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Interfacial Chemistry and Lithiophilicity Design for High
Energy Hybrid Li-Ion/Metal Batteries in a Wide Temperature
Range

Taiyu Lyu, Meina Huang, Jinping Xu, Xin Lin, Xin Xiao, Lizhe Liang,* Cheng Zhang,
Dechao Wang, and Zhifeng Zheng*

Hybrid Li-ion/metal batteries can optimize energy density and lifespan.
However, hybrid batteries face key obstacles like poor Li reversibility and
dendrite growth. Herein, carbon nanofibers encapsulated by graphitized layers
decorated with uniformly distributed Ag nanoparticles (G-CF-Ag) are designed,
and interfacial chemistry is regulated to enhance the performance of hybrid
batteries. The Csp2 carbon structure in graphitized layers effectively reduces
side reactions with electrolytes, and Ag nanoparticles improve lithiophilicity
and induce uniform Li plating/stripping. A weakly solvated electrolyte
of 1m LiFSI-THF-0.5wt.%LiNO3 induces interfacial chemistry to achieve rapid
transport of Li-ions under fast charging conditions and low temperatures.
Consequently, with a high-capacity Li deposition of 500 mA h g−1 (≈1.25
mA h cm−2), the G-CF-Ag||Li delivers an ultra-high plateau capacity of 716 mA
h g−1 at voltages below 0.1V at 0.2 C, and maintains an average CE of 99.1%
over 150 cycles at 2 C fast charging. Notably, the cell continues to operate
stably even in a wide temperature range from 50°C to -20°C. Furthermore,
at an ultra-low N/P ratio of 0.3, the G-CF-Ag||NCM811 provides a high energy
density of 587.5 W h kg−1 at 0.2 C. At the same N/P ratio, the G-CF-Ag||LFP
maintains stable cycling in a wide temperature range from 50°C to -20°C.
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1. Introduction

Traditional Li-ion batteries (LIBs) have
played a crucial role in portable electronic
devices, electric vehicles, and the field of
energy storage.[1,2] Nevertheless, traditional
LIBs fall short in meeting the demands of
high energy density and operation under
extreme conditions (e.g. wide temperature
range and fast charging) that are crucial
for extending the operating range and
cold regions of electric vehicles, portable
electronics, and large-scale energy storage
systems without significantly increasing
the size and weight of the battery packs.
The Li metal anode is among the most
desirable anodes for high energy density
LIBs because it possesses several advan-
tages, including a low density of 0.53 g
cm−3, a high theoretical specific capacity
of 3860 mA h g−1, and an extremely low
standard reduction potential (−3.04 V).[3,4]

However, issues such as low Coulom-
bic efficiency (CE) and Li dendrites have
severely hampered its development.[5,6]

Carbon material, as a Li metal anode substrate, can be used
to fabricate carbon/Li metal composite anode to enhance aver-
age CE and inhibit Li dendrite growth.[4,7] However, with a low
N/P (Li metal/cathode) ratio, Li metal batteries (LMBs) struggle
to maintain a long-term life for hundreds of cycles.[8,9] Hybrid
Li-ion/metal batteries (LIB/LMBs) are a new solution that uses
less carbon (carbon anode/cathode<1) as the Li-free anode for
Li-ion/metal storage mechanism and has a higher energy den-
sity than traditional LIBs using carbon anode and LMBs using
carbon/Li composite anode (detail in Figure 6a).[10–12] Addition-
ally, hybrid LIB/LMBs reduce cost (less carbon) and avoid harsh
environmental requirements for preparing carbon/Li compos-
ite anode or Li anode for high energy LMBs.[13,14] However, the
Li-ion storage capacity of carbon substrates is restricted, espe-
cially in terms of the low-potential capacity within the voltage
range of 0–0.1 V. This inevitably leads to a substantial quan-
tity of Li metal participating in the reaction, thereby accelerating
its consumption during repeated Li plating/stripping of hybrid
LIB/LMBs.[15–17]

In recent years, electrolyte design has been vital for improving
the stability and low-potential capacity of hybrid LIB/LMBs. Our
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group has reported anion-dominated weakly solvated electrolytes
that crucially endow carbon anodes with an ultra-high low-
potential capacity and a high average CE.[10] The pre-cycled car-
bon film anodes can exhibit long-term cycling stability over 1000
cycles in hybrid LIB/LMBs full cell. Subsequently, we enhanced
the initial Coulombic efficiency (ICE) of the carbon nanofibers
film in hybrid LIB/LMBs by designing carbon nanofibers encap-
sulated by graphitized layers.[18] When fully discharged to 0 V
and further plating 300 mA h g−1 Li, the hybrid battery demon-
strated a high ICE and excellent long-term cycling stability. Up
to now, there are reports on designing carbon substrates for hy-
brid LIB/LMBs, but few have focused on batteries with high Li
metal loading (≥500 mA h g−1 Li) due to low average CE.[19]

Therefore, it is essential to develop high energy hybrid LIB/LMBs
with high Li loading (carbon anode/cathode <0.5 and plating
Li ≥500 mA h g−1) capable of operating under extreme condi-
tions such as wide temperature range and fast charging. Addi-
tionally, it is also important to investigate their energy density and
systematically compare it with that of traditional LIBs and LMBs
utilizing carbon/Li metal composite anodes. These findings can
guide the rational design of hybrid LIB/LMBs or LMBs using car-
bon substrate to achieve higher energy density.

