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ABSTRACT: A lithium (Li)-metal battery with high energy
density is the most promising system for the next-generation
battery. However, detrimental Li dendrite growth induced by
uneven Li deposition causes inferior Coulombic efficiency (CE)
and infinite volumetric expansion of Li-metal anodes. Herein, a
flexible carbon nanofiber membrane modified by nickel phosphide
(Ni2P@CNF) is proposed as an effective 3D framework to guide
Li deposition behaviors. Even and dense deposition of Li is
observed via ex situ/in situ morphological observations, ascribed to
the homogeneous Li nucleation on the lithiophilic Ni2P crystalline
grains. The efficient utilization of Li is achieved benefiting from the
synergistic reversible conversion reactions between Li and Ni2P
and plating/stripping of Li. Moreover, the fibrous networks of
Ni2P@CNF retain structural stability upon prolonged cycling. Thus, an average CE of 97.6% at 5 mA cm−2 is available. And an
extended lifespan of 2000 h at 0.5 mA cm−2 for a symmetrical cell of Ni2P@CNF@Li and 1000 cycles at 5 C (1 C = 170 mA g−1) for
a Li||LiFePO4 cell are attained, revealing the great potential of a practical Li-metal anode.
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1. INTRODUCTION

To satisfy the demands for high-energy-density technology, it
becomes more and more imperative to explore new tactics
beyond lithium (Li)-ion chemistry.1,2 One plausible approach
is to employ Li-metal batteries with Li-metal anodes, which
possess incomparable merits of the most electronegative
potential (−3.04 V vs SHE), ultrahigh theoretical capacity
(3860 mAh g−1), and the lightest density (0.534 g cm−3).3−8

However, inferior Coulombic efficiency (CE) and cyclic
stability as well as safety hazards have severely impeded the
practical application of Li-metal anodes.3,4,9 The infinite
volumetric expansion of “hostless” Li and inhomogeneous
ion/electron distribution on the surface cause the needle-like
Li dendrite evolution,9−12 which not only can induce low
utilization of Li but also trigger an internal short circuit of
batteries.3,4,12

Up to now, substantial efforts have been devoted to resolve
the aforementioned obstacles. Surface engineering of Li metal
by an artificial coating layer (e.g., Li+ conductive alloy as well
as LiF-containing and solution-based reactions, etc.) or in situ
modification by additives in an electrolyte (e.g., fluoroethylene
carbonate, acetonitrile, LiAsF6, etc.) are proposed to adjust Li
deposition.13−20 Insufficient Li+ migration within the fragile
surface layer causes the growth of Li dendrites under high
current densities.21,22 Alternatively, rational design of a three-
dimensional (3D) conductive framework, such as 3D copper,

nickel foam, and graphene, etc., is capable of mitigating the
volumetric expansion of “hostless” Li.23−26 Also, the 3D
conductive hosts can enhance the charge transfer and
homogenize the electrical field distribution to obtain a
relatively steady state of Li+ concentration.27,28 However, the
lithiophobic nature of the frameworks with a large nucleation
barrier prevents uniform Li nucleation and deposition.29,30

Heterogeneous Li+ flux would tend to gather on the surface to
accept the electrons easily, leading to the risk of uncontrollable
Li dendrite formation. To improve the Li affinity, lithiophilic Li
nucleation sites have been incorporated into the frame-
works,31−33 for example, lithiophilic metal (silver nanowire
aerogel, Li−Al alloy, porous Cu and Li−Mg alloy, etc.)34−38

and metal oxides or sulfides (SiOx, ZnO layer, and Cu2S
nanowires, etc.).39−42 Nevertheless, structural expansion and
pulverization due to an alloy reaction43 or increasing
polarization by isolated Li2O or Li2S derived from lithiation
can cause uneven Li electroplating during the repeated cycling
under a high rate.44,45 Recently, metallic phosphides were
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reported as lithiophilic seeds for Li nucleation owing to their
good conductivity, strong reaction with Li, and the high Li+

conductivity of Li3P from the lithiation reaction.46−48 Despite
these ideal strategies, a simple phosphorization method to
obtain well-distributed lithiophilic metallic phosphides on a
flexible host with effective Li storage is still imperatively
demanded.
Herein, a lithiophilic Ni2P-modified carbon nanofiber

