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A zinc oxide-doped multichannel carbon
 nanofiber composite is facilely fabricated by electrospinning, which can homogenize both the electric field and
ion flux distribution inside the lithium anode to suppress dendrites and achieve ultra-stable cycling performance.
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Lithium (Li) metal is considered as the best anode candidate for next-generation high-energy batteries
due to its ultralow electrochemical potential and extremely high theoretical capacity. However, issues
arising from the undesired growth of lithium dendrites and infinite volumetric change have seriously
hindered the practical application of lithium metal batteries (LMBs). Here, we designed a super-
lithiophilic amorphous zinc oxide-doped carbon nanofiber framework with uniformly-distributed and
parallel multichannels (MCCNF@ZnO) to achieve the homogeneous distribution of electric field and Li+

flux. By the assistances of COMSOL Multiphysics simulations and ex-situ scanning electron microscopy,
we reveal that the Li metal preferentially deposits into the porous nanochannels inside the nanofibers,
followed by its even distribution on the lithiophilic surface of MCCNF@ZnO. Furthermore, the conductive
multichannels of the carbon nanofiber skeleton can effectively minimize the partial current density,
thereby effectively avoiding the electrochemical polarization and assisting the uniform metallic deposi-
tion. As a result, MCCNF@ZnO exhibits a stable CE over 99.2% as the substrate after 500 cycles at the cur-
rent density of 1 mA cm�2. The symmetrical cell of lithium-loaded MCCNF@ZnO composite electrodes can
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stably operate over 3300 h at 0.5 mA cm�2, indicating the great potential of MCCNF@ZnO for stabilizing
lithium metal anodes in practical applications of LMBs.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Traditional lithium-ion batteries (LIBs) are approaching their
energy-density upper limit due to the limited theoretical capacity
of 372 mAh g�1 from inherent intercalation chemistries of graphite
anodes, which can hardly meet the higher demand of battery sys-
tems with the explosive growth of portable electronic device and
electric vehicles [1,2]. Beyond LIBs technologies, lithium (Li) metal
is recognized as the most promising anode for high-energy Li metal
batteries due to its high theoretical specific capacity (3860mAhg�1)
and lowest electrode potential (�3.04 V vs standard hydrogen elec-
trode) [3–5]. Despite the advantages of LMBs, its practical applica-
tion has been seriously hindered by several issues, especially the
notorious Li dendrite formation. The dendrites caused by the ran-
dom plating/stripping process of metallic Li can increase the inter-
face between the anode and electrolyte, which exacerbates the
irreversible side reactions of the highly reactive metallic Li.
Besides, the volume keeps expanding and contracting during the
cycling process, leading to the pulverization of the anode. Conse-
quently, the cycling stability and Coulombic efficiency (CE) of the
metal anode constantly decrease as generated so-called ‘‘dead”
Li. Additionally, Li dendrites can puncture the separator to directly
contact the anode and cathode, leading to catastrophic safety haz-
ards [6,7]. Several strategies have been focused on modification the
Li/electrolyte interface to address these crucial issues [8–11], such
as applying electrolyte additives or constructing a stable artificial
solid electrolyte interface (SEI) on the Li metal anode to enhance
its stability [12–16]. Although the performance can be improved
up to a point by these approaches, the dendrites and large volume
changes of anode still cannot be avoided during long-term cycling
ascribed to the inhomogeneous nucleation and host-less instinct of
Li metal [17–20].

Alternatively, constructing or modifying the current collectors
has gained increasing attentions, because this approach can effec-
tively minimize the local current density and thus largely diminish
the dendritic Li. Moreover, the three-dimensional (3D) network
skeleton can well adapt abundant Li to eliminate the volumetric
fluctuation of the metallic anode during cycling [21–25]. Recently,
considerable 3D porous frameworks, such as nickel foams and por-
ous copper [26,27], carbon fiber skeletons have been conducted as
eximious hosts for their large free space to accommodate Li [28–
31]. However, these contributions only increase the battery life
spans to some degree. The gradual formation of mossy and den-
dritic Li is still inevitable as Li exhibits poor wettability on the sur-
face of these 3D skeletons. Consequently, ‘‘dead” Li still tends to
form after preferentially detaching the Li dendrite roots off the
skeleton surface [32]. Therefore, recent investigations targeting Li
dendrite suppression in 3D porous skeletons have been mainly
focused on the surface modifications by introducing lithiophilic
materials such as elementary substances (Au, Ag and Si)
[20,33,34], metal nitrides (TiN), and metal oxides (ZnO, MnO2

