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a b s t r a c t 

The uncontrollable Li dendritic plating and infinite volumetric expansion significantly plague the practical ap- 
plications of lithium (Li) metal, which is regarded as the most promising high-energy-density anode material for 
rechargeable batteries. The well regulated Li-ion (Li + ) flux distribution and Li deposition is the prerequisite for 
feasible Li-metal batteries. In this work, the Li migration, nucleation and growth behavior are investigated with a 
lithiophilic CoP-doped carbon nanofibers (CoP@CNF)-guided self-standing substrate. The high adsorption effect 
and low migration barrier of CoP to Li + lead to the reversible conversion reaction between Li and CoP, enabling 
an even charge transportation and a homogeneous Li + concentration gradient. The uniform nucleation and dense 
electrodeposition of Li over through the CoP@CNF is demonstrated via combined in-situ / ex-situ morphologic and 
electrochemical characterizations. Benefiting from the small nucleation and growth overpotential of Li, the sym- 
metrical cell of CoP@CNF@Li can steadily operate under 0.5 mA cm 

− 2 over 2000 h with a low voltage hysteresis 
of ca. 12 mV. When paired with a LiFePO 4 cathode, a specific capacity exceeding 90 mAh g − 1 up to 1000 cycles 
is achieved at 5 C (1 C = 170 mA g − 1 ), demonstrating the dendritic Li suppression capability of the CoP@CNF@Li 
composite anode. 
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. Introduction 

The demand for long-mileage electric vehicles and high-energy-
ensity storage devices has boosted the development of upgraded
ithium (Li)-ion chemistry [ 1 − 3 ]. Li-metal batteries with a Li-metal an-
de which possesses the lightest density (0.534 g cm 

− 3 ), the lowest elec-
rochemical potential ( − 3.04 V vs. the standard hydrogen electrode) and
n ultrahigh theoretical capacity (3860 mAh g − 1 ), have attracted exten-
ive research attention [ 4 , 5 ]. Nevertheless, serious challenges regarding
yclability and safety have substantially impeded the practical utiliza-
ion of Li metal, due to nonuniform electrodeposition behavior embod-
ed as dendritic Li growth and the infinite volume expansion of "hostless"
i [ 6 , 7 ]. The uncontrollable Li dendrites destroy the solid electrolyte
nterphase (SEI) and expose fresh Li underneath, further accentuating
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ide-reactions with the electrolyte and the branch-like dendrite growth
 4 , 8 ]. Fractured Li dendrites cause irreversible Li inventory loss, poor
oulombic efficiency (CE) and a short battery lifespan [ 4 , 6 ]. More seri-
usly, these Li dendrites will continue to grow and even fatally penetrate
he separator, giving rise to internal short-circuits and safety hazards
 3 , 6 , 9 ]. Therefore, the key to suppress dendritic Li growth is tailoring
he Li electrodeposition behavior. 

Surface pretreatment of Li metal is a plausible approach to inhibit
endritic Li growth. Some endeavors focused on constructing an arti-
cial SEI layer (eg. ion-conductive Li 3 N [ 9 − 11 ], LiF [12] or Li-rich
lloy layer [ 13 − 16 ], etc.) to accommodate the dendrite formation,
hile others chose suitable electrolyte additives for building an in-situ

EI layer (eg. ionic liquids [ 17 , 18 ], fluoroethylene carbonate [ 19 , 20 ],
iNO [ 21 − 24 ], etc.). Nonetheless, the fragile SEI layers can hardly
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ithstand the mechanical deformation induced by the infinite volu-
etric expansion of Li metal during repeated cycles [25] . An alterna-

ive approach is to store Li into 3-dimensional (3D) hosts like porous
arbon or metal foam (Cu, Ni, etc.) to regulate the Li deposition be-
avior and buffer the volumetric expansion [ 26 − 28 ]. However, there
re risks of Li to be plated outside these electron-conductive scaffolds,
articularly at high rates and high deposition capacities. To guaran-
ee that the Li deposits into the 3D structured frameworks, it is nec-
ssary to introduce lithiophilic nucleation seeds to guide the Li plating
rocess [29] . An ion/electron-conductive skeleton integrates the advan-
ages of both ion- and electron conducting pathway into a mixed scaf-
old [30] . The charge diffusion and distribution are facilitated to in-
ibit the dendritic Li formation due to their unique geometry and lithio-
hilic chemical constituents [ 25 − 37 ]. For example, Zhang et al. built a
caffold that incorporates Li 6.4 La 3 Zr 2 Al 0.2 O 12 nanoparticles [31] . Zhai
t al. constructed Cu 2 S nanowires coated porous Cu foam, the gener-
tion of a Li 2 S layer has balanced the transport rate of Li + ions and
lectrons [33] . Shi et al. assembled a Ti 3 C 2 T X MXene-melamine foam
ith electronic and ionic transport channels [35] . And Zhang et al. in-

roduced Li 3 N and LiAl alloy into a mixed ion/electron composite struc-
ure [36] . Stable Li plating/stripping at enhanced current densities high-
ighted the suitability of the mixed conductive skeletons for Li-metal
atteries. In spite of this significant progress, there is insufficient under-
tanding of the Li deposition kinetics and the underlying reaction mech-
nism. Moreover, a readily obtained lithiophilic mixed ion/electron-
onducting skeleton with effective Li storage is still in an urgent
eed. 

