposition results for both electrodes (inset in
Figure 4a). Subsequently, the kinetic evolution of SEI film formation and lithium nucleation
on the anode was investigated using galvanostatic intermittent titration technique (GITT)
combined with in situ electrochemical impedance spectroscopy (EIS). EIS measurements
(frequency range: 100 kHz to 0.1 Hz) were incorporated into the traditional GITT intervals,



followed by quantitative analysis of the variation in the anode's SEI film resistance (Rskr)
during discharge using the DRT method.!*’! Figure 4b shows the first-cycle discharge profile
of Ag@CNF, where Stage I corresponds to SEI formation, followed by Stage II for lithium
nucleation and growth. The in situ EIS results are presented in Figure 4c. The corresponding
Nyquist plot reveals an initial increase and subsequent decrease in the semicircle at high
frequencies, while the impedance at low frequencies decreases significantly with the reaction.
This trend is associated with the formation of the SEI film and lithium nucleation growth.

The DRT model serves as an effective tool for analyzing EIS data. It is based on the principle
of separating relaxation processes according to their respective time scales, and it operates
without the need for a specific physical model or equivalent circuit.l**! Figure S16 (Supporting
Information) presents a typical DRT plot during the discharge process of Ag@CNF. Four
peaks, denoted as 71, 12, 73, and 74, are observed within the time constant (t) range of 10710
s. To understand the discharge process, these peaks (71—4) need to be correlated with specific
processes. Typically, the 71 peak at =107 s is attributed to contact resistance, while the 72 peak
at 10~* s is due to the transport impedance of Li" ions across the SEI layer.[*!l The 73 and 74
peaks within the 103-107" s range are attributed to the charge transfer impedance (Rct) of the
electrode.’?! Solid-phase diffusion processes, with larger time constants (>107! s), generally
appear in the low-frequency region. However, DRT analysis cannot accurately resolve the low-
frequency region.*3] Moreover, since there is no significant solid-phase mass transfer process
observed, it is not considered here.

The DRT contour plot during the discharge process is shown in Figure 4d. Apart from the
initial electrode activation process, the 71, 73, and 74 peaks remain almost unchanged. In contrast,
the 72 peak exhibits repeated fluctuations, increasing and decreasing as the discharge stage
progresses. During Stage 1, as the potential gradually decreases, the film resistance increases
(Figure S17, Supporting Information), corresponding to the formation and thickening of the
SEI film. When the potential drops below 0 V, Ag particles in the system begin to induce Li*
deposition, resulting in a decrease in film resistance. This may be due to the deposition of
lithium metal under the SEI film, causing radial expansion of the fibers, which in turn reduces
the thickness of the SEI and leads to a decrease in film resistance.> 34 As the competition
between lithium deposition and electrolyte reduction reactions reaches equilibrium, the film
resistance returns to its previous level. The DRT analysis of the Ag/CNF discharge process
exhibits similar trends (Figure S18, Supporting Information). However, compared to
Ag@CNEF, it shows a larger film resistance, corresponding to its thicker SEI, consistent with
deep etching XPS analysis. Additionally, in the later stages of deposition, microshorts occur in
the battery, causing fluctuations in the EIS measurements, which were subsequently
terminated.

Furthermore, based on the temperature dependence of impedance spectroscopy, EIS tests were
conducted at different temperatures (25, 35, 45, and 55 °C) at the lithium nucleation potential
(Figure S19, Supporting Information).3%! It can be observed that the 2 peak decreases
significantly with increasing temperature, and the 74 peak also decreases (Figure 4e). The
impedance values were then quantified by fitting the peak areas. The activation energy for the
electrode charge transfer process was calculated using the Arrhenius law for the peaks
distributed =107! s (Figure 4f).[**] The activation energies for Ag@CNF and Ag/CNF are 29
and 35 kJ mol™!, respectively, revealing a 17% reduction in the energy barrier for Ag@CNF.
This significant difference originates from the synergistic effects of interfacial energy reduction
and electronic state modulation induced by surface-exposed Ag nanoparticles. Specifically, the
lithiophilic Ag nanoparticles preferentially adsorb Li* ions at the electrode/electrolyte