and TiO2) [35–38] to control the deposition of Li onto the skeletons.
But limited by the delayed ion and electron transport in the sub-
strates, it remains a key issue to guarantee the good rate perfor-
mance and high CE upon long-term cycling [39–42]. The main
reason is that there are severely uneven distributions of electric
field (E-field) and ion concentration in different regions throughout
the entire electrode [25,41,42]. Therefore, it is very imperative to
develop highly conductive hosts with amounts of sub-space which
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are capable to effectively diminish the local current density and
homogenize the E-field distribution and ion flux for ultra-stable
and dendrite-free Li metal anodes.

Herein, a rationally designed super-lithiophilic amorphous zinc
oxide-doped carbon nanofiber framework with uniformly dis-
tributed parallel nanochannels, denoted as MCCNF@ZnO, has been
facilely prepared by electrospinning to replace the conventional 3D
host for Li metal deposition. The highly interconnected parallel
nanochannels effectively divide the hosting space into small con-
finements to accommodate electrolytes, which is beneficial to
improving the ion migration rate and enhancing the electrolyte
affinity of the substrate. Moreover, the uniformly dispersed amor-
phous ZnO with an excellent affinity toward Li helps the uniform Li
nucleation as well. Consequently, the unique MCCNF@ZnO com-
posite host can manipulate both the E-field and Li+ flux distribution
inside the electrode, which is beneficial to guild the uniform Li
nucleation and plating behavior under various current densities.
Therefore, the CE of MCCNF@ZnO anode stably maintains at
99.2% for 500 cycles at 1 mA cm�2 with the capacity of 1 mAh cm�2.
The MCCNF@ZnO@Li || LFP full cell paired with LiFePO4 (LFP) cath-
ode delivers excellent cycling stability, indicating the great poten-
tials in couple with other cathode materials in LMBs.

2. Experimental section

2.1. Material Fabrication

The neat carbon nanofiber membrane (CNF) was fabricated by a
facile electrospinning technique. First, 1.0 g of polyacrylonitrile
(PAN, Macklin, Mw = 150000) was dissolved in 9 g of N, N-
dimethylformamide (DMF, Shanghai Chemical Reagent Plant,
99.5%) with vigorous stirring at 25 �C for 12 h till become a homo-
geneous precursor solution. Then, a high-voltage of 12 kV was con-
ducted to electrospin the precursor solution with an injection rate
of 0.8 mL h�1, while the distance between the spinneret and collec-
tor was fixed at 15 cm. Subsequently, the PAN membrane was
peeled off from the aluminum foil and stablized for 1 h at 250 �C
in air, followed by carbonized at 800 �C for 1 h in nitrogen (N2,
Air Shenzhong, Shanghai) atmosphere to obtain CNF.

The MCCNF@ZnO-3membrane was obtained by a similar proce-
dure with the precursor solution of 1.0 g of PAN, 0.2 g of polystyr-
ene (PS, Aladdin (China), Mw = 35000), and 0.5 g of zinc acetate (Zn
(OAc)2, sinopharm chemical reagent Co., ltd) in 8.8 g of DMF under
stirring at 60 �C for 6 h. Subsequently, the same pre-oxidized and
carbonized processes were conducted to obtain the as-prepared
nanofiber membrane. Finally, the MCCNF@ZnO composite was
cut into the cycle disk with a diameter of 16 mm. For comparison,
MCCNF@ZnO composites with different weight of Zn(OAc)2 precur-
sor at 0.1, 0.3, 0.7 g were also fabricated using the same proce-
dures, which were denoted as MCCNF@ZnO-1, MCCNF@ZnO-2
and MCCNF@ZnO-4, respectively.

2.2. Characterizations

Morphology of the materials was observed with field emission
scanning electron microscope (JSM-7500F) and transmission elec-
tron microscopy (TEM, Talos F200S). The Energy-dispersive X-ray
spectroscopy (EDS) was conducted to obtain the elemental map-
ping. XRD spectra were processed with a Bruker-D8 ADVANCE X-
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ray diffractometer. The nitrogen adsorption-desorption isotherms
are obtained from the Quantachrome Autosorb-iQ/MP�XR system.
The specific surface area was illustrated by Brunauer-Emmett-
Teller analysis. Raman spectra were conducted at an excitation
wavelength of 532 nm with Renishaw (inVia reflex). XPS measure-
ments were performed on an X-ray photoelectron spectrometer
(XPS, Physical Electronics PHI5802) with a monochromatic Al Ka
X-Ray source. A TG 209 F1 Libra thermogravimetric analyzer was
carried out at a rate of 20 �C min�1 under the airflow to obtain
the thermogravimetric analysis (TGA) of samples.
2.3. Electrochemical measurements