In this study, a lithiophilic CoP-doped carbon nanofibers
CoP@CNF)-guided dendrite-free Li-metal anode with extend cyclic life
s proposed by tailoring the migration of Li + ions and the subsequent
ucleation and growth behavior of Li. The high adsorption energy and
ast diffusion rate of Li + on the lithiophilic CoP, verified from density
unctional theory (DFT) calculations, lead to abundant nucleation
ites for Li. The reversible conversion reaction between Li and CoP
uarantees a homogeneous Li + flux distribution. Uniform nucleation
nd dense deposition of Li are elucidated via combined in-situ/ex-situ

orphologic observations and electrochemical characterizations. The
ymmetric cells of the CoP@CNF@Li anode exhibit a long lifespan up
o 2000 (500 cycles), 1000 (500 cycles) and 100 h (250 cycles) under
urrent densities of 0.5, 1 and 5 mA cm 

− 2 , respectively. An average
E of 98.8% for 400 cycles at 1 mA cm 

− 2 and 97.1% at 5 mA cm 

− 2 

ith a capacity of 1 mA h cm 

− 2 is maintained. The stable cycling
f the cell with a LiFePO 4 cathode at high current densities further
emonstrates the prospect of the electron/ion conductive CoP@CNF
keleton. 

. Experimental methods 

.1. Synthesis of CoP@CNF 

The precursor nanofibers of CoP@CNF were prepared by an elec-
rospinning method at room temperature. Briefly, 0.38 g cobaltous ac-
tate tetrahydrate (C 4 H 6 CoO 4 •4H 2 O, 99.5%, Sinopharm Chemical) and
.16 g phosphorus oxide (P 2 O 5 , 98%, Sinopharm Chemical) were dis-
olved in 10 mL of N,N -dimethylformamide (DMF, C 3 H 7 NO, 99.5%,
inopharm Chemical) to get a homogeneous solution after sonication
or 20 mins. Then, 1 g polyacrylonitrile (PAN, average Mw 150,000,
igma-Aldrich) was dissolved in the solution under vigorous stirring for
2 h. Subsequently, the as-obtained solution was loaded into a syringe
o electrospin by applying a work voltage of 15–20 kV (ET2531, Beijing
calery Technology). Finally, the as-obtained nanofibers were calcined

n a tubular furnace at 800 °C for 2 h under nitrogen atmosphere with a
eating rate of 5 °C min –1 . As a control, a CoP-free CNF was synthesized
t the similar conditions without addition of C 4 H 6 CoO 4 •4H 2 O and P 2 O 5 
n the precursor solution. The mass loading of the obtained CoP@CNF
nd CNF was controlled to be ca. 3.0 mg cm 

‒2 . 
1110 
.2. Material characterization 

The microstructure of CoP@CNF was investigated by scanning elec-
ron microscope (SEM, 7500F, JEOL) and transmission electron micro-
cope (TEM, Talos F200S, FEI) with high-angle annular dark-field detec-
or (HAADF-STEM) and X-ray energy dispersive spectroscope (XEDS)
lemental mapping analysis. Powder X-ray diffractometer (XRD) pat-
erns were performed on an X-ray diffractometer (D/max-2500VB + /PC,
igalcu) equipped with Cu K 𝛼 radiation. The samples were covered by
 piece of polyethylene (PE) film to prevent the atmospheric contami-
ation during the XRD measurement. The chemical valence was identi-
ed by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo
isher Scientific). The weight (wt%) of CoP in the CoP@CNF was mea-
ured by thermogravimetric analysis (TGA), which was conducted on
 TG analyzer (NETZSCH TG 209 F1 Libra) in the temperature rang-
ng from ambient to 900 °C under air atmosphere. The relative content
wt%) of carbon and nitrogen was confirmed by elemental analysis (Var-
oEL Ⅲ ). Raman spectroscopy (inVia-Reflex, Renishaw) was carried out
o analyze the coordination structures of CoP@CNF. The nitrogen sorp-
ion/desorption measurements were conducted on a Quadrasorb adsorp-
ion instrument (Quantachrome Instruments). The specific surface area
as calculated according to the multipoint Brunauer ‒Emmett ‒Teller

BET) method. 

.3. Electrochemical performance 

Battery performance was evaluated with CR2025 coin-type cells
n a Land CT2001A instrument (Wuhan, China) at room tempera-
ure. The polypropylene/polyethylene microporous membrane (celgard
325, 16 mm in diameter, 25 𝜇m thick) was supplied as the separa-
or. 1.0 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in 1,3-
ioxolane (DOL)/1,2-dimethoxyethane (DME) (1:1, vt%) in presence
f 0.2 M LiNO 3 was employed as the electrolyte. To investigate the
lectrochemical deposition of Li, coin cells assembled with Li metal
oil ( d = 14 mm) as counter/reference electrode. To estimate the Li
lating/stripping behavior of CoP@CNF@Li, symmetric cells with two
ieces of identical electrodes was assembled. Cyclic voltammetry (CV)
t the scanning rate of 0.1 mV s − 1 in a voltage window of − 0.2–0.2 V
vs. Li/Li + ) was carried out on CHI660E electrochemical workstation.
lectrochemical impedance spectroscopy (EIS) measurements were per-
ormed under an opencircuit potential with an amplitude of 0.05 mV
n the frequency range of 0.01–100 kHz. The CoP@CNF@Li electrodes
ere washed thoroughly with DME to remove the lithium salt before
EM and XRD measurements. The electrochemical measurements of
ontrolled CNF and Li foil samples were conducted under the same con-
itions. 