interface, weakening their solvation shells and lowering the desolvation energy barrier during
lithium nucleation. Furthermore, the in situ formation of Ag-Li alloy phases (evidenced by Li-
Ag bonding states at =367.9 eV in XPS analysis) stabilizes the interfacial environment and
reduces charge transfer resistance. These mechanisms enable the Ag@CNF electrode, enriched
with lithiophilic active centers, to promote the formation of a thin and stable SEI layer with
significantly reduced film resistance, thereby enhancing interfacial dynamics and cycling
stability. This shortens the diffusion distance of Li* ions, accelerates the charge transfer
process, thereby improving the kinetic transport performance of lithium ions and resulting in
excellent lithium metal storage properties (Figure 4g).

2.4 Electrochemical Performance of LI/Ag@CNF Anode

The electrochemical durability and reversibility of electrodes as lithium metal anodes were
initially evaluated using a symmetric cell configuration. The Li/Ag@CNF and Li/Ag/CNF
electrodes were pre-lithiated with 3 mAh cm™ of lithium on Ag@CNF and Ag/CNF,
respectively, at a current density of 1 mA c¢cm2. Figure 5a displays the voltage hysteresis of
symmetric cells during metal Li deposition and stripping of 1 mAh ¢m™2 capacity at a current
of 1mA cm™2. The Li/Ag@CNF symmetric cell exhibited the lowest overpotential and
exceptional cycling stability, lasting up to 1500 h. The minimum overpotential recorded for
Li/Ag@CNF was 12 mV, outperforming the 14 mV of Li/Ag/CNF. After 1500 h, an increase
in voltage polarization was observed for the Li/Ag@CNF symmetric cell, likely due to the
continuous depletion of active lithium and accumulation of inactive lithium, a phenomenon
that intensifies during prolonged cycling. However, this polarization increase confirms the
absence of false positives due to potential hard shorts in the long-term performance indicators,
as verified by post-cycling EIS (Figure S20a, Supporting Information).3”) In contrast, the
Li/Ag/CNF symmetric cell exhibited a progressively increasing voltage hysteresis after 800
cycles. Under the same current density and capacity conditions (Figure 5b), the Li||Ag@CNF
half-cell demonstrated a higher coulombic efficiency (CE) exceeding 98% over 400 cycles at
100% depth of discharge. In comparison, the Li||Ag/CNF half-cell had a cycle life of 250 cycles
with an average CE of =95%. The restoration of dead lithium generated in early cycles of
Li||Ag/CNF (Figure S21, Supporting Information), may provide a plausible explanation for the
ultimate Coulombic efficiency surpassing 100%. Even at a current density of up to 3 mA cm 2,
the voltage hysteresis of the Li/Ag@CNF symmetric cell remained stable for 400 h (Figure 5c¢),
significantly outperforming the Li/Ag/CNF (150 h). Magnified voltage profiles and EIS
(Figure S20b, Supporting Information) confirmed low electrochemical polarization (30 mV)
and stable cycling. Moreover, Ag@CNF maintains superior Coulombic efficiency and longer
cycle life even at high current densities (Figure S22, Supporting Information). Post-cycling
characterization (Figure S23, Supporting Information) revealed that the Ag nanoparticles
maintained a well-dispersed morphology, indicating remarkable structural stability.
Furthermore, Ag@CNF-2 h exhibits optimal cycling performance per unit mass of Ag
nanoparticles due to its maximized loading of surface-active particles, demonstrating superior
atomic utilization efficiency (Figure S24, Supporting Information). These results emphasize
that the Ag@CNF host significantly enhances the reversibility of lithium metal deposition and
stripping. This enhancement is particularly advantageous compared to other lithium metal
anode reports from the past four years (Figure 5d; Table S2, Supporting Information).
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Figure 5. Performance characterization of fiber membrane symmetric batteries. a) Voltage hysteresis
curves for lithium deposition/stripping in fiber membrane symmetric batteries at a current of 1 mA cm™>
and a capacity of 1 mAh cm 2 b) Coulombic efficiency of Li||fiber membrane half-cells at a current
density of 1 mA cm 2 and a deposition capacity of 1 mAh cm™. c) Voltage hysteresis for lithium
deposition/stripping in fiber membrane symmetric batteries at a current of 3 mA cm ™ and a capacity of
1 mAh cm 2. d) Comparison of electrochemical performance among lithium metal symmetric batteries.
e) Rate performance. f) Tafel plots obtained from cyclic voltammetry tests of symmetric batteries at a
scan rate of 1.0 mV s .