For these reasons, we collaboratively designed carbon
nanofibers encapsulated by graphitized layers decorated with
uniformly distributed Ag nanoparticles (G-CF-Ag) through a
two-step flash Joule heating (FJH) method and regulated in-
terfacial chemistry to enhance the performance of the hybrid
battery. The Csp2 carbon structure in graphitized layers effectively
reduces side reactions with the electrolyte, and Ag nanoparticles
enhance lithiophilicity and induce uniform Li plating/stripping.
A weakly solvated electrolyte of 1M LiFSI-THF-0.5 wt.%LiNO3
induces interfacial chemistry to achieve rapid transport of
Li-ions. Consequently, under a high-capacity Li deposition of
500 mA h/g (1.25 mA h cm−2), the G-CF-Ag||Li achieves a high
ICE of 82.2%, an ultra-high plateau capacity, and excellent rate
performance. The G-CF-Ag||Li maintains an average CE of
99.1% over 150 cycles at 2 C fast charging, and operates stably
even in a wide temperature range from 50°C to −20°C. Further-
more, at an ultra-low N/P ratio of 0.3, the G-CF-Ag||NCM811
delivers a high discharge capacity of 937.6 mA h g−1 and higher
energy density of 587.5 W h kg−1 compared with LIBs and LMBs
models at 0.2 C. At the same N/P ratio, the G-CF-Ag||LFP full cell
maintains stable cycling in a wide temperature range from 50°C
to −20°C. These lithophilic heterogeneous carbon nanofibers
and interfacial chemistry design pave a revolutionary path for
Li-free anodes for high energy hybrid LIB/LMBs or for carbon/Li
composite anode for LMBs.

2. Results and Discussion

2.1. Fabrication and Characterization

Figure 1a intuitively presents the preparation process of G-CF-
Ag. In detail, first, carbon nanofibers (CF) film precursor was
prepared using the electrospinning method with lignin pheno-
lic resin.[9] Subsequently, the CF precursor was carbonized in a
tube furnace for 2 h to obtain the CF. Second, the CF was sub-
jected to FJH at 1200°C for 5 s. Finally, 0.8 mL of silver acetate
solution was uniformly added to the carbon film (after FJH at

1200°C for 5 s) in an infrared dryer, and then FJH at 800 °C
for 1 s was performed to fabricate the G-CF-Ag. As a compar-
ison, the carbon nanofibers encapsulated by graphitized layers
(G-CF) were obtained by directly heating CF with FJH at 1200 °C
for 5 s and 800 °C for 1 s again. Scanning electron microscope
(SEM) images show that the CF, G-CF, and G-CF-Ag are self-
supporting carbon films composed of overlapping networks of
nanofibers (Figure 1b–e; Figure S1, Supporting Information).
Such carbon film electrodes are beneficial for electron transport
and the infiltration of electrolytes.[18] The internal space of carbon
films is conducive to avoiding volume expansion caused during
Li deposition.[20,21] The CF and G-CF present a smooth surface
(Figure 1b,c; Figure S1, Supporting Information). In contrast, the
G-CF-Ag shows nanoparticles uniformly distributed on the sur-
face of nanofibers (Figure 1d,e). Furthermore, transmission elec-
tron microscopy (TEM) images further confirm the uniformly
distributed nanoparticles on the nanofiber surface correspond-
ing to Ag nanoparticles, and the size of Ag nanoparticles ranges
from 3.1 to 12.2 nm (Figure 1f,g; Figure S2, Supporting Infor-
mation). Besides, the nanofibers are encapsulated by graphitized
layers (Figure 1h). In contrast, the CF belongs to a typical amor-
phous carbon structure (Figure S3, Supporting Information). En-
ergy dispersive X-ray spectroscopy (EDS) images show that the
G-CF-Ag contains C, O, and Ag elements, which are uniformly
distributed on the surface of nanofibers (Figure 1i,i1–i3).