(Ni2P@CNF) host is proposed to guide the Li deposition
behavior and accommodate the volumetric expansion for
prolonged cycling processes. Ni2P with a lithiophilic property
also exhibits a reversible conversion reaction with Li, providing
abundant Li nucleation sites. Electrochemical and spectro-
scopic characterizations along with ex situ/in situ morpho-
logical observations illuminate the homogeneous and compact
Li deposits on Ni2P@CNF. On account of synergistic
structural stability and lithiophilic chemical composition, the
Ni2P@CNF@Li anode can work stably over 2000 h at 0.5 mA
cm−2 for 1 mAh cm−2. And average CEs of 98.6 and 97.6% for
400 and 200 cycles under 1 and 5 mA cm−2 with limited 1
mAh cm−2 Li are achieved, respectively. Moreover, Ni2P@
CNF@Li coupled with a high-loading LiFePO4 cathode (10
mg cm−2, 1.5 mAh cm−2) delivers a reversible capacity
exceeding 90 mAh g−1 with a CE of ∼99.1% for 1000 cycles at
5 C, manifesting its available practical applications for lithium-
metal batteries.

2. EXPERIMENTAL SECTION
2.1. Materials. Nickel acetate tetrahydrate (C4H6NiO4·4H2O,

98%), phosphorus oxide (P2O5, 98%), and N,N-dimethylformamide
(DMF, C3H7NO, 99.5%) were purchased from Sinopharm Chemical
Reagent. Polyacrylonitrile (PAN, average Mw 150 000) was provided
by Sigma-Aldrich. All chemical reagents in this paper were used
without further treatments.
2.2. Fabrication of Ni2P@CNF. Ni2P@CNF was synthesized via

a moderate electrospinning process and a succeeding heat treatment.
Typically, DMF (10 g) containing C4H6NiO4·4H2O (0.39 g) and
P2O5 (0.2 g) solution was obtained under magnetic stirring.
Subsequently, PAN (1 g) was added into the above mixture with
sustained stirring overnight to form a homogeneous solution. Next,
the above solution was filled into a 10 mL syringe for electrospinning
(ET2531, Beijing Ucalery Technology) under a high voltage (15−
20 kV) with a distance of 16−20 cm. Finally, the obtained membrane
was calcinated under 800 °C for 3 h (5 °C min−1, N2 flow) to perform
the carbonization and reducing reaction processes, donated as Ni2P@
CNF. A Ni2P-free CNF was fabricated under identical procedures
with absent C4H6NiO4·4H2O and P2O5. The average loading of
Ni2P@CNF and CNF electrodes was controlled as ∼3.0 mg cm−2.
2.3. Electrochemical Measurements. The battery performance

of the as-obtained Ni2P@CNF and CNF was evaluated by assembling
CR2025 coin-type cells. Celgard 2325 film (thickness: 25 μm) was
employed as the separator for all kinds of batteries in this work. For
the ether electrolyte, 1 M bis(triuoromethane)sulfonimide lithium salt
(LiTFSI) dissolved in 1,3-dioxolane (DOL)/1,2-dimethoxyethane
(DME) (vt%, 1:1) with 0.2 M lithium nitrate (LiNO3) additive was
served. The carbonate electrolyte was 1.0 M LiPF6 dissolved in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbo-
nate (DEC) (1:1:1, v/v/v). The amount of the electrolyte is
controlled as 50 μL. To deposit Li on the substrate, the counter
electrode of Li foil was directly used. The electrochemical
performance was recorded on a Land battery system tester. For
CEs of the Ni2P@CNF, the batteries were activated under 0.5 mA at
0.1−1 V (vs Li/Li+) for three cycles for stabilizing the SEI layer.
Subsequently, the measurement was implemented by discharged 1
mAh cm−2 Li and stripped to 1 V.
Symmetrical cells with two sheets of identical electrodes were

