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HIGHLIGHTS GRAPHICAL ABSTRACT

e A lithiophilic composite anode is
enabled by Co/N codoped carbon
nanofibers (CNF).

e The Co/N is derived from metal-organic
frameworks (MOFs) self-assembled on
CNF.

e A highly porous structure is readily
created in the CNF from pyrolysis of the
MOFs.

o The synergistic effect between Co and N
defects leads to enriched Li affinity.

o The pores in CNF act as buffer space for T :fff’“'"
volume variation on Li plating/ Sysietms 0
stripping.
ARTICLE INFO ABSTRACT
Keywords: Lithium (Li) metal is the most promising anode material for the next-generation high-energy density battery due
Lithium metal anodes to its high specific capacity and low redox potential. However, its practical applications is challenged by un-

Metal-organic frameworks
Carbon nanofibers

In-situ growth

Nitrogen defects

controlled Li dendrite growth and volume expansion. In this work, we propose a cobalt-enhanced nitrogen doped
porous carbon nanofibers (PCNF-Co/N) with an enhanced lithiophilic property. The Co/N co-doping is achieved
through pyrolysis of self-assembled Co/Zn metal-organic framework (MOF) nanosheets on carbon nanofibers
(CNF). The synergistic effect between the simultaneously introduced Co and N defects not only boosts the Li
affinity of pyridinic and pyrrolic N but also transfers the graphitic N into lithiophilic, providing crucial roles for
uniform plating of Li. Meanwhile, the porous structure formed by Zn sublimation provides sufficient buffer space
for internal stress caused by Li plating/stripping. As a result, the PCNF-Co/N@Li anode delivers a long lifespan
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over 1400 h with a low voltage hysteresis. When paired with a LiFePO4 cathode, the full cell demonstrates decent
cyclic stability and rate capability, demonstrating the capability of PCNF-Co/N in developing composite Li-metal
anode with enhanced lithiophilicity and low internal stress.

1. Introduction

Lithium-ion (Li-ion) batteries are approaching a bottleneck mainly
due to the limited capacity of cathodes and the most widely used
graphite anode (370 mAh g™1). Li metal is a promising anode material
due to its theoretical capacity of 3860 mAh g™ ! that is over ten times
higher than conventional anode based on graphite, and the most nega-
tive electrochemical potential of —3.04 V vs SHE [1-4]. However, un-
controlled Li dendrite growth caused by uneven ion distribution and
infinite volume expansion during the plating/stripping process not only
results in inevitable capacity loss but also brings in severe safety risk
[5-71.

Much effort has been made for the successful implementation of Li
metal. One plausible approach is to construct a stabilized solid electro-
lyte interphase (SEI) on the Li-anode surface [8,9]. Various electrolyte
modifications have been applied to enhance the mechanical strength
and chemical stability of the autogenetic SEI layer, such as halogenated
salt [10], copper fluoride [11] and so forth. The building of an artificial
SEI layer is another approach to accommodate the dendrite formation.
For example, Shen et al. fabricated a hydrophobic graphite fluo-
ride-lithium fluoride SEI on Li-metal anode [12]. And Li et al. coated the
Lig.4LasZr;.4Tag.¢012 particles on Cu foam to build a SEI [13]. In spite of
the improved Li plating/stripping performance, due to the intrinsic
“hostless” property of Li metal, the large volume change would cause
significant internal stress accumulation and thereby crumble the SEI
layer upon repeating cycling [14-17].

Alternatively, storing Li into favorable constructions holds the
promise to regulate the Li*-ion distribution as well as to buffer the
volume change [5,18-21]. A series of hosts including carbon- or
graphene-based materials [14,22-26] and copper/nickel foams [15,
27-29] have been extensively examined. However, the lack of regular
nucleation sites makes such hosts less effective in uniform Li plating
under high current density. Later efforts have focused on surface engi-
neering of skeletons with precious metals or polar atoms to improve Li
affinity. For metals, Ke et al. have coated lithiophilic AuLis particles on
the lithiophobic Ni foam so that the nucleation energy barrier can be
reduced [29]. Xue et al. have assembled continuous silver nanowires on
a porous graphene skeleton to improve Li-plating at high rates [30]. Li
et al. have introduced a cobalt/Li5O fibrous framework that is able to
provide adequate Li nucleation sites [31]. For polar heteroatoms, Wang
et al. have suggested that sulfur doped graphene could increase the
lithium adsorption for the overall surface with a mild gradient [32].
Zhang et al. have demonstrated that the nitrogen-containing functional
groups, especially pyridinic nitrogen (PyN) and pyrrolic nitrogen (PrN),
showed strong binding energy with Li [24]. However, the graphitic ni-
trogen (GrN) with lithiophobic nature actually occupies a dominant
proportion among the introduced nitrogen-containing functional
groups. In addition, fabrication of a flexible host with effective com-
posite lithiophilic sites still remains challenging.