The XRD spectra can reflect the crystal structure of carbon
films. In Figure 2a, the two broad peaks at ≈24° and 44° indi-
cate that the CF and G-CF are of hard carbon structure.[22] In
addition to these two broad peaks, the G-CF-Ag also shows four
sharp peaks corresponding to the Ag phase (PDF#00-004-0783).
We further employed XPS to analyze the surface compositions
of CF, G-CF, and G-CF-Ag. As shown in Figure 2b and Table
S1 (Supporting Information), the surface of CF is comprised of
91.2% C atom and 8.8% O atom. In contrast, after FJH treat-
ment, the G-CF exhibits a significantly higher C content of 97.9%
and a reduced O content of 2.1%. Similar to G-CF, the G-CF-
Ag also exhibits significantly higher C content of 97.0%, O con-
tent of 2.0%, and Ag content of 1.0%. The significant differences
in the C, O, and Ag components are reflected in the C 1s, O
1s, and Ag 3d spectra. Unlike CF with a low proportion of Csp2
and a high proportion of Csp3 structure, both G-CF and G-CF-
Ag feature a higher proportion of Csp2 and a lower proportion
of Csp3 structure (Figure 2c).[23] The Csp2 structure can reduce
the decomposition of electrolytes, resulting in higher ICE of the
batteries.[18] The O 1s of G-CF and G-CF-Ag exhibit a lower O
atomic ratio and no component of COOH compared to that of CF
(Figure 2d).[24,25] According to Ag 3d analysis (Figure 2e), it can
be concluded that the FJH treatment yields Ag0 component.[26,27]

The Csp2 structure and Ag nanoparticles modification of carbon
nanofibers can enhance the conductivity of G-CF-Ag (Figure 2f).
However, although the Csp2 structure can enhance ICE, it makes
the G-CF hydrophobic (Figure 2g). Therefore, the introduction of
Ag nanoparticles on G-CF can ensure high ICE and greatly im-
prove the hydrophilicity of G-CF-Ag electrode. From N2 adsorp-
tion/desorption isotherms and pore width distribution, the CF
has a specific surface area of 12.1 m2 g−1 (Figure 2h). After FJH
treatment, the specific surface areas of G-CF and G-CF-Ag are 7.4
and 6.5 m2 g−1, respectively. Carbon films after FJH treatment
can form surface graphitized layers and reduce specific surface
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Figure 1. a) Schematic diagram for fabricating the G-CF-Ag. SEM images of the b,c) G-CF and d,e) G-CF-Ag. f) TEM image of the G-CF-Ag. High-
resolution TEM images of g) Ag nanoparticle and h) graphitized layers in the G-CF-Ag. i–i3) EDS images of the G-CF-Ag.

area and pore volume (Figure 2i), effectively reducing the side re-
actions between carbon films and electrolytes, thereby achieving
higher ICE.

Theoretical calculations further emphasize the role of Ag
nanoparticles in enhancing the lithophilicity of the G-CF-Ag sub-
strate. As presented in Figure 2j,k, the calculated adsorption en-
ergies (Eb) for Li-ions on graphene and Ag (111) are −1.33 and
−2.06 eV, respectively. These findings reveal that Ag nanoparti-
cles significantly improve lithophilicity, facilitating the preferen-
tial nucleation and growth of Li-ions at nucleophilic sites, which
promotes uniform Li plating/stripping behavior.

2.2. Electrochemical Performance

The electrochemical performance of carbon film electrodes, fea-
turing distinct surface characteristics and embedded Ag nanopar-

ticles, was assessed for hybrid Li-ion/metal storage across var-
ious electrolytes in a wide temperature range. This evaluation
of hybrid Li-ion/metal storage was conducted through a stan-
dard full discharge to 0 V, followed by the plating of 500 mA
h g−1 Li (≈1.25 mA h/cm2 Li) at a voltage below 0 V. The ICE,
rate performance and average CE are key parameters for evalu-
ating hybrid batteries. As shown in Figure 3a–c, we first evalu-
ated the ICE of different carbon film electrodes in hybrid stor-
age. In LiFSI-THF-LNO electrolyte, the ICE of CF||Li is 70.8%
at 0.2 C (1C = 500 mA h g−1), indicating that the surface de-
fects of hard carbon cause serious side reactions with the elec-
trolyte, resulting in a low ICE (Figure 3a). The encapsulation of
graphitized layers endows the G-CF||Li with ICE of 76.4% (Figure
S4, Supporting Information). This is mainly due to the high Csp2
component of graphitized layers can reduce the reduction of the
electrolyte, which is consistent with the results of Cyclic Voltam-
metry (CV) analysis (Figure S5, Supporting Information).[18]
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Figure 2. a) XRD spectra. b) XPS, c) C 1s, d) O 1s, and e) Ag 3d of carbon films. f) The electrical resistivities of CF, G-CF, and G-CF-Ag. g) Contact angles
between water and carbon films. h) N2 adsorption/desorption isotherms and corresponding i) pore width distribution of carbon films. Adsorption energy
(blue is positive, yellow is negative) and electron charge difference analysis of Li-ion on j) graphene and k) Ag (111).