employed to measure the Li depositing/stripping behaviors of Ni2P@

CNF@Li. Li (10 mAh cm−2) was pre-electrodeposited onto the
substrates under 0.5 mA cm−2. Li||Li symmetrical cells were assembled
for reference. Cu@Li and CNF@Li symmetrical cells were tested
under the same conditions as a control. Electrochemical impedance
spectroscopy (EIS) measurements were performed on a CHI660E
workstation under an amplitude of 5 mV and open-circuit potential
with a frequency of 0.01 Hz−100 kHz.

To evaluate the feasibility of the Ni2P@CNF@Li, LiFePO4 (LFP)
was served as a cathode. LiTFSI (1 M) dissolved in DOL/DME (vt%,
1:1) with a 0.2 M LiNO3 additive was served as the electrolyte.
Typically, Ni2P@CNF was pre-electrodeposited with 10 mAh cm−2 of
Li. Here, LiFePO4 (LiFePO4:carbon black:polyvinylidene difluoride =
90:5:5) with an areal capacity of ∼1.5 mAh cm−2 (ca. 10 mg cm−2) on
aluminum foil (d = 12 mm) was coupled with Ni2P@CNF@Li.
CNF@Li||LFP was assembled under identical procedures as a control.
For comparison, Li foil and LFP electrodes were directly assembled.
And voltage windows between 2 to 4 V vs Li/Li+ were all configured.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Characterizations of Ni2P@CNF.

The synthetic route of Ni2P@CNF involved a versatile
electrospinning and succeeding carbothermic reduction. The
as-spun films were obtained from DMF homogeneous
solutions containing PAN, C4H6NiO4·4H2O, and P2O5.
Subsequently, the dried precursor membrane was calcined at
800 °C under N2 flow for 3 h. Ni2P was formed in situ during
the heat reduction treatment. PAN acts as the electrospinning
substrate with desirable rheological properties in the synthetic
process. Moreover, CO and H2 released from the pyrolysis of
PAN create a strong reducing atmosphere (Figure S1). As
schematically described in Figure 1a, a Ni2P-modified CNF
skeleton guides the Li deposition to nucleate and grow
uniformly compared with the unmodified CNF, which presents
a promise to render a nondendritic lithium-metal anode.

Figure 1. (a) Schematic illustrations of Li deposition behavior on
Ni2P@CNF compared with CNF. (b) The in situ optical observation
of Li deposition behavior on CNF or Ni2P@CNF with a counter
electrode of Li foil (the left side).
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Intuitively, the selected optical microscopy images for
operando observation were illustrated in Figure 1b to estimate
the Li dendrite inhibition of Ni2P@CNF. The visualized cells
of Ni2P@CNF and CNF as the working electrode were
assembled, with the Li foil as the counter electrode. Noticeable
Li protuberances emerge at the edges of CNF and arouse the
aggregation of Li nuclei with inhomogeneous Li plating. High
dendrite and bulky Li deposition is generated quickly. In
comparison, no sign of branched-like Li is observable for
Ni2P@CNF, with compact and uniform Li deposition. A
smaller thickness of the Li deposition layer is observed than
CNF, signifying the Ni2P@CNF is capable to uniformize
deposition of Li+ and suppress the formation of Li dendrites.
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) were employed to disclose the
morphology microstructure of the Ni2P@CNF. The precursor
of Ni2P@CNF exhibits a nanofibrous-network structure
(Figure S2), with a uniform diameter of approximately 700
nm. The porous surface of Ni2P@CNF nanofibrous network is
maintained during the pyrolysis process (Figure 2a), with a
diameter of ∼500 nm (Figure 2b). And the as-synthesized
Ni2P@CNF texture is flexible (the inset in Figure 2a), which
can be effortlessly tailored into fracture-free and freestanding