CR 2025 coin cells were assembled in an Ar-filled gloved glove
box. The electrochemical performance was evaluated by A Land
2001A battery testing system. Li metal (China Energy Lithium
Co., Ltd) was coupled with Cu foil, CNF and MCCNF@ZnO current
collectors to measure the Coulombic efficiency (CE). A fixed
amount (40 lL) of 1 M lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI, DoDoChem, 99.8%) in 1, 3-dioxolane (DOL, DoDo-
Chem, 99.95%) and 1, 2-dimethoxyethane (DME, DoDoChem,
99.95%) (volume ratio: 1:1) with 1% LiNO3 (DoDoChem, 99.9%)
was used as the electrolyte. Besides, 1.0 M lithium hexafluorophos-
phate (LiPF6) dissolved in a mixed solvent of ethylene carbonate
(EC) and diethyl carbonate (DEC) without any additive (1.0 M LiPF6
/EC:DEC = 1:1 by vol) was adopted to investigate the performance
of MCCNF@ZnO@Li in the carbonate-based electrolyte. A Celgard
2400 membrane was used as the separator. The cut-off voltage of
stripping process was fixed at 1 V (vs Li+/Li) after plating a certain
amount of Li. Electrochemical impedance spectra (EIS) measure-
ments were conducted via the CHI660E electrochemical worksta-
tion in the frequency range of 10 mHz to 100 kHz.

Symmetrical cellswere fabricatedbypre-depositing3mAhcm� 2

of Li on the various current collector at 1 mA cm�2 and the cells
were disassembled to extract the pre-plating electrode. Then, sym-
metric cells were assembled into coin cells. Full cells were assem-
bled with LiFePO4 as cathode and Li foil, CNF@Li or
MCCNF@ZnO@Li as the anodes, respectively. The electrolyte and
separator were the same as that in the half cells. The LiFePO4 cath-
ode was prepared by mixing LiFePO4 (Canrd New Energy Technol-
ogy, Guangdong), super-P (Canrd) and polyvinylidene difluoride
(PVDF) (Arkema) in N-methyl-2-pyrrolidone (NMP, Shanghai Ling-
feng Chemical, 99.5%) at a mass ratio of 8:1:1. The slurry was
coated onto an aluminum foil (Canrd) followed by drying in a vac-
uum with an average areal loading of 5.0 mg cm�2. The cells were
cycled between 2.4 and 4.2 V during the cycling and rate tests. The
soft-packed MCCNF@ZnO || LFP batteries were assembled in an Ar-
filled gloved glove box with Celgard 2400 as a separator, while the
LFP cathode with the average mass loading of ca. 5 mg cm�2 and
cut into a square with around 18.0 cm2 area (4.5 cm ⁄ 4.0 cm).
2.4. Numerical simulation

In order to demonstrate the E-field and Li+ distributions during
the process of lithium deposition, the single fiber has been
extracted and cut open to compare the distinction between the
solid CNF and multichannel MCCNF@ZnO fibers by COMSOL Multi-
physics 5.6.0.280 software. At the simulation process, the CNF and
MCCNF@ZnO fibers were cut along the X-Z plane to illustrate the E-
field distribution within the fibers, while both fibers were cut open
along the X-Y plane at the middle of fibers to observe the Li+ flux
distribution. In the above two simulations, the Li+ diffusion coeffi-
cient was set to 1.5 � 10�10 m2 s�1 and the initial electrolyte con-
centration (C1) was set as 1000 mol m�3 (1 mol L�1).
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3. Results and discussion