The rate performance of the symmetric cells was further evaluated by conducting
deposition/stripping tests at different current densities with a capacity of 1 mAh cm™
(Figure 5e). Specifically, the Li/Ag@CNF symmetric cell exhibited stable voltage polarization
of 11, 21, 33, 38, and 41 mV at 1, 2, 3, 5, and 10 mA cm 2, respectively. In contrast, the
polarization of the Li/Ag/CNF symmetric cell increased significantly with increasing rate, due
to their higher lithium diffusion barriers. The reaction kinetics at the interface of the lithophilic
host electrode were further investigated using Tafel plots.l*®! The exchange current density (jo)
of the Li/Ag@CNF symmetric cell was 9.89 mA cm2, as shown in Figure 5f and Figure S25
(Supporting Information), exceeding that of Li/Ag/CNF (4.98 mA cm2). This finding indicates
a significant enhancement in charge transfer capability at the electrode/electrolyte interface in
the Li/Ag@CNF symmetric cell, attributed to the abundant active centers on the surface, which
shorten the diffusion distance of lithium ions and thus improve electrode reaction kinetics.
Overall, these results highlight that the active surface-exposed structural host significantly
improves lithium deposition/stripping overpotential and enhances the stability of symmetric
cells.
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To validate the feasibility of Ag@CNF electrodes in lithium metal batteries, they were paired
with commercial LiFePO4 (LFP) cathodes to assess their potential application value in full
cells. Cathodes with a capacity of 1.5 mAh cm™2 are paired with self-supporting anodes pre-
deposited with 3 mAh ¢m™ of metallic lithium to achieve an N/P ratio of 2. As shown in
Figure 6a, the LFP||Li/Ag@CNF full cell exhibited a high initial discharge capacity of 137
mAh g !at 1C (1C =170 mA g!) with a capacity retention rate of 90% after 300 cycles. The
coulombic efficiency of the battery electrodes remained stable at ~99.7% throughout the
cycling process. In contrast, the performance of LFP||Li/Ag/CNF declined significantly after
200 cycles, primarily due to the accumulation of inactive lithium on the anode surface, leading
to a sudden drop in full-cell performance. A comparison of the full-cell voltage-capacity curves
in Figure 6b revealed that the performance of the LFP||Li/Ag@CNF cell (with an overpotential
of 125 mV) was superior to that of LFP||Li/Ag/CNF (144 mV). This advantage may be
attributed to the shorter diffusion distance of lithium ions. When a larger cathode loading (2
mAh c¢cm™) and a lower N/P ratio (N/P = 1) were employed (Figure 6¢), the cycling
performance of the LFP||Li/Ag@CNF cell (120 cycles) remained superior to that of the
LFP||Li/Ag/CNF cell (90 cycles).
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Figure 6. Performance characterization of fiber membrane full batteries. a) Long-term cycling
performance of self-supporting anode-matched LiFePO, full batteries with a capacity of 1.5 mAh cm™>
at 1C, along with b) the corresponding first-cycle voltage profile. ¢) Long-term cycling performance of
LiFePO, full batteries with N/P = 1 at a capacity of 2 mAh cm % d) Rate performance and e)
corresponding charge—discharge profiles. f) Comparison of electrochemical performance among
LFP||Li full batteries (The number in parentheses represents energy density, unit: Wh kg™'). g) A
statistical plot of voltage hysteresis derived from CV curves. h) Charge—discharge curve of
LiFePO4/|Li/Ag@CNF pouch battery at 45 mA, inset: schematic diagram of the internal structure of
bipolar stacked pouch battery. i) The photograph of an LED electronic badge powered by pouch cell.
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Furthermore, rate performance tests were conducted at various current densities (Figure 6d).
When the current densities were 0.2C, 0.3C, 0.5C, 1C, and 2C, the specific capacities of the
LFP||Li/Ag@CNEF cell were 150, 149, 147, 139, and 126 mAh g™!, respectively, demonstrating
good rate performance. The amplified charge—discharge curves (Figure 6e) showed that the
voltage difference increased from 54 to 172 mV. Remarkably, LFP||Li/Ag@CNF exhibits
excellent cycling stability even at a high rate of 5C (Figure S26, Supporting Information). As
expected, LFP||Li/Ag/CNF, with encapsulated active centers, was inferior at all current
densities, especially at 2C with a capacity of only 119 mAh g'. This may be due to the
electrochemical polarization caused by the overpotential of lithium deposition on the anode
and hindered lithium-ion diffusion in the electrodes, which exacerbated concentration
polarization and limited capacity release. Compared to previously reported LFP-based full
cells, the LFP||Li/Ag@CNF full cell exhibited excellent cycling stability and high specific
energy (Figure 6f; Table S3, Supporting Information). In particular, it achieved an energy
density of up to 424 Wh kg!, attributed to the exceptional lithium-ion diffusion performance
of the Li/Ag@CNF anode and the lower N/P ratio of the full cell.