LiFePO 4 was employed as the cathode to evaluate the feasibility of
he CoP@CNF@Li anode. The cathode was prepared by casting a mix-
ure slurry of 90 wt% LiFePO 4 , 5 wt% super P carbon additive and
wt% PVdF binder in N-methyl-2-pyrrolidone (C 5 H 9 NO, 99.0%, Shang-
ai Lingfeng Chemical) on aluminum foil. After drying, the cathodes
ere punched into discs ( d = 12 mm) with a mass loading of 10 mg

m 

− 2 (1.5 mAh cm 

− 2 ) afterwards to couple with CoP@CNF@Li anodes
 d = 12 mm, 10 mAh cm 

− 2 ). The potential window was configured
ithin 2–4 V (vs Li/Li + ). As a control, CNF@Li and Li foil were im-
lemented for the measurements in the same configuration. The pre-
lectrodeposited Li on CNF@Li and CoP@CNF@Li is 10 mAh cm 

‒2 for
ymmetrical cells or that to be coupled with LiFePO 4 . 

.4. Computational method 

We performed plane-wave spin-polarized density-functional theory
PW-DFT) computations by Vienna ab initio simulation package (VASP,
ersion 5.3) [38] , with the projector-augmented-wave (PAW) method
39] . We used the Perdew-Burke-Ernzerhof (PBE) density functional
40] , and Grimme’s D3 dispersion correction with the Becke-Johnson
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BJ) damping function [ 41 − 44 ]. To explore the most stable surface of
oP and Li 3 P, we carved out the (111), (110), (100) facets from the
ptimized bulk structures. The unit cell contains 32 Co and 32 P atoms
n the slab models for the (110) and (100) facets, and 64 Co and 64
 atoms for the (111) facet of CoP. There are six layers in the (111)
acet of CoP, and the bottom three layers are fixed in the geometry op-
imization. For all three facets of the Li 3 P slab models, the unit cell
ontains four layers, 96 Li and 32 P atoms, and the bottom two layers
re fixed. The Monkhost-Pack-sampled 3 × 3 × 1 k -points meshes with
 first-order Methfessel-Paxton smearing parameter of 0.1 eV were used
n all calculations [45] . The kinetic-energy cutoff of the plane-wave ba-
is was set to 380 eV. The forces were converged within 0.023 eV/Å for
he optimization of local minima, and 0.05 eV/Å for the transition-state
tructures, which were determined by the climbing image nudged elas-
ic band (CI-NEB) method [46] . A vacuum layer of 15 Å normal to the
urface was added between the slabs so that there is no artificial interac-
ion between the image slabs, along with a dipole correction [47] . The
ithium adsorption energies were computed by the following Eq. (1) : 

 𝑎𝑑 = 𝐸 ( 𝐿𝑖 + 𝑠 ) − 𝐸 𝑠 − 𝐸 𝐿𝑖 (1)

here 𝐸 ( Li +s ) is the electronic-structure energy of Li atom adsorbing on
he slab, 𝐸 s is the electronic-structure energy of clean slab, and 𝐸 Li is
or a single isolated Li atom (the energy of which is computed in a large
symmetric cell). 

We computed the real-space charge density differences by the fol-
owing Eq. (2) and visualized them by using VESTA [48] 

𝜌 = 𝜌( 𝐿𝑖 + 𝑠 ) − 𝜌𝑠 − 𝜌𝐿𝑖 (2)

here 𝜌( 𝐿𝑖 + 𝑠 ) is the charge density of Li adsorbing on the slab; 𝜌s is the
harge density obtained from a single-point calculation based on the slab
eometry directly carved out from the Li + s system; the slab is isolated
ut not re-optimized; 𝜌Li is the charge density of a single isolated Li
tom. The yellow region represents partial electron gain (i.e., Δ𝜌 > 0 ),
hereas the blue region represents the loss of electrons (i.e., Δ𝜌 < 0 ). Δ𝜌

haracterizes the direction of the charge transfer during the adsorption
rocess. 

We computed the Gibbs free energy change ( Δ𝐺) of reaction
oP + 3Li = Co + Li 3 P at the discharging voltage (0.1 V) and the re-
erse reaction Co + Li 3 P = CoP + 3Li at the charging voltage (3.0 V) by
he following Eq. (3) : 

𝐺 = Δ𝐸 + ΔZPE − 𝑇 Δ𝑆 + Δ𝐺 ( 𝑈 ) (3) 

here Δ𝐸 is the reaction energy obtained from the DFT self-consistent
eld (SCF) energies and T is the temperature in Kelvin. ΔZPE and Δ𝑆
re the change of vibrational zero-point energy and the reaction en-
ropy. Δ𝐺( 𝑈 ) is the free energy contribution related to applied voltage
 , which can be determined as the following Eq. (4) : 

𝐺 ( 𝑈 ) = − zFU (4) 

here z is the number of the charge transferred during the reaction (in
ole), F is Faraday constant (96,484.5 C mol –1 ). For the isolated Co

nd Li atoms, the S values were taken from the NIST database [49] .
he S values for gas-phase Li atoms are 0 and 0.0014 eV K 

− 1 under 0 K
nd 298.15 K. And those for gas-phase Co atoms are 0 and 0.0019 eV
 

− 1 under 0 K and 298.15 K, respectively. For CoP and Li 3 P, the ZPE
nd S values were obtained from vibrational frequency computations
nder the harmonic-oscillator approximation and were averaged by the
umber of repetitive structural motifs in each computational unit cell.
he unit cells for the frequency computations of the bulk CoP and Li 3 P
ontain 4 Co and 4 P, and 6 Li and 2 P atoms, respectively. We used
 × 10 × 6 and 9 × 9 × 4 Monkhost-Pack k -points for CoP and Li 3 P,
espectively. The SCF convergence threshold was set to 10 − 5 eV. We
sed the Shermo module implemented in VASPKIT [50] to compute the
alues of ZPE by summing over all normal modes and S by using the
armonic-oscillator vibrational partition functions. 
1111 
. Results and discussion 