The finite element simulation results based on COMSOL Multi-
physics in Fig. 1 demonstrate the advantages of MCCNF@ZnO in
manipulating the uniform distributions of both E-field and Li+ flux
compared to solid carbon nanofibers (CNF). By taking a single fiber
of MCCNF@ZnO (Fig. 1a) and CNF (Fig. 1b) as the model, a more
uniform E-field distribution within the multi-channels of
MCCNF@ZnO is observed (Fig. 1c) compared to the severe E-field
polarization surrounding the surface of the solid CNF (Fig. 1d).
The corresponding cross-sectional E-field profiles along the normal
Z direction of the single fiber also imply a smaller electric field
intensity differential within the multi-channels of MCCNF@ZnO
(Fig. 1e), which is beneficial to homogenous lithium deposition.
In consideration of the more dominant role of Li+ concentration
in the mid to late Li deposition period, Li+ flux distributions within
MCCNF@ZnO and CNF are further obtained. MCCNF@ZnO presents
more homogeneously distributed Li+ flux within its multi-channels
without any ‘hot spots’ (Fig. 1f), while the Li+ flux approaching the
surface of CNF keeps at a high concentration which may cause the
accumulation of Li dendrites (Fig. 1g). Besides, the corresponding
Li+ flux concentration along the X-Y cross-sectional plane in the
middle of the fiber indicates higher uniformity within the
MCCNF@ZnO. And the concentration inside the channels is higher
than the fiber surface (Fig. 1h), which is beneficial for the uniform
deposition of Li without any dendrites.

The super-lithiophilic MCCNF@ZnO composite nanofiber host is
rationally fabricated via a simple electrospinning route as illus-
trated in Fig. 2a. Briefly, a homogeneous precursor solution con-
taining polystyrene (PS), polyacrylonitrile (PAN) and Zn(OAc)2 is
electrospun into the polymer composite nanofiber membrane.
Subsequently stabilization in air and then carbonization at
800 �C in N2, super-lithiophilic amorphous ZnO are uniformly dis-
tributed on the 3D CNF skeleton with multi-porous nanochannels
(Fig. 2b,c). The MCCNF@ZnO composite nanofibers show a well-
interconnected network structure with a fiber diameter ranging
800–1000 nm. Meanwhile, the corresponding energy-dispersive
X-ray spectroscopy (EDS) mapping images (Fig. S1) indicates that
elemental carbon (C), zinc (Zn) and oxygen (O) are all uniformly
distributed in MCCNF. To optimize the loading amount of ZnO,
MCCNF@ZnO composites are also prepared from precursors con-
taining different weight ratios of Zn(OAc)2, which are denoted as
MCCNF@ZnO-1, MCCNF@ZnO-2, MCCNF@ZnO-3 and
MCCNF@ZnO-4 (Fig. S2), respectively. As shown in Fig. S3, evenly
distributed nano-bumps appear on the surface of MCCNF@ZnO
fibers as the content of ZnO increases. Besides, the pore size of
the parallel nanochannels within MCCNF@ZnO composites gradu-
ally increases from 20 to 75 nm, which can create increasing free
spaces for uniform distribution of Li+ flux. However, when the Zn
(OAc)2 content increases to a certain value, the spinnability of
the composite precursor solution decreases with a large number
of spindles appearing in the MCCNF@ZnO-4 composite fibers.
Hence, MCCNF@ZnO-3 is chosen as the optimized sample in the
following statement if without any special instructions. To further
observe the microscopic structure of MCCNF@ZnO composites,
transmission electron microscopy (TEM) images are displayed in
Fig. 2d. Paralleled nanochannels with the uniform distribution of
C, Zn, and O elements are clearly observed within the nanofibers
(Fig. 2e), which are expected to homogenize the Li+ concentration
for uniform and smooth Li deposition. The high-resolution TEM
images further reveal an amorphous structure without any lattice
fringes in the MCCNF@ZnO composite (Fig. S4), which is in consis-
tent with the X-ray diffraction patterns (XRD) in Fig. S5.

The detailed compositions of MCCNF@ZnO are shown in the
Raman spectra (Fig. 2f), which presents a peak localized at



Fig. 1. Simulation models of the domains of (a) MCCNF@ZnO and (b) CNF. The corresponding E-field distributions of (c) MCCNF@ZnO and (d) CNF. Simulation of Li+ flux
distribution within (f) MCCNF@ZnO and (g) CNF. (e) E-field profiles along the X direction of the X-Z plane upon CNF and MCCNF@ZnO electrodes. (h) Li+ distribution along the
X-axis within the X-Y plane of CNF and MCCNF@ZnO. The background color indicates the intensity of E-field or the Li+ concentration, while the white region represents the
solid inner-body of the fiber.
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437 cm�1 assigned to the non-polar optical phonon E2 (high) mode
of ZnO [43]. The typical D-peak (�1350 cm�1) and G-peak
(�1580 cm�1) of disordered carbons can be observed in both
MCCNF@ZnO and CNF. Meanwhile, X-ray photoelectron spec-
troscopy (XPS) further verify the ZnO incorporation (Fig. S6). The
peaks at 531.3, 532.5, and 534.6 eV are assigned to the O2– in
ZnO [44,45], –OH and –COOH groups in MCCNF@ZnO composite
in the high-resolution O1s scan (Fig. S6b) [46,47], respectively.
The two symmetric peaks centered at 1022.7 and 1045.8 eV in
the high-resolution Zn 2p spectrum (Fig. S6c) are corresponding
to Zn 2p3/2 and Zn 2p1/2, respectively. The binding energy and cal-
culated splitting width (23.1 eV) well indicate the presence of Zn2+