The G-CF-Ag||Li provides the highest ICE of 82.2% (Figure 3b),
mainly due to the synergistic effect of encapsulation of graphi-
tized layers and uniformly distributed Ag nanoparticles. The for-
mer reduces the reduction of electrolytes, while the latter im-
proves the reversibility of Li plating/stripping (Figure S5, Sup-
porting Information). In LiPF6-EC-EMC-VC electrolyte, the G-
CF-Ag||Li only yields an ICE of 75.4% (Figure 3c). This rela-

tively lower ICE can be attributed to the greater reduction of or-
ganic components in ester-based electrolytes during the forma-
tion of the solid electrolyte interphase (SEI) layers, compared to
the ether-based electrolyte of LiFSI-THF-LNO (detailed discus-
sion in Section 2.3). In addition to the improvement of the ICE,
the rate performance results also indicate that the G-CF-Ag||Li
(LiFSI-THF-LNO) obtains the highest discharge specific capacity
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Figure 3. In LiFSI-THF-LNO electrolyte, the 1st charge/discharge curves of a) CF||Li and b) G-CF-Ag||Li at 0.2 C. c) In LiPF6-EC-EMC-VC electrolyte,
the 1st charge/discharge curves of G-CF-Ag||Li. d) Rate performance. In LiFSI-THF-LNO electrolyte, e) the 5th cycle discharge curves (−0.05–0.2V) of
G-CF-Ag||Li at different current densities, f) corresponding to the slope capacity (2.5–0.1 V), low-potential capacity (0.1–0 V), and plating 500 mA h g−1

Li (<0 V). The average CE at g) 2 C at 25°C, h) 2 C at 0°C, i) 0.5 C at −20°C, and j) 2 C at 50°C.

and average CE (within 10 cycles). The G-CF-Ag||Li provides aver-
age discharge specific capacities of 863.6, 828.8, 769.8, and 711.0
mA h g−1 within 10 cycles at current densities of 0.2, 0.5, 1, and
2 C (Figure 3d), respectively. At the 5th cycle discharge curves of
each current density, the G-CF-Ag||Li provides low-potential ca-

pacities of 216, 180, 127, and 84 mA h g−1 (Figure 3e,f; Figure
S6, Supporting Information). That is to say, at voltages less than
0.1V (0–0.1V and plating 500 mA h g−1 Li), the G-CF-Ag electrode
provides ultra-high capacities of 716, 680, 627, and 584 mA h g−1

at current densities of 0.2, 0.5, 1, and 2 C, respectively. This is
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unprecedented for carbon-based materials and will greatly in-
crease the energy density of the full cell.

The stability of carbon film electrodes with different sur-
face characteristics in hybrid Li-ion/metal storage was assessed
through long-term cycling stability tests at fast charging and in
a wide temperature range. As presented in Figure 3g and Figure
S7 (Supporting Information), in LiFSI-THF-LNO electrolyte, the
G-CF-Ag||Li can achieve an average CE of 99.1% and a high ca-
pacity over 700 mA h g−1 within 150 cycles at 2 C fast charging
at 25°C. In contrast, the CF||Li and G-CF||Li cells only achieve
average CEs of 97.9% and 98.6% within 100 cycles at 2 C, respec-
tively. In LiPF6-EC-EMC-VC electrolyte, the G-CF-Ag||Li only of-
fers an average CE of 94.9% within 100 cycles at 2 C at 25°C. In
LiFSI-THF-LNO electrolyte, the G-CF-Ag||Li achieves a peak av-
erage CE of 98.6% and a high capacity over 650 mA h g−1 within
100 cycles at 2 C fast charging at 0°C (Figure 3h; Figure S8, Sup-
porting Information). However, the CF||Li, G-CF||Li, G-CF-Ag||Li
(LiPF6-EC-EMC-VC) cells fail after stabilizing for only 60 cycles,
60 cycles, and 30 cycles, respectively. Even under extreme condi-
tions of −20°C, the G-CF-Ag||Li still operates stably and provides
the best average CE of 98.0% and a high capacity over 600 mA h
g−1 compared to the CF||Li and G-CF||Li using LiFSI-THF-LNO
electrolyte (Figure 3i; Figure S9, Supporting Information). Con-
versely, in LiPF6-EC-EMC-VC electrolyte, the G-CF-Ag||Li only cy-
cles 5 times and rapidly fails. Furthermore, at 50°C, the G-CF-
Ag||Li (LiFSI-THF-LNO) also provides an average CE of 99.1%
and a high capacity over 700 mA h g−1 within 150 cycles at 2
C (Figure 3j; Figure S10, Supporting Information). The stabil-
ity test further confirms that the incorporation of Ag nanopar-
ticles and graphitized layers encapsulated on carbon nanofibers
enhances reversibility under the condition of large-amount Li de-
position. Additionally, the LiFSI-THF-LNO electrolyte is found
to be more compatible with carbon film electrodes in hybrid
LIB/LMBs compared to the LiPF6-EC-EMC-VC electrolyte. Un-
der lithiophilicity design and selection of suitable electrolytes, the
G-CF-Ag substrate exhibits better long-term cycling performance
than reported carbon substrates under extreme conditions (Table
S2, Supporting Information).