Herein, we demonstrate a strategy by using an in-situ growth method
to realize cobalt-enhanced nitrogen doped porous carbon nanofibers
(PCNF-Co/N) with greatly enhanced lithiophilic property. The Co and
partial N atoms are derived from bimetallic 2-methylimidazole
(CgH10N4C02/3Zn1,3) metal-organic framework (MOF) nanosheets,
which are self-assembled in solution onto flexible carbon nanofibers
(CNF) prepared through an electrospun method. A highly porous
structure is readily created in the CNF from volatility of metal Zn in the
carbonized MOF during a high-temperature annealing process. The
interconnected conductive carbon framework makes the electrolyte
kinetically accessible to the nanofibers via fast charge transfer. And its

porous nature acts as abundant buffer space for volume variation upon
Li plating/stripping. More importantly, the synergistic effect between
Co and N defects not only boosts the Li affinity of PrN and PyN, but also
transfers the lithiophobic GrN into lithiophilic. As a result, a symmet-
rical composite Li-metal cell keeps stable over 1400 h with low voltage
hysteresis ca. 4 mV at 0.5 mA cm ™2, 1.0 mAh cm 2. When paired with a
LiFePOy cathode, the full cell delivers a reversible capacity of 108.7 mAh
g1 after 500 cycles at 1 C (1 C = 170 mA g™ 1) with a capacity decay of
only 0.02% per cycle. This strategy demonstrates an effective solution to
regulate Li"-ion distribution with control over both position and volume
change.

2. Experimental section
2.1. Material synthesis

Preparation of CNF: The carbon nanofiber film was prepared via an
electrospinning technique on electrospinning setup (ET-2531, Beijing
Yongkangleye Co., LTD). Typically, the solution of 9.0 g of N,N-dime-
thylformamide (DMF, 99.5%, Shanghai Lingfeng Chemical) with pre-
dissolved 0.25 g polymethyl methacrylate (PMMA, Mw = 120 000,
Sigma-Aldrich) was prepared firstly. Then, 0.75 g of polyacrylonitrile
(PAN, Mw = 15 000, Sigma-Aldrich) was added into the solution and
stirred for 12 h to obtain a clear solution. The solution was inhaled into
an injector (5 mL), the electrospinning voltage was 8-14 kV, and the
feeding rate was 0.08 mm min~!, the distance between the needle and
the receiving roller was 23.0 cm. After dried under 60 °C for 12 h in a
vacuum oven to remove abundant solvent, the obtained electrospun film
was placed into a tube furnace at 280 °C for 3 h in air and then
carbonized at 1000 °C in Ar.

Preparation of PCNF-Co/N: Co(NO3)2-6H20 (>98.5%, Sinopharm)
and Zn(NO3)-6H20 (>99%, Sinopharm) in a mole ratio of 2:1 were
dissolved in deionized water to form a solution, and 2-methylimidazole
(99%, Sinopharm) was dissolved into deionized water to form another
solution. The two solutions were stirred for 1 h and then quickly blended
together. Subsequently, a piece of as-prepared CNF film that pre-treated
with plasma was immersed in the blended solution and kept still for 24
h. For the plasma treatment, the CNF was treated with vacuum plasma
using a Tonson TS-PLO2 plasma etching system (vacuum atmosphere,
400 W power density for 10 min). Then, the as-obtained MOF-decorated
CNF film (denoted as CNF@MOF) was washed by deionized water and
ethanol thoroughly and dried in a vacuum oven at 60 °C for 12 h.
Finally, the CNF@MOF was annealed at 950 °C in Ar for 3 h to obtain the
PCNF-Co/N.

2.2. Material characterizations

The morphological characterizations were performed by a field
emission scanning electron microscope (SEM, 7500F, JEOL) and trans-
mission electron microscope (TEM, JEM-2100F, JEOL) combined with
Energy-dispersive X-ray spectroscopy (EDS). For handling the electrodes
at different states of discharge-charge, the electrodes were taken from
the cells, washed by 1, 2-dimethoxyethane (DME, >99%, Sigma-
Aldrich) and dried in the glove box for 24 h before the morphological
measurements. X-ray diffraction (XRD) patterns were obtained using an
X-ray diffractometer (D/max-2500VB+/PC, Rigalcu) equipped with Cu
Ko radiation. The nitrogen sorption/desorption measurements were
conducted on a Quadrasorb adsorption instrument (Quantachrome In-
struments). And the specific surface area was calculated according to the
multipoint Brunauer—Emmett—Teller (BET) method. Raman spectra
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Fig. 1. (a) Schematic illustration for synthetic procedure of PCNF-Co/N. (b) XRD patterns, (c) N sorption isotherms and (d) Pore width distribution of CNF and
PCNF-Co/N. (e) XPS survey, (f) Co 2p, and (g) N 1s core level spectra of PCNF-Co/N.

were collected from an inVia Reflex Raman Spectrometer (532 nm,
inVia-Reflex, Renishaw). X-ray photoelectron spectroscopy (XPS) ana-
lyses were performed on a spectrometer (Escalab 250Xi) with Al Ka X-
ray radiation. Thermogravimetric analysis (TGA) was conducted on a
TG-DSC analyzer (NETZSCH TG 209 F1 Libra) in the temperature range
from ambient to 1000 °C in Ar atmosphere. Inductively coupled plasma
(ICP) analysis was conducted on Plasma spectrometer (Prodigy-ICP).

