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Graphitized Layers Encapsulated Carbon Nanofibers as
Li-Free Anode for Hybrid Li-lon/Metal Batteries

Taiyu Lyu, Lizhe Liang, Kaige Liu, Fengiang Luo,* Qianyu Fan, Peiwan Guo,
Dechao Wang,* Guozhen Wei, Lei Tao,* and Zhifeng Zheng*

Hard carbon, the Li-free anode for hybrid Li-ion/metal batteries (LIB/LMBs),
has great potential for enhancing fast charging capability, energy density, and
battery lifespan. However, low initial Coulombic efficiency (ICE) and Li
dendrite growth are crucial factors constraining its development. In this work,
graphitized layers encapsulated carbon nanofibers (G-CF) are fabricated via
Joule heating within 10 s. The C,;, structure in graphitized layers reduces side
reactions with the electrolyte, promotes LiC compound formation, and
improves Li ions/metal reversibility. The inner amorphous carbon structure
boosts fast charging capability. As a result, the G-CF anode attains an 85.2%
high ICE and exhibits long-term cycling stability. Under 2 C fast charging, it
maintains an average Coulombic efficiency of 99.94% and a 500 mAh g’
capacity after 200 cycles. Moreover, when the N/P ratio is 0.5, the
G-CF||[NCM811full cell has an ICE of 84.5% and provides a capacity of 530.8
mAh g~ and an energy density of 365.9 Wh kg~ at 1C. The G-CF||LFP full cell
can also provide a capacity of 541.0 mAh g~' under the same N/P ratio. A 30
mAh pouch cell can stably cycle over 100 times. This heterogeneous hard

prominent.['*] Traditional Li-ion batteries
have played a crucial role in the past.[*]
However, they struggle to meet the strong
demands of the future market for fast charg-
ing capability and extremely high energy
density. The Li metal anode, with its ad-
vantages of low density (0.53 g cm~3), high
theoretical specific capacity (=3860 mA
h g™'), and extremely low reduction po-
tential (3.04 V), is an ideal choice for
the next generation of Li-ion batteries.[>*]
Nevertheless, the issues of low Coulombic
efficiency (CE) and Li dendrite growth
seriously restrict its development.”8]

As a Li metal substrate, carbon materi-
als have been confirmed to facilitate the
formation of carbon/Li metal composite
anodes, effectively reducing Li metal con-
sumption and inhibiting the growth of Li
dendrites.>*1%1 However, under a low N/P

carbon design paves a revolutionary path for manufacturing high-efficiency

Li-free anodes for hybrid LIB/LMBs.

1. Introduction

In the current era of rapid global economic development, renew-
able energy demand is witnessing a sharp increase, and the sig-
nificance of energy storage technology is becoming increasingly

ratio, the full cell has difficulty achiev-
ing stable cycling hundreds of times.!'1"1]
Hybrid Li-ion/metal batteries (LIB/LMBs)
are the new solution that uses less car-
bon materials as an anode for Li-ion/metal
storage and have higher energy density than traditional Li-ion
batteries (see Scheme S1, Supporting Information). This not only
reduces costs but also avoids the strict environmental require-
ments for preparing carbon/Li metal composite anodes.!'*?]
However, the carbon substrate has a limited ability to store Li
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ions, especially in the voltage range of 0-0.1 V where almost
no Li-ion intercalation occurs.'*8 This causes a large amount
of Li metal to participate in the reaction and accelerates its
consumption.

In recent years, electrolyte design has played a crucial role
in increasing the Li-ion intercalation capacity and improving
the stability of hybrid LIB/LMBs. Our team reported the anion-
dominated weakly solvating electrolyte that can endow the car-
bon anode with ultra-high low-potential capacity and high aver-
age CE.[" Moreover, the pre-cycled carbon anode can stably cycle
more than a thousand times in a hybrid battery. However, sur-
face defects on carbon materials can cause strong side reactions
with the electrolyte and affect the initial Coulombic efficiency
(ICE).20-22I Although pre-cycling or Li replenishment strategies
can improve the ICE of hard carbon anodes to a certain extent,
the complex procedures hinder large-scale applications.