electrodes. Similar morphology is observed in CNF without
Ni2P incorporation (Figure S3). TEM images demonstrate that
the Ni2P is uniformly distributed over the nanofiber (Figure
2c). The lattice fringes with a d-spacing of 0.22 nm can be
obviously identified in a high-resolution TEM image (the inset
in Figure 2c), corresponding to the hexagonal Ni2P (111)
plane (JCPDS no. 03−0953). The elemental mapping analysis
shows uniform distributions of C and N elements throughout
the nanofiber (Figure 2d). The mapping images of Ni and P
exhibit obvious accumulation, which confirm the fine
dispersion of Ni2P nanoparticles. Correspondingly, the special
surface area of Ni2P@CNF is determined as 64.4 m2 g−1 by the
Brunauer−Emmett−Teller method (Figure S4a), which is
higher than that of CNF (15.0 m2 g−1). The mesopores and
macropores in the Ni2P@CNF porous structure are derived
from the gas release and internal crystallization of Ni2P during
the calcination process (Figure S4b).
The phase structure of Ni2P@CNF was investigated by X-

ray diffraction (XRD) measurements (Figure 2e), which verify
the formation of the high crystallinity of the hexagonal Ni2P
phase (JCPDS no. 03−0953). The lattice plane of carbon
(JCPDS no. 26−1079) is appearing at ∼26° with a broad peak,
derived from graphitization of PAN during pyrolysis treatment.

Figure 2. Characterizations of Ni2P@CNF. (a,b) SEM images of a flexible Ni2P@CNF membrane. The inset in (a) is a digital photo. (c) TEM
images and lattice fringes of Ni2P (111). (d) Scanning transmission electron microscopy images of Ni2P@CNF. (e) XRD patterns and XPS of (f)
Ni 2p and (g) P 2p spectra.
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Raman spectroscopy was implemented to analyze degree of
graphitization of Ni2P@CNF (Figure S5). And the intensity
ratio of the D band (∼1350 cm−1, diamond-like) to the G
band (∼1590 cm−1, graphite-like) (ID/IG) is ∼1.005,49,50
higher than that of CNF (ID/IG = 0.955), suggesting a
relatively high disorder degree of amorphous carbon and
abundant defects in Ni2P@CNF. The C content of 45 and 83
wt % in Ni2P@CNF and CNF was determined by elemental
analysis (Table S1), while the respective N content is 7 and 12
wt %, respectively. The content of Ni2P was confirmed by
TGA under air atmosphere (Figure S6a). After annealing, Ni2P
is oxidized to NiO, Ni2P2O7, and Ni3(PO4)2 (Figure S6b). And
the content of Ni2P is calculated to be ∼41 wt %.
X-ray photoelectron spectroscopy (XPS) characterizations

were implemented to further investigate the surface elemental
species and chemical valence state of Ni2P@CNF. Ni, P, N,
and C have been observed in the survey XPS spectrum (Figure
S7a). As displayed in Figure 2f, Ni core level peaks situated at
852.8 and 870.1 eV are associated with Ni 2p3/2 and 2p1/2 of
nickel phosphides, respectively.51−53 A doublet located at
854.6 and 872.5 eV is attributed to the inevitable surface trace
oxidation of Ni2P in air.54 And the peaks at 860.5 and 878.0 eV

correspond to satellite peaks (abbreviated as “sat.”).51,53 In the
P 2p spectrum (Figure 2g), the doublet at 128.9 and 129.8 eV
is assigned to the P 2p3/2 and 2p1/2 of Ni2P,

55 respectively,
whereas a peak around 131.9 eV is related to the oxidized P
species.56 The deconvolution of the N 1s spectrum (Figure
S7b) at 403.0, 400.2, and 397.6 eV is attributed to oxidized N,
pyrrolic N, and pyridinic N, respectively.57,58 And the C 1s
spectrum has been fitted by corresponding two peaks at 284.8
and 286.1 eV (Figure S7c), which are ascribed to graphitic C
and C−N, respectively.59,60