Observing the morphological changes during or after Li plat-
ing/stripping can further reflect the differences in long-term
cyclic stability.[28,29] As presented in Figure 4, in LiFSI-THF-
LNO electrolyte, SEM images present the G-CF-Ag electrode’s
morphological evolution during hybrid Li-ion/metal storage be-
havior. The initial G-CF-Ag electrode shows networks of inter-
twined nanofibers with uniformly distributed Ag nanoparticles
(Figure 4a). As the electrode is discharged to 0 V, the nanofiber
surface remains smooth despite the formation of SEI layers from
the interaction between the nanofiber surface and the electrolyte
(Figure 4b). When 500 mA h g−1 Li was gradually deposited on
the G-CF-Ag electrode below 0 V, Li uniformly nucleated, grew,
and coated the nanofiber surface (Figure 4c–e). No dendritic Li
was observed. Meanwhile, compared to the initial cross-section,
the cross-section of the carbon film also experienced only 102%
expansion after depositing 500 mA h g−1 Li (Figure S11, Sup-
porting Information), which indicates that the space inside the
carbon film can accommodate the deposition of Li metal, thereby
reducing volume expansion. During the stripping and charging
to 2.5 V, the deposited Li on the nanofibers can be reversibly re-
moved, restoring the smooth nanofiber surface (Figure 4f–h). In

situ optical microscopy was also employed to monitor the mor-
phological evolution of Li plating/stripping on the G-CF-Ag elec-
trode at 0.5 mA cm−2. Consistent with the results of SEM images,
the microscopic analysis revealed dendrite-free Li throughout all
observed stages (Figure 4i–l). Furthermore, after 50 cycles at 2 C,
the evolution of electrode morphologies indicates reversibility.[10]

The G-CF-Ag electrode presents a small amount of “dead Li” on
the nanofibers surface (Figure 4o), whereas the G-CF electrode
exhibits a significant increase in “dead Li” (Figure 4n), and the
CF electrode has the highest accumulation (Figure 4m) in LiFSI-
THF-LNO electrolyte system. This confirms that the G-CF-Ag
electrode demonstrates the best reversible Li plating/stripping
that is consistent with the stability test results. In the LiPF6-EC-
EMC-VC electrolyte system, it was observed that the gaps be-
tween the nanofibers of the G-CF-Ag electrode were filled with
“dead Li” and Li dendrites (Figure 4p). This further demon-
strates that the LiFSI-THF-LNO electrolyte has greater compat-
ibility with carbon film electrodes in hybrid LIB/LMBs than the
LiPF6-EC-EMC-VC electrolyte. Figure 4q shows the simplified vi-
sualization image of reversible Li-ion/metal storage in the G-CF-
Ag electrode using LiFSI-THF-LNO electrolyte. The graphitized
layers effectively reduce electrolyte side reactions, and Li-ions can
be stored in the nanofibers. As Li deposition starts, Ag nanopar-
ticles induce Li to gradually and uniformly deposit and grow on
the nanofiber’s surface. Subsequently, the deposited Li can be re-
versibly stripped.

2.3. Interfacial Chemistry

We can easily understand that introducing uniformly distributed
lithiophilic Ag nanoparticles can significantly improve the re-
versibility of hybrid Li-ion/metal storage.[26] The notable differ-
ence in electrochemical performance of the G-CF-Ag between the
two electrolytes prompts us to further investigate the interfacial
chemistry between the electrolytes and the electrode. The XPS
depth sputtering was conducted to reveal the SEI layers compo-
sition of G-CF-Ag electrodes after 5 cycles in LiPF6-EC-EMC-VC
and LiFSI-THF-LNO electrolytes. In LiFSI-THF-LNO electrolyte,
the SEI layers of G-CF-Ag electrode contain C, N, O, S, F, and
Li elements in different depth sputtering (Figure 5a). In LiPF6-
EC-EMC-VC electrolyte, the electrodes’ SEI layers contain C, O,
F, P, and Li elements in different depth sputtering (Figure 5b).
From N 1s spectra, the main components Li3N and LiNxOy are
uniformly distributed in the SEI layers of G-CF-Ag electrode in
LiFSI-THF-LNO electrolyte (Figure 5c).[10,30,31] The atomic ratios
of N are 3.0%, 2.1%, and 1.8% at etching times of 0 s, 35 s,
and 70 s, respectively. For F 1s spectra, the electrode’s main sur-
face components are LiF and S-F (Figure 5d),[32–34] but with in-
creasing etching time, the main component is LiF in LiFSI-THF-
LNO electrolyte. The uniform distribution of Li3N and LiF en-
hances the SEI layer’s ion conductivity and mechanical proper-
ties, effectively minimizing Li dendrite formation and enhanc-
ing the reversibility of Li plating/stripping.[10] The LiPF6-EC-
EMC-VC, classified as an ester electrolyte, primarily exhibits a
solvation structure involving Li, EC, and EMC.[10] The PF6