In this work, we fabricated graphitized layers encapsulated car-
bon nanofibers (G-CF) through flash Joule heating within just 10
seconds (s). Comprehensive theoretical modeling and rigorous
experimental evidence highlight the crucial role of C,* carbon
configurations in graphitized outer layers in mitigating side reac-
tions between the electrolyte and electrode. This heterogeneous
structure design not only promotes the formation of LiC com-
pound and enhances the reversibility of Li-ion/metal storage but
also the amorphous carbon structure in the inner layer guaran-
tees rapid charging capability. By utilizing regular Li-ion storage
and then electroplating 300 mAh g~! of Li below 0 V to form hy-
brid Li-ion/metal storage behavior, the G-CF anode exhibits an
ICE of 85.2% and long cycling stability in ether-based electrolyte
(IM LiFSI-tetrahydrofuran (LiFSI-THF)). Under 2C fast charg-
ing, the G-CF anode shows an average CE of 99.94% and a 500
mAh g~ capacity after 200 cycles. When the N/P ratio is 0.5, the
full cell also provides remarkable cycling performance. This ex-
ceptional performance significantly amplifies the advantages of
hard carbon as a carbon/Li composite anode in Li metal batteries
(LMBs) or as a Li-free anode in hybrid LIB/LMBs, highlighting
the transformative potential of our G-CF design.

2. Results and Discussion

2.1. Fabrication and Characterization

Figure 1a presents the schematic diagram of the flash Joule heat-
ing experiment. It involves ultrafast heating, maintaining a stable
temperature of 1200 °C for 5 s, followed by ultrafast cooling. The
entire process lasts no >10 s. As shown in Figure 1b, the CF is
fabricated by carbonizing the CF precursor in a traditional tube
furnace at 1200 °C for 2 h.[?3] Subsequently, flash Joule heating
at 1200 °C for 5 s is performed, and the resulting CF is labeled as
G-CF (experimental section and Figure S1, Supporting Informa-
tion). Scanning electron microscopy (SEM) is employed to ob-
serve the surface morphologies of CF and G-CF. Both exhibit
an intertwined nanofiber network (Figure 1c,d), which is bene-
ficial for rapid electron transfer and enhances electrolyte infiltra-
tion (Figure S2, Supporting Information).'*] It also effectively
mitigates the volume expansion of Li metal during the charge—
discharge process of hybrid LIB/LMBs. High-resolution trans-
mission electron microscopy (HRTEM) is utilized to analyze the
microstructure of CF and G-CF. The CF has a typical amorphous
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carbon structure (Figures 1cl-c3 and S3, Supporting Informa-
tion). However, after flash Joule heating, the G-CF shows an obvi-
ous heterogeneous structure, with an amorphous core structure
and ~30 nm thick graphitized out layers (Figures 1d1-d3 and S3,
Supporting Information). It should be noted that the thickness
of the graphitized layers is influenced by flash joule heating time
or temperature. For example, increasing the heating duration at
1200 °C leads to thicker graphitized layers (Figure S4, Supporting
Information).

The XRD spectra show broad peaks around 22° and 42°
(Figure 1le), indicating that CF and G-CF are amorphous
carbon.[”! The Raman spectra have D and G bands at 1340
and 1587 cm™!, respectively (Figure 1f). The D band, originat-
ing from asymmetric vibrations in six-membered carbon rings,
shows that there are a large number of defects in carbon ma-
terials, while the G band indicates the presence of an ordered
graphite structure.[?*?7] Notably, the I. /I, ratio of G-CF is 1.0,
exceeding that of CF (I/I, = 0.9), indicating a higher degree of
graphitization order. The G-CF with a higher-ordered graphitized
structure exhibits a higher electrical conductivity (6.76 S cm™)
than CF, which is beneficial for rapid electron transfer (Figure
S5, Supporting Information). XPS analyzed the surface composi-
tions of CF and G-CF. As depicted in Figure 1g and Table S1 (Sup-
porting Information), the surface of CF is composed of 85.9% C
and 12.5% O, while G-CF displays a significantly higher C con-
tent of 96.7% and a reduced O content of 1.7%. Depth profiling
XPS was applied to investigate the composition of the surface
layers of nanofibers. As the etching depth reaches 50 nm (after
175s of etching), the C atomic ratio of G-CF exceeds 96%, which
is significantly better than 91.7% of CF at the same depth. Fur-
thermore, the C 1s shows that the surface of G-CF has a higher
proportion (58.8%) of C,, and a lower proportion of C,; carbon
structures compared to that of CF (Figure 1h and Table S2, Sup-
porting Information).[?#?%1 The O 1s of G-CF exhibit a lower O
atomic ratio and a lower proportion of C=0 compared to that of
CF (Figures 1g and S6, Supporting Information).[3*) Meanwhile,
the N, adsorption/desorption results show that the specific sur-
face area of G-CF decreased from 14.7 to 9.9 m? g~! compared
to CF (Figure S7, Supporting Information). These results indi-
cate that the surface defects of G-CF are significantly reduced,
minimizing the side reactions during the formation of the SEI
layer.3132] In addition, these characterization results also confirm
that nanofibers encapsulated with graphitized layers are success-
fully prepared by flash Joule heating.