3.2. Li Deposition Behaviors of Ni2P@CNF. The
lithiophilicity and deposition behaviors of Ni2P@CNF were
investigated, and pure Li was served as the counter electrode
under 0.5 mA cm−2 for 10 mAh cm−2 Li (Figure 3a). Before Li
plating, a weak voltage plateau at ∼1.0 V is observed, which
implies the adsorption reaction of active Li+ into porous
nanofibers.61 The insertion reaction of Li+ into graphitic
carbon layers appears below 0.5 V. The general sloping voltage
plot in Ni2P@CNF is attributed to the pseudocapacitive
dominant Li+ storage for the conversion reaction of nanosized
Ni2P with Li (Ni2P + 3Li ↔ Li3P + 2Ni). A pseudocapacitive
charge storage mechanism endows high charge/discharge rates

Figure 3. Electrochemical characteristics of Ni2P@CNF. (a) Voltage−capacity profiles at 0.5 mA cm−2. (b) XRD patterns of initial cycles under 0.1
and 3 V (Li full stripped) at 0.5 mA cm−2. CEs performance at (c) 1, (d) 2, and (e) 5 mA cm−2, and (f−h) the corresponding voltage profiles with
limited 1 mAh cm−2 Li. (i) Arrhenius plots.
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of surface reactions of Ni2P.
62,63 The formation of nucleation

seeds induced by the lithiation of Ni2P is accomplished during
the initial discharging process. Generally, the charge
distribution and lithiophilicity of the skeleton hold dominance
over the Li nucleation overpotential, which is determined by
the gap from the dip to the subsequent voltage plateau.
Compared with that of CNF (15 mV) and Cu foil (42 mV,
Figure S8), the Li nucleation overpotential of Ni2P@CNF is
only 8 mV, implying the favorable affinity of Ni2P@CNF to Li.
In contrast to that of CNF (26 mV) and Cu foil (39 mV), the
growth overpotential for Ni2P@CNF is only 15 mV, indicating
the homogeneous charge distribution and feasible Li nucleus
growth on Ni2P@CNF. Furthermore, ex situ XRD measure-
ments were performed to verify the resultants of initial
discharging to 0.1 V and Li fully stripped to 3 V (Figure 3b).
Li3P and Ni2P (JCPDS no. 74−1160 and 03−0953) for 0.1
and 3 V are identified, respectively, which validate the
reversible conversion reaction of Ni2P with Li. During the
lithiation process, the lithiophilic Ni2P and the formation of
Li3P improve the affinity with Li and provide more nucleation
sites for Li depositing into the Ni2P@CNF skeleton.
Meanwhile, the reverse reaction guides uniform Li stripping
from the whole skeleton and compensates irreversible Li
consumption, further suppressing the formation of dendritic Li.
The Coulombic efficiency (CE) implies the reversibility of

Li-repeated depositing and stripping of the Ni2P@CNF,

determined from the ratio of the Li stripped capacity to a
limited Li deposition of 1 mAh cm−2. The CE of Ni2P@CNF
electrode reaches 99.0% at a moderate 1 mA cm−2 (Figure 3c)
and eventually maintains 98.6% over 400 cycles. Upon
increasing to 2 mA cm−2, the CE is still stabilized at 98.4%
even after 300 cycles (Figure 3d). A CE of 97.6% is achieved at
a better 5 mA cm−2 and remains stable over 200 cycles (Figure
3e), attributed to the uniform Li electrodeposition guided by
the reversible conversion reaction of lithiophilic Ni2P. In
contrast, the pristine Cu electrode presents much worse CE
performance of 85% at 1 mA cm−2 for 65 cycles and 60% for
63 cycles at 5 mA cm−2. Meanwhile, CNF delivers inferior CE
performance of 84.2% (1 mA cm−2) and 58% (5 mA cm−2) for
100 and 140 cycles, respectively. The plating/stripping
overpotential also significantly embodies the interfacial
resistance during cycling (Figure 3f−h). Notably, the
plating/stripping overpotential of Cu and CNF is obviously
higher than Ni2P@CNF under the same current density. And
the overpotential of Cu and CNF drastically enlarges as the
current density increases, while Ni2P@CNF fluctuates slightly,
demonstrating a fast Li+ diffusion kinetics of the lithiophilic
Ni2P-enhanced CNF. Moreover, EIS measurements of the
temperature-dependent interfacial resistance were imple-
mented to probe the Arrhenius activation energy of Ni2P@
CNF ranging within 273 to 323 K (Figure S9). And the
corresponding Arrhenius plots are obtained complying with