.1. Synthesis and material characterizations of CoP@CNF 

The synthesis of CoP@CNF composite is realized by a facile electro-
pinning method and a subsequent in-situ carbothermic reduction pro-
ess. In brief, the electrospun films were prepared from a DMF solu-
ion with PAN, C 4 H 6 CoO 4 •4H 2 O, and P 2 O 5 . Wherein, PAN provided
he desirable rheological property and carbon source. The precursor
lm was then thermally treated under N 2 atmosphere at 800 °C for
 h to acquire CoP@CNF via a carbothermic reduction reaction. Dur-
ng the pyrolysis process, a strong reducing atmosphere (eg. carbon, CO
nd H 2 ) was released (Fig. S1), and the high valence phosphate was
n-situ reduced to form CoP in the CNF. As schematically illustrated in
ig. 1 a, compared with the undoped CNF, the lithiophilic CoP@CNF
erived ion/electron skeleton holds the promise toward a dendrite-
ree Li-metal anode by regulating the Li + flux distribution at a fast
ate. 

The as-prepared CoP@CNF film is robust and flexible (Inset in
ig. 1 b). SEM images show the network of interconnected nanofibers
ith a uniform diameter ca. 500 nm ( Fig. 1 b), and a wrinkled surface
scribed to the pyrolysis process is observed ( Fig. 1 c). High-resolution
EM images reveal that the CoP nanoparticles with clearly identified lat-
ice fringes (112) are uniformly distributed throughout the nanofibers
 Fig. 1 d). The XEDS of CoP@CNF shows the homogeneous distribution
f Co, P, N, and C elements in nanofibers ( Fig. 1 e). The C and N atoms are
riginated from pyrolytic PAN. Analogous features are observed from
NF without CoP incorporation (Fig. S2). The BET surface areas of the
oP@CNF and CNF were calculated to be 75.2 and 19.4 m 

2 g − 1 , and
he total pore volumes were 0.10 and 0.02 cm 

3 g − 1 , according to the N 2 
dsorption-desorption isotherms (Fig. S3a). The porous structure of hi-
rarchical mesopores and macropores was formed due to the gas activa-
ion and internal crystallization of CoP during the carbonization process
n the CoP@CNF host (Fig. S3b). 

The crystalline structures of the as-prepared CoP@CNF and CNF
ere investigated by XRD ( Fig. 1 f). It should be noted that a 50% ex-

ess of P 2 O 5 was required for pure-phase CoP to compensate for its
olatilization during calcination at 800 °C. The diffraction patterns of
he CoP@CNF exhibit several peaks corresponding to orthorhombic CoP
JCPDS no. 29–0497). The broad diffraction peak situated at 26° corre-
ponds to the graphitic (003) plane (JCPDS no. 26–1077). The Raman
pectra of both CoP@CNF and CNF show characteristic of D (1345 cm 

–1 ,
iamondlike) and G bands (1580 cm 

–1 , graphitelike) (Fig. S4). The in-
ensity ratios (I D /I G ) of CoP@CNF and CNF are 1.056 and 1.019, respec-
ively, indicating a relatively high defect density in CoP@CNF. TGA was
mplemented to verify the content of CoP in the CoP@CNF (Fig. S5),
hich was calculated to be ca. 41 wt%. Elemental analysis (Table S1)

onfirms the respective C content is 43 and 81 wt% in CoP@CNF and
NF, and the N content is 6 and 14 wt%. 

XPS measurements were conducted to probe the chemical composi-
ion and elemental valence of the CoP@CNF, which further confirms the
resence of Co, P, N, C and O elements (Fig. S6a). The Co 2p spectrum
hows a pair of apparent peaks at 778.7 eV and 793.6 eV, correspond-
ng to Co 2p 3/2 and Co 2p 1/2 of CoP [ 51 , 52 ], respectively ( Fig. 1 g). In
ddition, the doublet at 780.9 and 797.7 eV can be ascribed to the sur-
ace oxidized Co species during the thermal treatment [52] , and a split
lip of shakeup satellite (sat.) peaks of Co 2p spectra situate at 784.6
nd 802.8 eV [53] . The peaks fitted at 130.9 and 129.8 eV in the P 2p
pectrum can be assigned to P 2p 1/2 and 2p 3/2 of CoP [51] , respectively
 Fig. 1 h). The P species at 132.6 and 133.9 eV are ascribed to the C-P
ond and superficial oxidation state of the P bonded to O atoms [54] .
he signals ascribed to graphitic N (401.1 eV), pyrrolic N (399.7 eV)
nd pyridinic N (398.4 eV) are detected in the N 1 s spectrum (Fig. S6b)
 55 − 57 ]. The C 1 s spectrum is deconvoluted into three components sit-
ated at 287.4, 285.5 and 284.6 eV, which respectively correspond to
 

–C = O, C 

–N/C-P and graphitic C atoms (Fig. S6c) [58] . 
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Fig. 1. (a) Schematic illustration of Li plating/stripping on CoP@CNF and CNF. (b) SEM image of the self-standing CoP@CNF film. The inset white box is a digital 
picture. (c) SEM and (d) TEM images of a single CoP@CNF nanofiber. The inset is high-resolution TEM image of CoP (112). (e) The corresponding elemental mapping 
of Co, P, N and C. (f) XRD pattern and high-resolution XPS spectra of (g) Co 2p and (h) P 2p for CoP@CNF. 
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.2. Li plating/stripping behavior of CoP@CNF 