2.2. Electrochemical Performance

The electrochemical performance of CF and G-CF electrodes
with distinct surface characteristics was evaluated for hybrid Li-
ion/metal storage achieved through normal full discharge to 0 V
and further plating of 300 mA h g=! Li below 0 V. The ICE, average
CE, capacity, and long-term cycling stability are crucial parame-
ters for judging the performance of hybrid Li-ion/metal storage.
In Figure 2a, the average ICEs of CF and G-CF electrodes were
obtained by repeating five cells. The G-CF electrode exhibits an
average ICE of 85.2% at 0.2 C (1C = 500 mA g™'), surpassing
that of the CF electrode (76.5%). Meanwhile, compared with pre-
viously reported literature (Figure 2b), the G-CF electrode also
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Figure 1. a) A schematic diagram of the principle of flash Joule heating and the preparation of the G-CF electrode through flash Joule heating within 10
s. b) The preparation methods and structural diagrams of CF and G-CF. SEM images of the c) CF and d) G-CF. HRTEM images of the c;—c3) CF and
dq—d;) G-CF. e) The XRD spectra and f) Raman spectra of the CF and G-CF. g) The atomic ratios of C and O in CF and G-CF at different etching times.

h) The high-resolution C 1s spectra on the surfaces of CF and G-CF.

shows the best ICE.[***] This outstanding ICE can be attributed
to the graphitized layers on the nanofibers’ surface, which pos-
sess a higher C,, carbon structure and a lower specific surface
area, thereby mitigating detrimental side reactions between elec-
trode and electrolyte (detailed discussion in section 2.3). The G-
CF electrode also demonstrates excellent rate performance. At
0.2, 0.5, 1, and 2 C, the average CEs and capacities (within 10
cycles) are 98.87% (680.4 mA h g1), 99.37% (634.3 mA h g1),
99.57% (545.3 mA h g7!), and 99.66% (486.3 mA h g™1), respec-
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tively. When returning to 0.2 C, it maintains a high average CE of
99.71% and a capacity of 653.9 mA h g=! (Figure 2c). In contrast,
although the CF electrode exhibits comparable capacity in the
rate performance test, it lags significantly behind in terms of ICE
and average CE. Additionally, based on the 5th discharge curve
at each current density (Figure 2d), the G-CF electrode delivers
a slope capacity (0.1-2 V), a low-potential capacity platform (0-
0.1V), and a platform for plating 300 mA h g~! Li (below 0 V). Im-
portantly, the G-CF electrode exhibits an excellent low-potential
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Figure 2. a) The average ICE is obtained by repeating 5 cells at 0.2 C. b) Comparison with the ICE in the reported literature. (c) Rate performance. d)
The 5th discharge curves of G-CF||Li, e) the corresponding slop capacity (2-0.1V), low-potential capacity (0.1-0 V), and plating 300 mAh g=' Li (< 0 V)
of G-CF||Li at different current densities. The average CE of G-CF||Li and CF||Li at (f) 1 Cand (g) 2 C. h) Comparison with the average CE in the reported

literature.

capacity of 232.5 mA h g=! at 0.2 C (Figure 2e), which is con-
sistent with the analysis of the cyclic voltammetry (CV) results
(Figure S8, Supporting Information). Moreover, the G-CF elec-
trode maintains a low-potential capacity at all current densities.
The high low-potential capacity is due to the anion-dominated
weakly solvating structure electrolyte derived from tetrahydrofu-
ran, which realizes the co-intercalation of solvated Li*.["%]