Figure 4. SEM morphological evolution of (a−e) Ni2P@CNF and (f−j) CNF during Li plating/stripping at 0.5 mA cm−2.
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the law of Arrhenius (Figure 3i).38,64 The activation energy of
Ni2P@CNF and CNF was determined to be 14.96 and 19.37
kJ mol−1, respectively, indicating an express mass transfer of
Ni2P@CNF substrate.
The Li deposition behavior on the Ni2P@CNF is illustrated

in Figure 4 at 0.5 mA cm−2 for 10 mAh cm−2. The
morphological evolution of the Ni2P@CNF@Li anode at
different deposition states upon cycling was elucidated by
SEM. The integrity of the 3D nanofibrous network of Ni2P@
CNF is substantially maintained during the overall Li
deposition and stripping steps. The surface of the pristine
Ni2P@CNF is relatively smooth, with a diameter of 500 nm
(Figure 2b). Along with the 10 mAh cm−2 Li plating, the
diameter of the nanofiber varies to 650 nm, and Li is
completely deposited on the Ni2P@CNF individual nanofibers
(Figure 4a). Distinguished from the pristine nanofibers, the
plated nanofibers are covered by nanoflakes. The affinity of
Ni2P and the lithiation reaction of Ni2P enable the uniform Li
deposition on Ni2P@CNF. For the succeeding Li stripping
procedure, nanofibrous Ni2P@CNF is modulated following a
gradually decreasing diameter of the individual nanofiber
(Figure 4b). And the deposition of Li nanoflakes almost
disappears after Li is stripped thoroughly (Figure 4c).
Obviously, no residual dendritic bulk Li deposits emerge on
the Ni2P@CNF. In the subsequent plating process for 5
(Figure 4d) and 10 mAh cm−2 Li (Figure 4e), a compact and
dense Li depositing is retained with conformal Li deposits over

the individual fibers. The nanoflake nucleation, growth, and
decomposition of the Li nucleus seed are repeated upon
cycling. Whereas, sparse Li is deposited on the CNF individual
nanofibers, and the porous morphology of bulky Li
preferentially grows, enclosing edges of the nanofibers (Figure
4f) as well as rendering the growth of dendrites and a large Li+

diffusion resistance. In the following Li stripping/plating
process, it could be observed that lots of dendritic bulk Li
unevenly deposits on the surface of CNF (Figure 4g−j).
Moreover, the cross-sectional SEM images demonstrate the
perpendicular thickness of Ni2P@CNF@Li (Figure S10). A
volume expansion of ∼19% of Ni2P@CNF is maintained,
much lower than that of CNF (68%). This result indicates
Ni2P@CNF is qualified to accommodate Li and handle the
volume changes during repeat cycling. The strong Li affinity of
Ni2P and unobstructed mass transfer channels of Ni2P@CNF
empower the absence of dendritic Li on Ni2P@CNF. And the
Li3P derived from the lithiation reaction on the nanofibers
serves as the mass transfer centers owing to its fast ionic
conducting characteristic.
The galvanostatic cycling measurements of symmetrical cells

were investigated to estimate the stability of stripping/
depositing behaviors of Ni2P@CNF@Li anodes at 0.5−2 mA
cm−2 with a fixed capacity of 1 mAh cm−2 (Figure 5). All
electrodes were pre-electrodeposited with 10 mAh cm−2 Li
under 0.5 mA cm−2. Ni2P@CNF@Li exhibits a long-term
cycling stability for 2000 h (500 cycles) at 0.5 mA cm−2