The dendrite-inhibiting behavior of CoP@CNF was firstly evalu-
ted by operando optical microscope observation. Three electrochem-
cal cells were assembled with Li, CNF or CoP@CNF as the working
lectrode, and the counter electrode is Li foil. Mossy Li dendrites are
enerated quickly on Li metal surface even at the initial stages ( Fig. 2 a).
neven dendritic Li is visible after 30 min on CNF film due to the in-
omogeneous Li + gradient distribution ( Fig. 2 b), and the loose Li pro-
uberances continue growing in the following plating process. Upon Li
lating, severe volumetric expansion was clearly observed in terms of
he Li and CNF electrodes. In contrast, a smooth surface without observ-
ble dendrites is observed on CoP@CNF throughout the entire process
 Fig. 2 c). 
1112 
To probe the origin of the lithiophilicity and nucleation behavior of
oP@CNF to Li, the initial adsorption energy was investigated on the
asis of DFT calculations ( Fig. 2 d). The optimized structures of CoP,
raphene and N-doped graphene (graphitic N graphene as representa-
ive, donated as "GrN graphene") were constructed (Fig. S7a − c). CoP
100) is the most stable surface for CoP, which has energies 0.42 and
.24 eV (per pair of Co and P) lower than the surface (111) and (110)
fter full relaxation (Fig. S7d − f). CoP (100) surface has two stable ad-
orption sites for Li, named as Co site and P site (Fig. S8). Compared with
raphene ( − 0.77 eV) and GrN graphene ( − 0.78 eV), the adsorption en-
rgy of the most favorable Co site of CoP (100) ( − 3.33 eV) is much more
egative ( Fig. 2 e). A large adsorption energy indicates the Li adsorp-
ion on CoP is much easier than on graphene and GrN graphene, lead-
ng to a lower Li nucleation barrier [59] . Therefore, the distribution of
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Fig. 2. The operando optical microscopy of Li plating behavior on (a) Li foil, (b) CNF and (c) CoP@CNF. The left side is Li metal counter electrode. (d) DFT (PBE- 
D3BJ) adsorption geometries and energies ( E ad , in eV) of Li atom on graphene, GrN graphene and CoP (100) surface. (e) A comparison of the computed adsorption 
energies. The top and side views of the real-space charge density differences for the adsorption of Li on (f) graphene, (g) GrN graphene and (h) CoP (100). The blue 
color represents a decrease in the charge density after adsorption, and the yellow color represents an increase. The charge density differences are plotted with an 
isosurface value of 0.0025 e . 
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oP on carbon nanofiber should have an enhanced adsorption capacity
or Li. 

The electronic charge difference before and after the adsorption of Li
n CoP, graphene, and GrN graphene leads to a better understanding of
heir interaction mechanisms with Li. For graphene ( Fig. 2 f), Li transfers
lectrons to six neighboring carbon atoms, and the carbon atoms next
o these neighboring carbon atoms lose some electrons to form a bond
etween Li and graphene, reducing the strength of 𝜋 bonding and the
tability of graphene. GrN graphene has a similar interaction mechanism
o graphene, but it obtains more electrons from the Li atom ( Fig. 2 g).
he interaction mechanism of CoP departs from graphene, as the Li atom

nteracts not only with the centered Co in CoP (110), but also with the
earby two Co and two P atoms ( Fig. 2 h). Contributed by the unpaired
lectrons from Co d orbitals and P p orbitals, a strong bonding strength
f Li on CoP surface was attained. These results indicate that CoP@CNF
an provide sufficient nucleation sites for uniform Li deposition, which
s in well accordance with its adsorption energy. 

To evaluate the lithiophilicity, the Li nucleation overpotential ( 𝜇n )
n CoP@CNF or CNF was investigated with Li foil as the counter elec-
rode. Fig. 3 a shows the voltage profiles of Li plating at 0.5 mA cm 

− 2 

or 10 mAh cm 

− 2 (20 h). Two plateaus are observed at ca. 1.7 and 0.9 V
or the CNF electrode, which is ascribed to the reaction of Li with C = N
1113 
onds in the framework to form Li–C–N–Li [60] and the adsorption of
i + into the porous structure of nanofibers [ 61 , 62 ], respectively. The
lope below 0.5 V corresponds to the insertion of Li + into graphitic car-
on layers. The last plateau at ca. 0 V is attributed to the plating of
i at nucleation sites. In terms of CoP@CNF, the conversion reaction
etween CoP and Li (CoP + 3Li ↔ Li 3 P + Co) would occur during the
i nucleation process. The general sloping voltage profile indicates a
seudocapacitive dominated Li + storage mechanism originating from
he nanosized CoP. Pseudocapacitive charge storage through fast sur-
ace reactions on CoP allows for high charge/discharge rates [ 63 , 64 ].
ased on the loading of CoP (1.2 mg cm 

‒2 ), the amount of Li for CoP
ithiation is 0.3 mg cm 

‒2 . The full lithiation of CoP needs ca. 2.3 h at
he current of 0.5 mA cm 

− 2 . The prolonged profile within the wide volt-
ge range above 0 V is resulted from the Li interaction with N– doped
arbon substrate, because weak plateaus at ca. 1.7 and 0.9 V are also
etectable. The larger amount of C/N in CNF should be responsible for
he slightly higher charge at the initial period of Li plating. Compared
o that of 16 mV for CNF, the Li nucleation overpotential is only 9 mV
or CoP@CNF, indicating a better affinity to Li. In the plating process,
he growth overpotential of the CoP@CNF (14 mV) is smaller than CNF
24 mV), implying a feasible growth process of the Li crystal nucleus
n CoP@CNF. Even at 1 mA cm 