– an-
ion has limited participation in this solvation structure, lead-
ing to a large reduction of Li-EC/EMC and free PF6

– during the
formation of the SEI layers.[35] Therefore, for F 1s spectra, the
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Figure 4. SEM images of the G-CF-Ag electrode at a) the initial state, b) discharged to 0 V, and further plating c) 100 mA h g−1 Li, d) 300 mA h g−1 Li,
and e) 500 mA h g−1 Li below 0 V. Then stripping f) 200 mA h g−1 Li, g) 500 mA h g−1 Li, h) full charge to 2.5 V again in LiFSI-THF-LNO electrolyte. In
situ optical microscope images of the morphology evolution of G-CF-Ag electrode after plating Li i) 0 min and j) 240 min, and stripping Li k) 120 min
and l) 240 min under 0.5 mA cm−2. SEM images of m) CF, n) G-CF, and o) G-CF-Ag electrodes after 50 cycles in LiFSI-THF-LNO electrolyte. p) SEM
image of G-CF-Ag electrode after 50 cycles in LiPF6-EC-EMC-VC electrolyte. q) Schematic diagram of hybrid Li-ion/metal storage behavior of the G-CF-Ag
electrode in LiFSI-THF-LNO electrolyte.

electrode’s components are LiF, LixPOyFz, and LixPFy (Figure
S12a, Supporting Information).[36] For P 2p spectra, the elec-
trode’s components are LixPOyFz, LixPFy, P-O (Figure S12b, Sup-
porting Information).[37,38] The presence of LixPOyFz, LixPFy, and
more organic components will thicken the SEI layers, reducing
the SEI layers’ ion conductivity and mechanical strength, thereby
impacting electrochemical performance.

High-sensitivity time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) was further employed to reflect the components
and distribution at the interface of G-CF-Ag/electrolytes after
5 cycles. Representative secondary ion fragments (i.e., CH3O–,
LiF–, PF6

–, and PO2F2
-) were chosen to analyze the decom-

position components of the G-CF-Ag electrode/electrolyte

interface (Figure 5e,f). The LiF– represents inorganic LiF
obtained through LiFSI or LiPF6 decomposition.[39] The
CH3O– is used to indicate the presence of solvent decom-
position and derived substances.[36] The PO2F2

– reflects
PF6

- decomposition.[40] As shown in Figure 5g,h, the 3D-
rendering images regarding the differences in component
content and distribution of CH3O– suggest that the THF solvent
exhibits reducible stability in LiFSI-THF-LNO. In contrast,
the EC/EMC solvent demonstrates poor reducibility in the
LiPF6–EC-EMC-VC, leading to the formation of a greater variety
of organic components. This is also reflected in the higher
ICE of G-CF-Ag||Li in LiFSI-THF-LNO than in LiPF6-EC-EMC-
VC electrolyte. Furthermore, the differences in the content

Adv. Funct. Mater. 2025, 2500212 © 2025 Wiley-VCH GmbH2500212 (7 of 11)
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Figure 5. XPS depth sputtering analysis of the composition of the SEI layers formed on the G-CF-Ag electrode in the a) LiFSI-THF-LNO electrolyte and
b) LiPF6-EC-EMC-VC electrolyte. High-resolution c) N 1s spectra and d) F 1s spectra of the G-CF-Ag electrode after 5 cycles in LiFSI-THF-LNO electrolyte.
The TOF-SIMS measurements of the cycled G-CF-Ag electrode side in the e) LiFSI-THF-LNO and f) LiPF6-EC-EMC-VC electrolytes. Corresponding 3D-
rendering images of various fragments. i) Li+ desolvation activation energy.

and distribution of LiF, PF6
–, and PO2F2

– components
indicate that FSI− participates in the solvation structure,
resulting in uniformly distributed LiF components in the LiFSI-
THF-LNO. In contrast, in the LiPF6-EC-EMC-VC, PF6

− remains
free and does not participate in solvation, leading to the forma-
tion of components like PF6