The long-term cycling stability test aims to evaluate the stabil-
ity of hybrid Li-ion/metal storage using CF and G-CF electrodes.
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At 1 C, the G-CF||Li provides an average CE of 99.84% and a ca-
pacity of 550 mA h g~! over 200 cycles (Figures 2f and S9, Sup-
porting Information). As the current density increased to 2 C,
the G-CF||Li achieves an average CE of 99.94% and maintains
a capacity of over 500 mA h g=! within 200 cycles (Figures 2g
and S10, Supporting Information). In addition, even compared
to the average CEs reported in the literature (Figure 2h), the
G-CF||Li cell also shows the optimum average CE within 200
cycles.[11:13:16:34363741] On the contrary, although the CF||Li shows
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Figure 3. SEM images of the G-CF electrode of a) initial, b) full discharge to 0V, further plating c) 100 mA h g~ Li, d) 200 mA h g~ Li, and e) 300 mA
h g=" Li below 0V, then stripping f) 100 mA h g~ Li, g) 200 mA h g=' Li, h) 300 mA h g~ Li, and i) full charge to 2 V again. j) Changing in the
cross section during the plating 300 mA h g~ Li and full charge to 2 V again. SEM images of the k) G-CF and (I) CF electrodes after 100 cycles at 2 C.

m) Scheme of hybrid Li-ion/metal storage behavior of the G-CF electrode.

similar capacity in the early cycles, its average CE is lower than
that of the G-CF||Li at 1 C and 2 C, eventually leading to rapid
capacity deterioration (Figures 2f,g and $9,S10, Supporting In-
formation). These results indicate that encapsulating nanofibers
with graphitized layers not only improves the ICE but also main-
tains the stability of the G-CF electrode.

The disparity in long-term cycling stability can be further visu-
alized by inspecting the morphological alterations that take place
during or after Li plating/stripping. In Figure 3, SEM images
unveil the morphological evolution of the G-CF electrode dur-
ing the process of hybrid Li-ion/metal behavior. The initial G-
CF electrode presents a network of interwoven nanofibers with
a smooth surface (Figure 3a). As discharged to 0 V, the sur-
face of the nanofibers remains smooth despite forming the SEI
layer by the interaction between the nanofibers surface and elec-
trolyte (Figure 3b). When 300 mA h g~! Li was gradually plated
on the G-CF electrode below 0 V, Li nucleates, grows, and en-
velops the surface of the nanofibers homogeneously. No chunky,
aggregated, or dendritic Li was observed (Figure 3c—e). During
the stripping and charging process to 2.0 V, the Li plated on the
nanofibers can be reversibly removed, restoring the smooth sur-
face of the nanofibers once again (Figure 3f-i). In addition, dur-
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ing the hybrid Li ions/metal storage, the thickness of G-CF elec-
trode scarcely changes, confirming that the self-supporting G-CF
electrode can effectively restrain volume expansion (Figure 3j).
Even after 100 cycles at 2 C, the nanofibers of G-CF electrode re-
tain their cleanliness, free from any traces of dead Li (Figure 3k).
Conversely, the CF electrode presents block-shaped dead Li, in-
dicating the CF electrode undergoes uneven Li plating with low
reversibility (Figure 31). A simplified visualization of reversible
hybrid Li-ion/metal storage is shown in Figure 3m. The graphi-
tized layers of G-CF can effectively reduce the side reactions of
the electrolyte, enabling Li ions to be sequestered within the
nanofibers’ robust hard carbon framework. As Li deposition be-
gins, Li gradually uniformly deposits and grows on the surface of
the nanofibers. Subsequently, the deposited Li can be reversibly
stripped off.

2.3. Storage Mechanism, SEI Properties, and Simulation
Ex situ XRD was conducted to elucidate the storage mechanism

of G-CF and CF electrodes in hybrid LIB/LMBs. As shown in
Figure 4a, during the discharge proceeds, Liions are stored in the

© 2025 Wiley-VCH GmbH

25U80 7 SUOWILIOD AITERID 3|edl ke aU) Aq PouEA0B a1 SBPILE YO ‘95N J0 SaINI J0J AIRIqIT BUIIUO 3|1 UO (SUO1HIPUOD-PUE-SILLBYLIOD" 8] W ARG PUIUO//'SA1IL) SUOTIPUOD PUE S | 8U) 395 *[S20Z/20/70] Uo AeiiTauIuo AB1im ‘AISIBAIIN EOIPIN AUl Bld Ad ZSrZTVZ0Z 1ILS/Z00T OT/0p/LI0D"Aa 1 AReid][pUIUO//STY WO} PAPROIUMOQ ‘0 ‘6Z89ETAT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