− 2 , CoP@CNF was able to obtain a 𝜇
n 
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Fig. 3. (a) The voltage–capacity curves at 0.5 mA cm 

–2 and (b) nucleation overpotential ( 𝜇n ) at different current densities ( J ) of CoP@CNF and CNF. (c) HRTEM 

image and FFT pattern at 0.1 V of CoP@CNF. Coulombic efficiency at (d) 1 and (e) 5 mA cm 

–2 , (f) EIS plots at different cycle states at 1 mA cm 

–2 of CoP@CNF ǀǀLi 
and CNF ǀǀLi cells. The inset is the enlarged plots at high frequency. (g) The activation energy for Li + diffusion. Galvanostatic cycling performance of the symmetric 
cells with different electrodes at (h) 0.5, (i) 1 and (j) 5 mA cm 

–2 . (k) Rate performance of the symmetric cells. (l) Tafel profile obtained from CV measurements. The 
capacity is limited to 1 mAh cm 

–2 . 
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f 15 mV, which is lower than that of 34 mV for CNF ( Fig. 3 b). XRD
as conducted to validate the electrochemical reaction products after
ischarge to 0.1 V and stripping to 3 V (Fig. S9). The identification of
i 3 P (JCPDS no. 74–1160) at 0.1 V and CoP (JCPDS no. 29–0497) at 3 V
urther confirms the reversible conversion reaction between CoP and Li.
i 2 CO 3 impurity was also detected for both samples, which is expected
erived from the side reactions of the electrolyte with the active Li. The
attice fringes of Li 3 P and Co (JCPDS no. 15–0806) were identified in
igh-resolution TEM image and corresponding fast Fourier transform
FFT) pattern at 0.1 V ( Fig. 3 c). The Gibbs free energy change ( Δ𝐺)
f reaction CoP + 3Li = Co + Li 3 P at the discharging voltage (0.1 V)
nd the reverse reaction Co + Li 3 P = CoP + 3Li at the charging voltage
3.0 V) was further computed to validate the reversible reaction. The
𝐺 under 298.15 K for CoP + 3Li = Co + Li 3 P is − 2.63 eV at 0 V and
 2.93 eV at 0.1 V (Table S2), which means the forward reaction can oc-
ur both spontaneously and under the experimental voltage. Whereas,
he Δ𝐺 for the reverse reaction Co + Li 3 P = CoP + 3Li under 298.15 K
s + 2.63 eV at 0 V and − 6.37 eV at 3.0 V, indicating that the external
lectric work compensates for the increase of free energy and thus the
tripping process can take place under 3.0 V as well. 

The Coulombic efficiency (CE) with a fixed cycling capacity of 1
Ah cm 

–2 followed by stripping to 1.0 V provides further insights of
he lithiophilic CoP@CNF. At a moderate current density of 1 mA cm 

–2 ,
he CE of CoP@CNF reaches up to 98.8% over 400 cycles ( Fig. 3 d).

ith the current density increasing to 5 mA cm 

–2 , a high CE of 97.1%
an still be maintained even after 200 cycles ( Fig. 3 e). In comparison,
he CE of CNF deteriorates quickly after 200 cycles at 1 mA cm 

–2 and
1114 
fter 100 cycles at 5 mA cm 

–2 . The overpotential of plating/stripping
eflects the Li nucleation and growth barrier during cycling. Remark-
bly, the CoP@CNF exhibits a lower plating/stripping overpotential
han CNF at the same current density (Fig. S10), indicating a faster
inetics of Li + migration in the skeleton. The kinetics of Li + diffusion
nd charge transfer are evaluated by electrochemical impedance spec-
roscopy (EIS) ( Fig. 3 f). The interfacial transfer resistance (R i ) of the
NF ǀǀLi undergoes fluctuation. It decreases within 50 cycles and then

ncreases gradually (see the enlarged figure in Fig. 3 f), reflecting the
stablishment and deterioration of the electrode/electrolyte interface.
nder 1 mA cm 

− 2 /1 mAh cm 

–2 , the cell before and after 150 cycles
s 57 and 578 Ω. In contrast, the CoP@CNF ǀǀLi cell shows a much
maller R i of 32 and 14 Ω, respectively, demonstrating the promoted
harge transport at the electrode/electrolyte interface. Furthermore, the
emperature-dependent electrochemical impedance spectra were imple-
ented to investigate the activation energy in the range of 273 to 323 K

Fig. S11). The dependent relationship of conductivity on temperature
beys the low of Arrhenius and the corresponding Arrhenius plots are
btained ( Fig. 3 g) [ 65 , 66 ]. CoP@CNF displays a smaller activation en-
rgy (11.41 kJ mol − 1 ) than CNF@Li (17.81 kJ mol − 1 ), suggesting a
aster Li + transport in the CoP@CNF matrix. 