- and PO2F2
- components, which

can compromise the stability and ionic conductivity of the SEI
layers. We further performed electrochemical impedance spec-
troscopy (EIS) on cycled G-CF-Ag||Li using two electrolytes at

different temperatures to investigate the impact of the resulting
interfacial layers on Li-ion transport. The EIS value of G-CF-
Ag||Li in LiFSI-THF-LNO electrolyte is much lower than that in
LiPF6-EC-EMC-VC electrolyte, especially under low-temperature
conditions (Figure S13, Supporting Information). The calculated
desolvation energies of G-CF-Ag||Li using LiFSI-THF-LNO
and LiPF6-EC-EMC-VC are 41.7 and 55.2 kJ mol−1 (Figure 5i),
respectively. Moreover, from galvanostatic intermittent titration
technique (GITT) data (Figure S14, Supporting Information),

Adv. Funct. Mater. 2025, 2500212 © 2025 Wiley-VCH GmbH2500212 (8 of 11)
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the Li+ diffusion coefficient in the G-CF-Ag||Li (LiFSI-THF-LNO)
is higher than in the G-CF-Ag||Li (LiPF6-EC-EMC-VC), further
verifying the rapid Li storage kinetics achieved in the LiFSI-
THF-LNO electrolyte. These indicate a lower energy barrier for
Li+ desolvation in the LiFSI-THF-LNO electrolyte, promoting
the rapid transport of Li+ and Li+-THF co-intercalates into the
G-CF-Ag electrode to achieve ultra-high low-potential capacity
than that of the G-CF-Ag||Li using LiPF6-EC-EMC-VC electrolyte
during fast charging and at extremely low temperatures.[10,41]

Therefore, under larger Li loads (500 mA h g−1 Li, ≈1.25 mA
h cm−2), a collaborative strategy, which involves the weakly
solvated electrolyte of LiFSI-THF-LNO inducing interfacial
chemistry and the lithiophilic design of Ag nanoparticles, can
effectively improve the performance of hybrid LIB/LMBs.

2.4. The Impact of Li-Ion Storage Mechanism on the Energy
Density of Full Cell

As shown in Figure 6a, carbon-based anodes have three types of
Li storage mechanisms. The first is the traditional LIBs with an
N/P ratio greater than 1. The second is the hybrid LIB/LMBs with
an N/P ratio less than 1. The third, with an N/P ratio less than
1 and a small amount of Li loaded on the carbon substrate (the
overall mass of the carbon/Li composite anode needs to be sim-
ilar to or less than that of the traditional LIBs carbon anode to
achieve higher energy density), are the LMBs. These differences
lead to different full cell energy densities. However, there was
no in-depth analysis previously. Thus, we used the G-CF-Ag sub-
strate to explore to design anodes and to develop higher energy-
density batteries. As shown in Figure 6b, in the Li-ion storage
model (N/P = 1.1), the G-CF-Ag||NCM811 full cell provides an
ICE of 80.8% and a relatively low energy density of 452.2 W h/kg
(based on the active mass of anode and cathode, the energy den-
sities mentioned later are all calculated based on this) at 0.2 C. In
the hybrid LIB/LMBs model, the lower the N/P ratio, the higher
the energy density. We designed an N/P ratio of 0.3 to obtain a
relatively ideal energy density. The G-CF-Ag||NCM811 full cell
shows two distinct curve parts: Li-ion storage behavior and Li
metal behavior (Figure 6c). The voltage plateau of the former is
relatively low. This cell provides an ICE of 80.5% and a discharge
capacity of 937.6 mA h g−1 with an energy density of 587.5 W h
kg−1 at 0.2 C. The energy density of hybrid LIB/LMBs is 130% of
traditional LIBs. It can be found that the design of the carbon sub-
strate will greatly affect the ICE and charge-discharge curves of
hybrid LIB/LMBs. Therefore, developing carbon substrates with
high ICE and a high low-potential platform capacity is the key for
hybrid LIB/LMBs to maintain high energy density. Meanwhile,
we also designed hybrid batteries with different N/P ratios to
compare with traditional LIBs (Figure 6e and Figure S15, Sup-
porting Information). When N/P is 0.5, the energy density of the
hybrid battery is 124% of that of LIBs (Figure S15b, Supporting
Information). When N/P is 0.8, the energy density of the hybrid
battery is 112% of that of LIBs (Figure S15a, Supporting Informa-
tion). In LMBs model, we designed the G-CF-Ag@Li composite
anode with a carbon/cathode ratio of 0.3 and a Li metal/cathode
ratio of 1 to achieve a higher energy density than traditional LIBs.
As shown in Figure 6d, the charge-discharge curve of the G-CF-
Ag@Li||NCM811 full cell completely exhibits Li metal behavior.