(a) G-CF electrode G-CF electrode Nls (b) LiiN G-CF F1s S-F LiF (c) G-CF
6001 v Li (110) 0s i | 0s e
] 3 A .
E 4004 ? L
& £ C 355 AAA 355
] 2
z g M " A»_A.'_ W—
5 E
© 200 =
/\L - A s A./\
G e A
L . . . | m L Al LX) T T . . : . . . .
0 1 2 3 10 20 30 40 50 60 404 400 396 392 692 688 684 680
Votage (V) 2 Theta (degree) Bingding energy (eV) Bingding energy (eV)

) 02=0.005 kﬁ;‘{
K ‘ C C
« < ’
€ o e

Csp2-THF

01=0.376

(\

THF

(o}
|
p
3

L
\&? "‘Eﬁ “yiny
1 (
L ( 2 kk C (o
Ll & S S o

~
=3
R M.~ B g ——

C C Ce .
Csps-&TIIF Li*(THF)3FSI
1 (k) 06=0.003
() i~
Etgi \ﬁ 05=0. 00 &l,
07=0.0: ©
k ‘\ i? 04=0.009

03—“%’ 04‘ 003
> QF
%h' L L ~ 02—0 000 %
~ ‘ 1= \0 L
C

01=0.] 02=0.009 'H o 1
[Ce o o o, o . < i o W
i ) Ce™C C ¢ = QJ
| Csp2-Li*(THF)3FSI . ~
' o JH @0 Qc @~ UF Os O
) C S i
( ) : 06=0.002 a £= il (m) 0.1
T i - THF LUMO
1 ¢ 7\ % Csp3-THF
1 4 ~
ettt
05%0,013 > 2 0.0- Li*(THF),FSI .
: C Sk 2 (LHE) C,,-Li' (THF),FSI
! O~ &4
¥ . 2
<
f&% ‘% = Cypp"THF C,,Li"(THF),FST
v 0.1
: L A §

Figure 4. a) The ex situ XRD pattern of the G-CF||Li cell at various discharge stages. High-resolution b) N 1s spectra, and c) F Ts spectra of the G-CF
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forms of adsorption and co-intercalation.l®#2#3] The characteris-
tic peak of G-CF at 22° seamlessly merges with the diffraction
pattern of the substrate (polyimide film) used for testing (Figure
S11, Supporting Information). When Li deposition begins (below
0 V), plated Li forms the LiC compound (PDF#00-014-0649) on
the surface of the G-CF electrode. As Li further deposits, the Li
metal phase, identified by the peak at ~36°, gradually grows on
the G-CF electrode. In contrast, no LiC compound is observed
in the CF electrode after Li plating (Figure S12, Supporting In-
formation). Electrochemical performance evaluations and ex situ
XRD results jointly indicate that the presence of the LiC com-
pound in G-CF significantly enhances its reversibility in hybrid
Li-ion/metal storage, highlighting its crucial role in promoting
efficient energy storage capabilities.

The thickness and composition of SEI layer on the elec-
trode surface also affect the hybrid Li-ion/metal storage behavior.
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m) The LUMO energies of the complexes.