The galvanostatic cyclic performance and the interfacial stability un-
er various current densities were investigated with the symmetrical
ells of CoP@CNF@Li and CNF@Li electrodes, which were obtained by
redepositing 10 mAh cm 

− 2 of Li on CoP@CNF and CNF at 0.5 mA
m 

− 2 , respectively. A symmetrical Li metal foil cell was also assembled
s a control. Impressively, the symmetrical CoP@CNF@Li cell maintains
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Fig. 4. Li migration pathway (indicated by the direction of the red arrow) and the corresponding barrier ΔE ‡ (in eV) on (a) graphene, (b and c) GrN graphene, (d 
and e) CoP (100) and (f) Li 3 P (110) surface. (e) The comparison of the Li migration barriers on various materials. 
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 highly stable voltage profile with a long lifespan over 2000 h (500
ycles, Fig. 3 h) and a small voltage overpotential ca. 12 mV at 0.5 mA
m 

− 2 , 1 mAh cm 

− 2 . In contrast, the symmetrical CNF@Li exhibits a large
verpotential of 19 mV for 700 h (175 cycles) with a sharp overpoten-
ial rise to 57 mV. Li foil cells survive for 500 h (125 cycles) with an
verpotential of 20 mV following with a severe fluctuation of voltage.
t 1 mA cm 

− 2 , the CoP@CNF@Li shows a stable overpotential of 20 mV
or 1000 h (500 cycles), compared with 25 and 34 mV for CNF@Li
nd Li foil for 250 (125 cycles) and 500 h (250 cycles), respectively
 Fig. 3 i). Even at 5 mA cm 

− 2 , CoP@CNF@Li could still obtain stable
ycling for 100 h (250 cycles), in contrast with 10 (25 cycles) and 50 h
125 cycles) for CNF@Li and Li foil, respectively ( Fig. 3 j). Moreover, the
oP@CNF@Li exhibits stable rate capabilities during the switch of dif-

erent current densities ( Fig. 3 k). The cycling performance of symmetric
ells is among the top results in comparison with the previously reported
D skeleton Li-metal anode (Table S3). Considering the smaller Li nu-
leation overpotential of CoP@CNF, the Tafel slopes were determined
n accordance with the corresponding cyclic voltammetry plots to fur-
her probe the Li redox kinetics at higher overpotentials ( Fig. 3 l). The
oP@CNF@Li demonstrates an exchange current density ( i 0 ) of 3.12 mA
m 

− 2 , which is higher than that of CNF@Li (0.74 mA cm 

− 2 ), indicating
 faster charge-transfer kinetic. 

To confirm the Li + conductivity of CoP and Li 3 P (Fig. S12a and b),
FT calculations were conducted to compare Li + migration barrier en-
rgies ( Δ𝐸 

‡) by searching transition states of Li + diffusions on the stable
oP (100), Li P (110) (Fig. S12c − e), graphene, and GrN graphene sur-
3 

1115 
aces. Graphene exhibits a migration barrier for Li + of 0.49 eV ( Fig. 4 a).
he GrN graphene shows a low migration barrier with 0.37 eV to the
eighboring adsorption site near N ( Fig. 4 b) and 0.36 eV to the next ad-
orption site surrounded by C atoms ( Fig. 4 c). Impressively, CoP (100)
ossesses a fast diffusion rate with an even lower migration barrier
f 0.28 eV by direct diffusion ( Fig. 4 d) and 0.30 eV ( Δ𝐸 

‡
1 = 0.30 eV,

𝐸 

‡
2 = 0.03 eV, Fig. 4 e) for indirect diffusion to the next most stable ad-

orption site. This demonstrates that CoP is quite excellent for modifying
lectrode materials, not only possessing enhanced adsorption ability but
lso a low migration barrier for the Li + to obtain homogeneous nucle-
tion sites and Li + flux. The most stable surface of Li 3 P (110) delivers a
igration barrier of 0.34 eV ( Fig. 4 f), which is a favorable transmission
ath for Li + . Therefore, it can be proved that CoP and Li 3 P improve the
i + migrating rate, which further guarantees homogeneous Li + distribu-
ion and dendrite-free Li deposition ( Fig. 4 g). 

.3. Morphology evolution during cycling 

The SEM images at different Li plating–stripping states was inves-
igated to probe the morphological evolution of CoP@CNF. The points
f the 1st-plating (I ‒IV), 1st-stripping (V and VI) and 2nd-plating (VII)
ere marked in galvanostatic voltage profiles at 0.5 mA cm 

− 2 for 10
Ah cm 

− 2 ( Fig. 5 a). Generally, the interconnected 3D nanofibrous net-
ork is well maintained upon the continuous Li plating/stripping pro-

esses ( Fig. 5 b). Compared to the pristine nanofibers ( Fig. 5 b I), a spotted
urface is observed at the initial areal capacity of 1 mAh cm 

− 2 ( Fig. 5 b
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Fig. 5. (a) The plating/stripping curves of CoP@CNF for plating 10 mAh cm 

‒2 (20 h) of Li and stripping to 3 V at 0.5 mA cm 

–2 on the 1st and 2nd cycles. (b) The 
corresponding SEM images of CoP@CNF at different Li plating/stripping states. 
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I), indicating that Li tends to nucleate homogeneously on individual
bers. It also suggests a good Li affinity of CoP, because the lithiation
eaction of CoP dominates at this stage. As the capacity increases to the 3
Ah cm 