The cell achieves an ICE of 81.0% and the energy density is 563.5
W h kg−1 at 0.2 C. By comparing hybrid LIB/LMBs, LIBs, and
LMBs, the LIB/LMBs still provide the highest energy density at an
N/P ratio of 0.3. Furthermore, the hybrid LIB/LMBs can avoid the
harsh environmental requirements for preparing carbon/Li com-
posite anodes. The manufacturing steps of hybrid LIB/LMBs are
consistent with those of traditional LIBs with carbon anode. In
order to fully exert the high energy density of hybrid LIB/LMBs,
the carbon-based anodes should meet the characteristics of high
ICE, high low-potential capacity, and excellent stability. In addi-
tion, other LMBs strategies such as solid-state electrolytes and liq-
uid electrolytes can be combined to achieve higher energy density
and safety in hybrid LIB/LMBs.

Long cycle stability is also used to reflect the performance of
hybrid LIB/LMBs. We matched the pre-activated G-CF-Ag with
LFP cathode to form full cells. Figure 6f shows that the G-CF-
Ag||LFP (LiFSI-THF-LNO) achieves an ICE of 86.5%, a discharge
capacity of 752.8 mAh g−1, and a high voltage platform, remain-
ing stable over 50 cycles at 1 C (Figures S16 and S17, Supporting
Information). The EIS value of the G-CF-Ag||LFP full cell also
demonstrates a gradual decrease with increasing cycle counts
(Figure S18, Supporting Information), indicating good interfa-
cial stability. By comparison, the CF||LFP (LiFSI-THF-LNO) ex-
hibits a lower capacity after the same number of cycles. The G-CF-
Ag||LFP (LiPF6-EC-EMC-VC) shows a lower capacity and rapid
decay after just 10 cycles at 1 C. Even under extreme conditions
of −20°C, the G-CF-Ag||LFP (LiFSI-THF-LNO) still operates sta-
bly and provides a discharge capacity of 452.8 mAh g−1 and a
high voltage platform at 0.5 C (Figure 6g,h; Figure S19, Support-
ing Information). In addition, the G-CF-Ag||LFP full cell can also
operate stably even at 1 C at 50°C (Figure S20, Supporting In-
formation). At the same time, the G-CF-Ag substrate is also a
promising Li metal substrate. When the N/P ratio is 3, the G-CF-
Ag@Li||LFP can stably cycle more than 100 times (Figure S21,
Supporting Information). It has been demonstrated that the in-
terfacial chemistry and the lithiophilic Ag nanoparticles design
can effectively enhance the ICE, stability, and energy density of
hybrid LIB/LMBs at an ultra-low N/P of 0.3.

3. Conclusion

In conclusion, we adopt a collaborative strategy that involves
designing uniformly distributed Ag nanoparticles on carbon
nanofibers encapsulated by graphitized layers and favorable
interfacial chemistry to enhance the performance of hybrid
LIB/LMBs under high loading of Li metal. The Csp2 carbon
structure in graphitized layers effectively reduces side reactions
with the electrolyte, and Ag nanoparticles improve lithiophilic-
ity and induce uniform Li plating/stripping. A weakly solvated
electrolyte of 1M LiFSI-THF-0.5 wt.%LiNO3 induces interfacial
chemistry to achieve rapid transport of Li-ions during fast charg-
ing and at low temperatures. As a result, under 500 mA h g−1

(≈1.25 mA h cm−2) high-capacity Li deposition, the G-CF-Ag||Li
delivers an ultra-high plateau capacity at a voltage of 0-0.1V, of-
fers an average CE of 99.1% over 150 cycles at 2 C fast charg-
ing, and operates stably in a wide temperature range from 50°C
to −20°C. Furthermore, at an ultra-low N/P ratio of 0.3, the G-
CF-Ag||NCM811 provides a higher energy density of 587.5 W h
kg−1 than that of LIBs and LMBs at 0.2 C. The G-CF-Ag||LFP

Adv. Funct. Mater. 2025, 2500212 © 2025 Wiley-VCH GmbH2500212 (9 of 11)
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Figure 6. a) Schematic diagrams of carbon anodes for traditional LIBs, hybrid LIB/LMBs, and LMBs under the same cathode loading. The energy
densities of b) G-CF-Ag||NCM811(LIBs, N/P = 1.1), c) G-CF-Ag||NCM811(LIB/LMBs, N/P = 0.3, free-Li anode), and d) G-CF-Ag@Li||NCM811(LMBs,
carbon/cathode = 0.3, Li metal/cathode = 1) at 0.2 C. e) A comparison of the energy densities between hybrid LIB/LMBs with different N/P ratios and
traditional LIBs. f) The long-term cycling stability of different full cells at 1 C at 25°C. g) In LiFSI-THF-LNO electrolyte, the long-term cycling stability of
G-CF-Ag||LFP at 0.5 C at −20°C, and h) corresponding charge/discharge curves.

full cell can operate stably in a wide temperature range from
50°C to −20°C. This work provides a significant reference for the
design of advanced Li-free carbon anodes for high energy den-
sity hybrid LIB/LMBs by interfacial chemistry and lithiophilicity
design.
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