and formation of ZnO within the MCCNF@ZnO composite [48,49].
The multichannel property of MCCNF@ZnO is further investigated
by Brunauer-Emmett-Teller (BET) analysis (Fig. 2g). A noticeable
high BET surface area of 643.137 m2 g�1 is achieved for
MCCNF@ZnO and the pore size is dominated at 10 � 80 nm (the
inset in Fig. 2g) to effectively increase the contact area between
the lithiophilic matrix and Li+, being beneficial for reducing the
exchange current density to eliminate the ‘‘hot spots”.

In order to investigate the influence of ZnO content on the elec-
trochemical performance, asymmetric batteries are assembled by
directly using the MCCNF@ZnO composites as the current collec-
tors against the metallic lithium. As the ZnO content increases,
the nucleation overpotential gradually decreases (Fig. 3a,b), which
can be ascribed to the superior lithiophilicity of ZnO and large
deposition area of MCCNF@ZnO. Fig. 3c and S7 presents a small
electrolyte contact angle of nearly 0� for MCCNF@ZnO while Cu
and CNF show higher contact angles of 26.8� and 12.4�, respec-
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tively, further indicating the high affinity between the electrolyte
and MCCNF@ZnO with multi-channels. However, the overloading
of ZnO would deteriorate the uniform structure and specific sur-
face area of MCCNF@ZnO, which conversely increases the nucle-
ation overpotential. To tentatively investigate the plating
morphology of lithium metal on the MCCNF@ZnO composite hosts
and traditional copper foil, 5 mAh cm�2 of Li metal was deposited
by a current density of 1 mA cm�2. As shown in Fig. S8, bulk den-
drites appear on the copper foil surface due to its poor lithiophilic-
ity and uneven current density distribution. As a comparison,
much smoother lithium deposition morphologies are observed on
the surface of all MCCNF@ZnO composites, although some uneven
deposition appears after a high loading amount of ZnO in
MCCNF@ZnO-4. The voltage profiles of first-cycle at 1 mA cm�2

also demonstrate the superiority of MCCNF@ZnO on lithium plat-
ing behavior. As shown in Fig. S9, the MCCNF@ZnO composite exhi-
bits an ultralow nucleation overpotential of 11.7 mV ascribed to
the reasonable design of MCCNF@ZnO composite with multi
nanochannels and super-lithophilic ZnO to facilitate Li+ transfer,
and highly conductive network with ultrahigh surface area to
homogenize the E-filed. In contrast, CNF and copper foil deliver
higher overpotentials of 36.2 and 66.3 mV, respectively.

The cycling stability is further evaluated by CE, which is defined
as the ratio between the capacity of stripping to plating during
charge/discharge processes, in asymmetrical cells by employing
Li foil as the lithium source and Cu, CNF and MCCNF@ZnO compos-
ite hosts as working electrodes, respectively. Obviously, the CE of
MCCNF@ZnO is stabilized at 99.2% for over 500 cycles at 1 mA cm�2

for 1 mAh cm�2 (Fig. 3d), suggesting the faster Li+ migration kinet-



Fig. 2. (a) Schematic illustration showing the synthesis procedure of MCCNF@ZnO. SEM images of MCCNF@ZnO: (b) top-view and (c) cross-section view. (d) TEM image and
(e) the corresponding elemental mappings of C, Zn, O. (f) Raman spectra of MCCNF@ZnO. (g) N2 adsorption and desorption isotherms of MCCNF@ZnO. The inset shows the
corresponding pore size distributions.