Figure 5. Electrochemical performances of symmetrical cells for Ni2P@CNF@Li. (a) The cycling stability and (b) corresponding voltage curves at
0.5 mA cm−2. Galvanostatic cycling performance at (c) 1 and (d) 2 mA cm−2 for 1 mAh cm−2. (e) Rate performance. EIS plots for (f) fresh
symmetrical cells and (g) after 100 cycles at 1 mA cm−2. (h) Tafel plots.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c00148
ACS Appl. Energy Mater. 2022, 5, 4733−4742

4738

https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00148/suppl_file/ae2c00148_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00148?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00148?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00148?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00148?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 5a), with a voltage hysteresis of 13 mV (Figure 5b).
The cells with Li foils, Cu@Li, and CNF@Li exhibit relatively
large voltage polarization, which almost can be attribute to the
higher interfacial resistance caused by the dendrite Li growth
and the accumulation of thick SEI. Remarkably, as the current
density increases to 1 and 2 mA cm−2, the Ni2P@CNF@Li-
metal anode delivers stable overpotentials of 18 and 30 mV
and maintains stabilities of 900 (450 cycles) and 400 h (400
cycles) (Figure 5c,d), respectively. Meanwhile, Li foils, Cu@Li,
and CNF@Li-metal anodes display inferior stability, quickly
deteriorated by a dramatic value of voltage polarization, and
even short-circuit finally. SEM images after 100 cycles at 1 mA
cm−2 (1 mAh cm−2) with a thickness of 116 μm further
demonstrate the dendrite-free Ni2P@CNF@Li and dense Li
deposition during cycling (Figure S11). Moreover, the Ni2P@
CNF@Li anode expresses enhanced rate stability upon
switching variable current densities (Figure 5e). The cycling
performance of Ni2P@CNF@Li for symmetric cells precedes
many previous works of the previously reported 3D skeleton
Li-metal anode (Table S2). Nyquist plots for fresh symmetrical
cells (Figure 5f) and those after 100 cycles (Figure 5g) under 1
mA cm−2 elucidate Li+ diffusion and the charge transfer of

Ni2P@CNF@Li. Typically, the first semicircle relates to the
SEI resistance, and the second semicircle is associated with
charge transfer resistance. A lower charge transfer resistance of
Ni2P@CNF@Li for both fresh cells and those after 100 cycles
demonstrates the enhanced mass transport to inhibit the
formation of Li dendrites, which is in accordance with the
stable Li plating/stripping curves in Figure 5c. Considering the
small voltage polarization of Ni2P@CNF@Li, the exchange
current density (i0) of Ni2P@CNF@Li was determined from
the Tafel slopes by linear sweep voltammetry measurements
(Figure 5h) to further reveal the charge transfer kinetics. The i0
values of Ni2P@CNF@Li and CNF@Li are 3.72 and 0.74 mA
cm−2, respectively, indicating that the modified Ni2P@CNF@
Li effectively facilitates the kinetics of Li migration and thereby
boosts the electrochemical performance. The compatibility of
Ni2P@CNF@Li in carbonate electrolytes was also studied
using EC/DMC/DEC (1:1:1, v/v/v) with 1 M LiPF6. The Li
nucleation and growth overpotential on Ni2P@CNF are 19
and 27 mV at 0.5 mA cm−2 (Figure S12a), respectively. A CE
of 98.3% is achieved at 1 mA cm−2 and maintains 97.9% after
150 cycles (Figure S12b). The corresponding voltage profiles
suggest reversible Li plating/stripping with an overpotential of