To visually demonstrate the positive effects of surface activity exposure in full cells, further
investigation into the relevant kinetic mechanisms was conducted. Figure S27a (Supporting
Information) presents the cyclic voltammetry (CV) plots of LFP||Li/Ag@CNF at different scan
rates. Typical redox peak pairs of LFP can be observed, with larger peak shifts as the scan rate
increases. Compared to LFP||Li/Ag/CNF, the full cell of LFP||Li/Ag@CNF exhibits stronger
redox peak intensities (Figure S27b, Supporting Information). The quantization of current peak
positions in the CV plots is shown in Figure 6g. It can be seen that LFP||Li/Ag@CNF has the
smaller voltage hysteresis, for instance, with a hysteresis of only 659 mV at 1.0 mV s/,
compared to 734 mV for LFP||Li/Ag/CNF. The lower polarization degree of LFP||Li/Ag@CNF
can be attributed to the shorter diffusion distance of lithium ions and the faster
deposition/dissolution rate of lithium metal at the anode. GITT also indicates that the apparent
lithium-ion diffusion coefficient (DLi") of the LFP|Li/Ag@CNF full cell is enhanced by 40%
(Figure S28, Supporting Information). These observations suggest that the Ag@CNF anode
enriched on the surface of the active centers facilitates lithium-ion diffusion and transport more
effectively.

To broaden the practical applications of electrospun fiber membranes, a bipolar stacking
structure was employed for assembling pouch cells.**] The schematic illustration of the internal
structure of the assembled pouch cell is depicted in the inset of Figure 6h. Thanks to this
structure, as evidenced by the charge—discharge curves, the pouch cell achieves a high voltage
of 6.5 V and successfully powers an electronic badge (Figure 61). These results indicate that
nanofibers enriched with active centers on their surfaces can effectively improve lithium-ion
diffusion efficiency, and high lithophilic Ag nanoparticles induce uniform lithium
deposition/stripping, ultimately yielding excellent electrochemical performance in lithium
metal batteries.

3 Conclusion

In summary, a 3D host with an effectively exposed active center is proposed, which facilitates
uniform lithium ion diffusion and deposition, significantly enhancing the performance of
lithium metal batteries. Carbon nanofibers loaded with silver nanoparticles (Ag@CNF) are
successfully synthesized by integrating electrospinning with an ion exchange method.
Compared to active sites encapsulated within nanofibers, Ag@CNF significantly reduces the
diffusion distance of lithium ions, resulting in decreased nucleation overpotential and uniform
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lithium ion diffusion and deposition. Thanks to this structure, not only is the thickness of the
solid electrolyte interphase layer of the electrode significantly reduced, but the charge transfer
resistance is also decreased. Specifically, LiFePOs||[Li/Ag@CNF maintains a high capacity
retention of up to 90% after 300 cycles under high-capacity conditions of 1.5 mAh cm™ and a
full-cell test with an N/P ratio of 2. Furthermore, the self-supporting, binder-free electrodes
successfully facilitate the construction of bipolar stacked pouch cells. This promising strategy
for constructing 3D hosts with effective active exposure provides valuable experience and
insights for achieving safe and efficient lithium metal batteries.
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