Fig. 3. (a) Voltage profiles for the first-cycle discharge profiles of MCCNF@ZnO current collectors at 1.0 mA cm�2 with 1.0 mAh cm�2, and (b) the corresponding nucleation
overpotential histogram and (d) CE. (c) Contact angles of LiTFSI-DOL/DME electrolyte on MCCNF@ZnO and Cu foil. (e) CE of Cu, CNF and MCCNF@ZnO current collectors at
1 mA cm�2 and 6 mAh cm�2. (f) CE of Cu, CNF and MCCNF@ZnO current collectors with increasing current density and capacity from 0.5 mA cm�2, 0.5 mAh cm�2 to
4 mA cm�2, 4 mAh cm�2, and (g) the corresponding CE with increasing capacity from 0.5 to 5 mAh cm�2 at 1 mA cm�2.
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ics and more stable interfacial properties without side reactions. In
contrast, the CE of Cu foil rapidly decreases to below 80.0% with
large fluctuation after only 70 cycles due to the uneven nucleation
of Li+ and the formation of Li dendrites (Fig. S10a). When cycled at
the high current density of 2 and 3 mA cm�2, the CE of
MCCNF@ZnO remains at 97.5% after 130 cycles (Fig. S10b) and
96.2% after 120 cycles (Fig. S10c), indicating a much durable lifes-
pan than those of Cu foil and CNF electrodes. Notably, even at the
high capacity of 6 mAh cm�2, the CE of the MCCNF@ZnO electrode
still keeps as high as 98.2% with an impressively long lifespan
(Fig. 3e). From the specific capacity voltage curves for the first
two cycles of MCCNF@ZnO, it can be indicated that 0.15 mAh cm�2

of Li metal participated in the lithiation of ZnO, and 0.02 mAh cm�2

participated in the formation of a stable SEI (Fig. S11). The CE under
increasing current densities and areal capacities are also conducted
to investigate the rate superiority of various electrodes (Fig. 3f,g).
The copper foil suffers from a large fluctuation at the current den-
sity of 1 mA cm�2 or the capacity of 3 mAh cm�2, while the CNF
fails only at the current density of 2 mA cm�2 or the capacity of
4 mAh cm�2. Nonetheless, the MCCNF@ZnO electrode with multi
porous channels delivers excellent CE even at gradually increased
current densities up to 4 mA cm�2 and areal capacities over
5 mAh cm�2, indicating its outstanding rate performance and
higher capacity for potential practical applications.
Fig. 4. Morphology evolution of the MCCNF@ZnO electrode during Li stripping and platin
(b) Schematic diagram of Li plating process for MCCNF@ZnO before 4.0 mAh cm�2 and (g
1.0, (d) 2.0, (e) 3.0, (f), (h) 4.0, (i) 5.0, and (j) 6.0 mAh cm�2. (k) SEM image of MCCNF@

143
To better understand the electrochemical plating/stripping
mechanisms of metallic Li into both CNF and MCCNF@ZnO elec-
trodes, Li plating is carried out under various capacities from 1 to
6 mAh cm�2 at 1 mA cm�2 (Fig. 4a). According to COMSOL simula-
tion upon the Li+ flux within MCCNF@ZnO, the ion concentration
inside the multi porous channels is higher than the fiber surface
(Fig. 1h). In consequence, Li metal prefers to be deposited within
the multi-channels of MCCNF@ZnO electrode (Fig. 4b), which is
further investigated by the ex-situ SEM observations in Fig. 4c-f.
At 1.0 mAh cm�2, no Li deposition can be observed on the outside
of MCCNF@ZnO. This can be attributed to that the plated lithium
mainly participates in the lithiation of ZnO to form LiZn alloy,
while the remaining part is plated into the hollow nanochannels
with amount sub-space as shown in Fig. 4c. With the increasing
plating capacity from 2.0 to 3.0 mAh cm�2, the multi-channels of
MCCNF@ZnO fibers are gradually filled with more Li metal
(Fig. 4d), but the outside of the fibers remains smooth without
any deposition (Fig. 4e). When further plating to 4.0 mAh cm�2,
lithium metal starts to be uniformly coated along the surface of
MCCNF@ZnO fibers as the channels are completely filled (Fig. 4f).
As illustrated in Fig. 4g,h, the surface of MCCNF@ZnO fibers main-
tains smooth with metallic luster due to the uniform coating of a
thin lithium layer after deposition to 4.0 mAh cm�2. Upon further
plating to 5.0 and 6.0 mAh cm�2, Li is densely deposited surround-
g. (a) The votage profile of first-cycle plating/stripping in MCCNF@ZnO at 1 mA cm�2.
) up to 6.0 mAh cm�2. SEM images of MCCNF@ZnO after depositing capacities at (c)
ZnO after stripping of 6.0 mAh cm�2Li.
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ing all the MCCNF@ZnO fibers in the whole membrane (Fig. 4i,j),
which is guided by the uniform distribution of Li+ flux as demon-
strated by the COMSOL simulation (Fig. 1f). Besides, a clean fiber
surface without any residuals recovers after the Li stripping pro-
cess (Fig. 4k), further indicating the highly stable and reversible
Li plating/stripping process of MCCNF@ZnO. Consequently, the
uniform deposition behavior of Li metal would regulate the subse-
quent growth of lithium along with the fibers. The excellent
reversibility during the Li stripping process is enabled by the inte-
grated and compact flexible matrix of MCCNF@ZnO extinguishing
the ‘‘dead” Li. This is very different from the deposition behavior
on the CNF electrode (Fig. S12a), with obvious large Li aggregates
and dendrites formed at the junctions of interconnected CNF fibers
after plating at 1.0 mAh cm�2 of Li in Fig. S12b. With further plat-
ing, Li metal appears in a large chunk-shape which is almost shed-
ding off from the surface of CNF (Fig. S12c,d). Furthermore, the
petal-shaped ‘‘dead” Li remains at the junctions of CNF membrane
after striping at 3.0 mAh cm�2 (Fig. S12e), which means lower CE to
accelerate the Li dendrite growth and deteriorated cycling stability.