Firstly, HRTEM was utilized to analyze the thickness of SEI layer
on the electrodes after 5 cycles. Figure S13a (Supporting Infor-
mation) clearly demonstrates that the G-CF electrode exhibits no-
tably thinner SEI layers, approximately 9.5 nm on the nanofiber,
a markedly thinner layer than that formed on the CF electrode
(Figure S13b, Supporting Information). XPS depth sputtering
was conducted to reveal the SEI layer component of CF and G-
CF electrodes after 5 cycles. It was found that the SEI layers of
both electrodes contain C, N, O, S, F, and Li elements (Figure
S14 and Table S3, Supporting Information). Notably, the C/O ra-
tio can directly indicate different SEI components related to the
electrodes.[*] After sputtering for 0, 35, and 70 s, the G-CF elec-
trode consistently exhibits a higher C/O atomic ratio (2.0, 1.4,
and 1.4, respectively) compared to the CF electrode (Figure S15,
Supporting Information), indicating a lower degree of electrolyte
reduction and thus a lower content of O-rich compounds. The
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atomic ratios of N and F in the SEI layer of the G-CF electrode are
3.2% and 5.0% (Table S3, Supporting Information), respectively.
From different etching times of N 1s, the main component is
Li;N, which is uniformly distributed in the SEI layer of G-CF and
CF electrodes (Figures 4b and S16a, Supporting Information).[*!]
For F 1s, the main surface components of the electrode are LiF
and S-F (Figures 4c and S16b, Supporting Information).[*4%] As
etching proceeds, LiF is uniformly distributed in the inner layer
of the SEI. This uniform distribution of Li;N and LiF endows the
SEI layer with excellent ion conductivity and mechanical prop-
erties, effectively reducing the formation of Li dendrites.[#] It
is worth mentioning that the SEI layer rich in inorganic species
can reduce the resistance for Liions transport, thereby improving
interfacial kinetics. From EIS results, the G-CF||Li cell exhibits
faster kinetic in the range from room temperature to —20 °C
(Figure S17, Supporting Information). In addition, from galvano-
static intermittent titration technique (GITT) results (Figure S18,
Supporting Information), the Li* diffusion coefficient in the G-
CF electrode is higher than that in the CF, further verifying
the rapid Li storage kinetics achieved in the G-CF.[**) Therefore,
the G-CF electrode shows ultra-high low-potential capacity and
highly reversible hybrid Li ion/metal storage behavior.

To gain a deeper understanding of the formation of the SEI
layer in the 1 M LiFSI-THF electrolyte, the lowest unoccu-
pied molecular orbital (LUMO) energies and the electrophilic
attack reactivity of O atoms were calculated to elucidate the
role of C,, carbon structure in this process. As shown in
Figure 4d-i, the free THF solvent molecule and the solvation
sheath of Li*(THF),FSI~ are combined with C,,, and C; car-
bon species.'”] The LUMO energies of the THF molecule,
C,»-THF, C,,-THF, Li*(THF),FSI", C,,-Li*(THF),FSI", and
C,py-Li* (THF);FSI~ are 0.051, —0.093, 0.030, —0.023, —0.098,
and —0.035 eV (Figure 4m), respectively. Additionally, In
Figure 4d-fj-1, the O atoms in THF (0.376 eV), C,;-THF
(0.361 eV), Li*(THF),FSI, and C,-Li* (THF), FSI- exhibit higher
electrophilic attack reactivity than C,,-THF (0.005 eV) and C,-
Li*(THF),FSI~. This implies that the THF molecules are more
easily reduced in the C,;-THF and C;-Li*(THF);FSI™. Given
that the G-CF surface is mainly composed of the Cg,, carbon
structure, the dominant formation of the precursor C,,-THF and
Cqpy-Li* (THF);FSI™ occurs before SEI layer formation. Accord-
ing to the analysis of LUMO and electrophilic attack reactivity,
C,p, is more electrophilic, resulting in the O atom of THF being
less aggressive. This indicates that the C;, structure can effec-
tively inhibit the decomposition of THF. This finding aligns with
the CV results, which show that the intensity of the reduction
peaks for G-CF||Li is lower than that for CF||Li at both 0.7 and
0.2 V (Figure S8, Supporting Information). This suggests that the
graphitized layers with a high C, structure effectively suppress
the reduction of the electrolyte. Therefore, the presence of a high
proportion Cg;, structure can achieve a higher ICE in the G-CF
than in the CF electrode.