Figure 6. Electrochemical performances of Ni2P@CNF with LiFePO4 cathodes. (a) Voltage−capacity profiles of Ni2P@CNF@Li∥LFP at 0.2 C (1
C = 170 mA g−1). (b) Cycling performances at 0.2 C and (c) rate capability. Long-term cycling performances of Ni2P@CNF@Li||LFP at various
current densities of (d) 0.5, 1, 2, and (e) 5 C.
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33 mV (Figure S12c). The symmetrical cells of Ni2P@CNF@
Li exhibit stable cycling at 1 mA cm−2 over 300 h and at 2 mA
cm−2 over 140 h (Figure S12d,e), respectively. The inferior CE
and cyclic stability of Ni2P@CNF in a carbonate-based
electrolyte suggest carbonate solvents are more corrosive
than ether toward Li.65,66

3.3. Applications of Ni2P@CNF@Li with LiFePO4
Cathodes. For emphasizing the feasibility of Ni2P@CNF@
Li, galvanostatic cycling measurements with LiFePO4 (LFP)
cathodes were implemented. The voltage−capacity plots of
Ni2P@CNF@Li||LFP exhibit an obvious plateau of 3.45 V
under 0.2 C (1C = 170 mA g−1) (Figure 6a). Additionally, the
voltage curves of both oxidation and reduction are well-
repetitive from the 1st to 10th cycles, suggesting a good
reversibility of Li-metal anodes based on Ni2P@CNF@Li. A
specific capacity of 150 mAh g−1 after 200 cycles is maintained
with a capacity retention of 93% for Ni2P@CNF@Li (Figure
6b). Li||LFP (135 mAh g−1, 200 cycles) and CNF@Li||LFP
(123 mAh g−1, 100 cycles) possess inferior capacity retentions
of 83 and 76%, respectively. The advantage of Ni2P@CNF@Li
becomes more obvious in a rate capability measurement
(Figure 6c). Ni2P@CNF@Li||LFP display a capacitiy of 100
mAh g−1 at 10 C, 50-fold higher than the initial rate. And
reversible capacities of 161 mAh g−1 are still retained as
resetting to 0.2 C. Benefiting from the uniformized mass
transport, the Ni2P@CNF@Li||LFP cells also exhibit high
specific capacities of 151 (0.5 C), 133 (1 C), and 124 (2 C)
mAh g−1 for 250 cycles (Figure 6d). Notably, the Ni2P@
CNF@Li||LFP offers a capacity of 92 mAh g−1 under a better
rate of 5 C upon 1000 cycles, delivering an average CE of
99.1% (Figure 6e).

4. CONCLUSIONS

In summary, we have successfully developed a straightforward
strategy of a 3D Ni2P@CNF substrate to obtain nondendritic
Li growth. The ideal conversion reaction from lithiophilic Ni2P
and Li to Li3P not only enhances the Li affinity of the skeleton
but also obviously regulates nondendritic Li deposition with
enhanced CE via uniformized mass transport and accelerated
electrochemical kinetics. Furthermore, the interconnected
nanofibrous structure ensures structural stability and further
alleviates the huge dimensional volume variations of Li during
cycling. The active Li reserved can compensate irreversible Li
consumption during cycling owing to the reversible conversion
reaction of Ni2P, which prolongs the lifespan of the battery.
Additionally, the nondendritic Li deposition on the Ni2P@
CNF substrate is disclosed by means of ex situ/in situ
morphological observations. Therefore, a long lifespan with a
stable overpotential over 2000 h at 0.5 mA cm−2 is maintained
using as-formed Ni2P@CNF@Li anodes. Coupled with a high-
loading LFP cathode (ca. 10 mg cm−2), the Ni2P@CNF@Li||
LFP cell exhibits long cycling life over 1000 cycles, with
enhanced rate capability (over 90 mAh g−1) under 5 C. We
believe that our design here affords a feasible and extended
lifespan Li-metal anode with enhanced safety and hastens the
development toward next-generation Li-metal batteries.
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