The symmetrical cell is also conducted to evaluate the long-
term plating/striping performance of MCCNF@ZnO@Li as a free-
standing Li metal composite anode. Fig. 5a presents the cycling
properties of various symmetric cells at 0.5 mA cm�2 for
1.0 mAh cm�2. Remarkably, the symmetric cell with
MCCNF@ZnO@Li composite anode exhibits a consistent overpoten-
tial of 10 mV and an outstanding cycling stability approaching
3500 h. By contrast, the cells with both CNF@Li and Li foil show
large overpotentials, failing after 230 and 320 h, respectively. The
voltage hysteresis means the voltage difference between the pro-
cess of charge and discharge, which can directly exhibit the voltage
variation during redox cycling. The MCCNF@ZnO@Li anode main-
tains a stable voltage hysteresis below 20 mV after 800 cycles in
Fig. S13, suggesting the excellent kinetic performance and uniform
Fig. 5. (a) Voltage profiles and of symmetric Li foil, CNF@Li and MCCNF@ZnO@Li cells at t
(c) Cycling performance of the full cells with different anodes coupled with LiFePO4 cath
after various cycles at the rate of 1.0C. (e) The rate capabilities of the full cells with three t
optical photograph of lighting up a Panel LED by the MCCNF@ZnO@Li || LFP soft-packag
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deposition of Li. However, the CNF@Li and Li anodes show larger
voltage variations with fluctuations during cycling. When the cur-
rent density increases to 1 mA cm�2, the Li foil and CNF@Li sym-
metric cells display gradually increased voltage overpotentials
and obvious failures after 140 and 230 h (Fig. S14), respectively.
More impressively, the MCCNF@ZnO@Li anode exhibits remark-
able cycle stability with a constant overpotential of 20 mV during
the cycling of 1000 h. The current density conducted from 0.5 to
6 mA cm�2 further demonstrates that the cells with Li foil and
CNF@Li show unstable cycling with large voltage hysteresis even
at low current densities (Fig. 5b). In contrast, the MCCNF@ZnO@Li
cell exhibits eminent cycling with low voltage overpotentials of
11.8, 22.6, 31.9, 45.9 and 58.3 mV at 0.5, 1, 2, 4 and 6 mA cm�2,
respectively, indicating favorable Li plating/stripping kinetics and
superior interfacial properties. A constant high current of
5 mA cm�2 is also conducted to continuous deposit the Li metal
in the various anodes. It is obvious that the Sand’s time of
MCCNF@ZnO@Li is eight times longer than that of CNF@Li
(Fig. S15), thus effectively reducing the ‘‘tip effect” in
MCCNF@ZnO@Li to achieve a uniform and dendrite-free lithium
deposition. The high-resolution XPS spectra were further collected
on the surface and inner layer of MCCNF@ZnO@Li anode after
cycling. The C 1s and F 1s spectra on the surface of MCCNF@ZnO@Li
after cycling exhibit some typical peaks of the SEI layer (Fig. S16a,
b), which are assigned to the decomposition products of organic
solvents [50–52]. Obviously, these peaks are decreased or disap-
peared after etching in the Li 1s spectra. Compared with the spec-
tra before etching, two new peaks of Li0 and Li-Zn were detached in
Li 1s (Fig. S16c). The new peaks appearing at lower binding ener-
gies of 1021.7 eV and 1045.2 eV for Zn 2p3/2 and Zn 2p1/2