2.4. Electrochemical Performance of Full Cell
The G-CF electrode exhibits high ICE, stable capacity, and long-

term cycling performance in half cells. This inspires us to evalu-
ate the practical application in Li-free anode for hybrid LIB/LMBs
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full cells. As shown in Figures 5a and S19 (Supporting Informa-
tion), the G-CF anode is directly matched with the NCM811 (or
LFP) cathode with an N/P ratio of 0.5. This ensures that the Li
provided by the NCM811 or LFP cathode can achieve a hybrid Li-
ion/metal storage on the G-CF anode. Since the N/P ratio is 0.5,
we calculate the capacity of the full cell based on the anode side.
The average ICEs of the CF||[NCM811 and G-CF|[NCM811full
cells are obtained by repeating 5 full cells. The G-CF||[NCM811
full cells show an average ICE of 84.5% at 0.5 C (Figure 5b), which
is higher than that of the CF||[NCM811 full cells (74.4%). The in-
creased ICE significantly reduces the irreversible capacity loss in
the NCM811 cathode, thereby achieving higher reversible capac-
ity and energy density in hybrid batteries. The full cell shows ex-
cellent rate performance, providing capacities of 584.8, 537.3, and
518.7mAh g at0.5, 1, and 2 C, respectively (Figure 5¢). The cy-
cling performance of the G-CF||NCM811 full cell at 1 Cis shown
in Figure 5d. After three formation cycles, the G-CF||NCM811
full cell delivers a capacity of 530.8 mA h g~! and a high energy
density of 365.9 W h kg~! (based on the active materials of anode
and cathode, the energy densities mentioned later are all calcu-
lated based on this method). It remains stable over 50 cycles with
a capacity retention rate of 93.2%. The charge—discharge profiles
(Figure 5e) indicate that most of the capacity is concentrated in
the range of 3.6-4 V, which is attributed to the synergistic effect
of co-intercalation and Li plating on the G-CF anode. Even at 2 C,
the G-CF||NCM811 full cell also provides a high voltage plateau
and offers a capacity of 519.7 mA h g~! and an energy density of
332.5 W h kg~! (Figure 5f,g), remaining stable over 50 cycles. At
the same N/P ratio, the G-CF||LFP full cell also provides a high
voltage plateau (3.0-3.5 V) and a capacity of 541.0 mA h g~! and
remains stable over 100 cycles at 1 C (Figure 5h,i). In addition,
the 30 mA h-level G-CF|[NCM811 pouch cell can be stably cy-
cled more than 100 times (Figure 5j), with a capacity retention
of 83.1%, demonstrating good practical applications. Compared
with the reported carbon materials for hybrid batteries, the G-
CF||NCM811 full cell also demonstrates excellent ICE and cycling
stability (Table S4, Supporting Information). In conclusion, en-
capsulating hard carbon with graphitized layers becomes a cru-
cial strategy for developing advanced Li-free anodes for hybrid
batteries, characterized by high ICE, long-term cycling stability,
and high energy density.

3. Conclusion

In conclusion, we fabricated a heterogeneous structure where
carbon nanofibers are encapsulated by graphitized layers and de-
signed it as a Li-free anode for high-efficiency hybrid LIB/LMBs.
The outer layer of this heterogeneous structure features a C,
carbon structure, which can effectively reduce side reactions with
the electrolyte, promote the formation of LiC compound, and
induce uniform Li plating/stripping, thereby enhancing the re-
versibility of hybrid Li ions/metal storage. Additionally, the amor-
phous carbon structure in the inner layer of the heterogeneous
structure augments its fast-charging capability. As a result, the
G-CF electrode achieves an optimal ICE of 85.2% and demon-
strates long-term cycling performance. Under 2 C fast charging,
the G-CF||Li cell maintains an average CE of 99.94% and a capac-
ity of 500 mA h g=! over 200 cycles. Moreover, when the N/P ratio
is 0.5, the G-CF||NCM811 full cell exhibits an ICE of 84.5% and
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Figure 5. a) Schematic diagram of the G-CF||cathode with an N/P ratio of 0.5. b) The average ICEs are obtained by repeating tests on 5 full cells. c) Rate
performance. d) The long-term cycling stability and e) corresponding charge—discharge profiles of the G-CF|[NCM811 at 1 C. f) The long-term cycling
stability and g) corresponding charge—discharge curves of the G-CF|[NCM811 at 2 C fast charging. h) The long-term cycling stability and i) corresponding
charge—discharge curves of the G-CF||LFP full cell at 1 C. j) The long-term cycling stability of the 30 mA h-level G-CF|[NCM8&11 pouch cell at 1 C (the
illustration is a digital photograph of the pouch cell).
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provides a capacity of 530.8 mA h g=! with an energy density of
365.9 W h kg='. The G-CF||LFP full cell can also offer a capacity
of 541.0 mA h g~! under the same N/P ratio. This work provides
a significant reference for the design of advanced Li-free carbon
anodes for hybrid LIB/LMBs with high ICE and long-term cycling
stability.
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