− 2 (6 h) that corresponds to the electrodepositing process of Li,
pherical Li deposits uniformly cover the nanofibers ( Fig. 5 b III). The Li
ends to evenly deposit onto the individual fibers during the continuous
lating process ( Fig. 5 b IV). The thickness of the CoP@CNF electrode
ncreases from 91 to 101 𝜇m upon the Li plating process. No bulk Li is
ormed on the surface of electrode, revealing that the 3D host is effec-
ive to store Li and accommodate the volumetric expansion during Li
eposition. In the subsequent stripping process, the fibrous CoP@CNF
s continuously regulated with a decreasing diameter ( Fig. 5 b V). No
esidual Li deposits are observed on CoP@CNF after the full stripping
f Li ( Fig. 5 b VI). The thickness of the film recovers to 81 𝜇m, which is
lose to that of the pristine film (79 𝜇m). The CE of initial cycle is 93.3%,
hereby the increased 2 𝜇m thickness is reasonable within consideration
f the poorly reversible reaction of Li with N-doped carbon framework.
n the second cycle of Li plating ( Fig. 5 b VII), the dendrite-free morphol-
gy is retained with Li depositing conformally over the fibers. By plating
f 10 mAh cm 

‒2 of Li, the volume expansion is ca. 28% from state VI
81 𝜇m) to VII (104 𝜇m) of the 2nd cycle, which is the same as that
rom state I (79 𝜇m) to IV (101 𝜇m) of the 1st cycle. The CE is 98.2%
f the 2nd cycle, 98.8% of the 5th cycle (Fig. S13a). The SEM images
f the electrode after repeated cycling further verify the mechanical in-
1116 
egrity of CoP@CNF framework (Fig. S13b). These results demonstrate
hat the CoP@CNF is capable of maintaining uniform Li deposition and
uppressing dendrite evolution upon continuous cycling. However, mas-
ive Li bulks are formed on the CNF nanofibers upon prolonged plating
nd stripping, causing the growth of Li dendrites (Fig. S14). The ab-
ence of dendrites on CoP@CNF results from the doping of CoP with
ood Li affinity. The lithiophilic mixed ion/electron conductive skele-
on provides well distributed Li nucleation sites and unobstructed mass
ransfer channels for electrolyte fluxion. 

.4. The performance of the cell with a LiFePO 4 cathode 

To investigate the feasible application of the CoP@CNF@Li com-
osite anode, the cell performance with a LiFePO 4 (LFP) cathode was
valuated. As shown in Fig. S15, the cell shows well overlapped gal-
anostatic voltage profiles with a plateau at 3.45 V (vs. Li/Li + ) and an
nitial capacity of 162 mAh g − 1 at 0.2 C (1 C = 170 mA g − 1 ). Charge–
ischarge profiles under different current densities show that the cell
ith CoP@CNF@Li exhibiting polarization values of 0.051, 0.141 and
.392 V at 0.2, 2 and 10 C, respectively ( Fig. 6 a). In contrast, increased
oltage polarization and capacity fading were observed for CNF@Li and
i foil. The respective polarization values are 0.058, 0.164 and 0.474 V
or CNF@Li ( Fig. 6 b) and 0.071, 0.186 and 0.526 V for Li foil at 0.2,
 and 10 C, respectively ( Fig. 6 c). Notably, a better rate capability is
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Fig. 6. (a–c) Voltage–capacity profiles of CoP@CNF@Li ǀǀLFP, CNF@Li ǀǀLFP and Li ǀǀLFP cells at 0.2 to 10 C (1 C = 170 mA g ‒1 ), and (d) the corresponding rate 
performance. (e) The cyclic performance at 0.2 C. (f) EIS profiles of different anodes before and after cycling. (g) Long-term cycling of CoP@CNF@Li ǀǀLFP cell at 5 C. 
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chieved for CoP@CNF@Li||LFP ( Fig. 6 d). When reset from 10 to 0.2
, a capacity of 161 mAh g − 1 is recovered. The specific capacity of
54 mAh g − 1 with a CE of 99.6% after 150 cycles is maintained for
he cell with CoP@CNF@Li, compared with that of 98.6% and 99.3%
ith a Li or CNF@Li anode, respectively ( Fig. 6 e). These results con-
incingly confirm a uniformized ion/electron transport and stable Li
eposition behavior in the CoP@CNF. EIS plots of these cells at dif-
erent cycle states in detail were employed to determine the interfa-
ial transport resistance ( Fig. 6 f and S16). CoP@CNF@Li exhibits the
mallest R i of 39 (before cycling) and 17 Ω (after cycling), compared
ith 48 and 66 Ω for CNF@Li, and 71 and 32 Ω for Li, respectively.

mpressively, the CoP@CNF@Li maintains 93 mAh g –1 upon 1000 cy-
les along with an average CE of 99.2% at a high current density of
 C ( Fig. 6 g). SEM images further verify the dendrite-free characteris-
ic and integrity of CoP@CNF@Li after the long-term high-rate cycling
Fig. S17). 

. Conclusion 

In summary, this work demonstrates the feasibility of a long-lifespan
i-metal anode enabled by a mixed ion/electron CoP@CNF skeleton
eservoir. The chemical calculation suggests that the Li + is more readily
dsorbed on the crystal surface of CoP, leading to a lower migration and
ucleation barrier. The well-distributed lithiophilic CoP provides suffi-
ient Li nucleation sites, and the conversion reaction between Li and CoP
ffords fast charge transport to tailor the uniform Li electrodeposition.
herefore, low overpotential and extended cyclic life of the symmet-
ic CoP@CNF@Li cells are achieved. Furthermore, with a high-loading
FP cathode (1.5 mAh cm 

− 2 ), the CoP@CNF@Li||LFP cells exhibit good
yclic and rate performance. The rational design of CoP enhanced con-
uctive matrix is a promising strategy for dendrite-free Li-metal batter-
es. 
1117 
Li migration, nucleation and growth behavior regulated by a lithio-
hilic cobalt phosphide-doped carbon nanofibers derived ion/electron
onductive framework 
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