(Fig. S16d), compared to those (1022.7 and 1045.8 eV) of the pris-
tine ZnO (Fig. S6c), indicate the formation of the LixZn alloy.
[53,54]. Electrochemical impedance spectroscopy (EIS) is con-
he galvanostatic current density of 0.5 mA cm�2 and (b) increasing current densities.
ode, and (d) the corresponding charge-discharge profiles of MCCNF@ZnO@Li anode
ypes of anodes. (f) The schematic of MCCNF@ZnO@Li || LFP soft-package cell. (g) The
e cell.
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ducted to further investigate the stability of interface during redox
cycling in Fig. S17a,b. The charge-transfer resistance (Rct) values of
MCCNF@ZnO@Li are much smaller than those of CNF@Li in
Fig. S17c, demonstrating the much faster kinetics benefitting from
the uniformly dispersed super-lithiophilic amorphous ZnO and
multi-channels within the whole nanofibrous anode.

To explore the superiority of MCCNF@ZnO@Li in practical appli-
cations, the LFP cathode is coupled with Li foil, CNF@Li and
MCCNF@ZnO@Li anodes to assemble full cells. Before the test, all
composite anodes are pre-plated with 3.0 mAh cm�2 of Li at
1.0 mA cm�2. The cycle stability in Fig. 5c,d indicate that the
MCCNF@ZnO@Li || LFP full cell achieves a very stable cycling for
200 cycles with a CE of 99.5%. In contrast, the capacity of the
CNF@Li || LFP cell gradually decays to 85 mAh g�1 only after 200
cycles (Fig. S18a), indicating serious Li loss during cycling. Further-
more, the capacity of Li || LFP cell rapidly decays after 50 cycles
(Fig. S18b), which is mainly caused by the lossy Li deposition at
the ‘‘hot spots” that accelerates the dendritic Li growth and con-
sumption of electrolyte. The rate performance of the full cells is
also tested in Fig. 5e, with the corresponding voltage profiles pre-
sented in Fig. S19. It is clear that the MCCNF@ZnO@Li || LFP cell
delivers superior rate performance over those of CNF@Li || LFP
and Li || LFP systems, especially at higher rates. The cell based on
the MCCNF@ZnO@Li anode can also achieve an excellent cycling
performance over 200 cycles when cycling at 0.5 C (Fig. S20),
which can be attributed to the uniform deposition of Li metal into
the rationally designed multichannel network with an amount of
super-lithiophilic groups. In addition, the MCCNF@ZnO@Li anode
could run stably in carbonate-based electrolytes (Fig. S21). There-
fore, this work confirms the feasible design of MCCNF@ZnO@Li
anode for high-energy Li metal batteries in practical applications.
On this basis, the MCCNF@ZnO@Li is assembled in a soft-package
battery to confirm its practical application in real life in Fig. 5f.
The soft-package battery with MCCNF@ZnO@Li anode and LFP
cathode is able to light a LED panel with a specific pattern of 506
white bulbs (Fig. 5g), indicating the great potential in practical
applications.
4. Conclusions

In this work, we have designed a super-lithiophilic
MCCNF@ZnO fibrous composite with uniformly distributed
multi-parallel nanochannels as a Li metal anode host to homoge-
nize both the E-field and Li+ flux distributions. The MCCNF@ZnO
composite skeleton provides massive super-lithiophilic nucleation
sites with lower overpotential and stronger binding affinity for the
ultra-uniform and stable plating/stripping of Li metal, thus effec-
tively avoiding ‘‘dead” Li and improving the stability over the
entire operating process. As a result, the MCCNF@ZnO composite
host exhibits an eminent cycling stability with a high CE of 99.2%
after 500 cycles at 1.0 mA cm�2 and a small voltage potential of
12 mV over a long-lifespan of 3300 h at 0.5 mA cm�2. Benefiting
from the highly reversible redox cycling process and fast charge
kinetics, the MCCNF@ZnO@Li || LFP full cell delivers an extraordi-
narily long lifetime. We believe that this work can provide the
design guidance of stabilizing Li metal anodes, which is of great
significance for the practical implementation of next-generation
lithium metal batteries with high-energy denstiy, like Li-S and Li-
air systems.
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