2.3. Electrochemical measurements

CR2025 coin cells were assembled in an argon-filled glove box (<1
ppm of Ho0O and O,, Mikrouna) to investigate the electrochemical per-
formance. For symmetric cell test, a Cu@Li, CNF@Li or PCNF-Co/N@Li
composite anode (12 mm in diameter) was as the working electrode,
which was pre-deposited with 10 mAh cm™2 of Li at 0.5 mA cm 2. Li
metal foil was used as a counter/reference electrode for symmetric cell
test. For the pre-deposition step, the cell with Cu, CNF or PCNF-Co/N
working electrode and fresh Li foil counter electrode were initial
discharge at 0.5 mA cm™2 for 20 h. The polypropylene/polyethylene
microporous membrane (Celgard 2325) was used as the separator. The
electrolyte was 1 M lithium bis (trifluoromethanesulfonyl) imide
(LiTFSI) and 0.2 M lithium nitrate (LiNO3) in 1, 3-dioxolane (DOL)/1, 2-
dimethoxyethane (DME) (1/1, v/v) (Shanghai Songjingenergy Co.,
LTD). The galvanostatic tests were performed on a LAND battery test

system (Wuhan, China) at room temperature. Cyclic voltammetry (CV)
tests were performed on an electrochemical workstation (Arbin In-
struments, USA) between —0.5 V and 3.2 V (vs Li/Li"). The Electro-
chemical impedance spectroscopy (EIS) measurements were recorded
on a CHI660E electrochemical workstation (Shanghai Chenhua, China)
in a frequency range from 0.1 Hz to 100 kHz at a potentiostatic signal
amplitude of 5 mV.

For full cell test, a Cu@Li, CNF@Li or PCNF-Co/N@Li composite
was used as the anode, LiFePO4 was used as the cathode. For the
deposition of Li on Cu, CNF and PCNF-Co/N, CR2025 coin cells were
fabricated using the Cu, CNF and PCNF-Co/N as working electrode and
Li foil as counter electrode. After discharged at 0.5 mA cm 2 for 20 h,
which corresponding to 10 mAh cm ™2 of lithium, the cells were dis-
assembled in glove box and the electrode was washed with DME for
three times. After dried for 24 h, the as-prepared composite anode was
directly used to pair with LiFePO4 for full cell test. To prepare the
LiFePO4 cathode, a black viscous slurry consisting of LiFePO4 (Shenzhen
Dynanonic Co. LTD), carbon black (Acetylene, 99.9%, Alfa Aescar), and
poly (vinylidene fluoride) (PVdF, HSV900) in a weight ratio of 90:5:5
dispersed in N-methyl-2-pyrrolidone (NMP, >99.0%, Shanghai Lingfeng
Chemical) was blade-casted onto Al foil. The electrode was dried in
vacuum at 80 °C for 4 h and then increased to 120 °C for 8 h before to be
punched into disks with a diameter of 12.0 mm. The LiFePO4 loading of
the cathode is ca. 5 mg em 2 The CR2025 coin cells with Cu@Li,
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Fig. 2. SEM images of (a—c) CNF, (d—-f) CNF@MOF, (g-i) PCNF-Co/N. The inset white boxes of (a) and (h) are high magnifications. The inset white box of (b) is TEM
image of single CNF. The inset white box of (c) is the digital photo of CNF. (c, f, i) is the cross-sectional images of the overall films. (j) SAED image of Co. (k-0) TEM

image of PCNF-Co/N and corresponding elemental mapping of C, N, O and Co.

CNF@Li or PCNF-Co/N@Li composite anode (12 mm in diameter) and
LiFePO4 cathode was assembled in a glove box. The electrolyte was 1.0
M LiPF¢ dissolved in ethylene/dimethyl carbonate/diethyl carbonate
(EC/DMC/DEGC, 1:1:1, v/v/v) (Shanghai Songjingenergy Co., LTD). The
amount of the electrolyte used in each cell is 60 pL. The cells were
galvanostatically cycled at 0.2, 0.5, 1, 2, 5 and 10 C (1 C = 170 mAh
g’l), respectively with a cut-off voltage of 2.0-4.0 V (vs Li/Lih).

2.4. Calculation method

All structures were optimized with Gaussian 09 software [33] at the
B3LYP/6-31 + g(d) level of theory. The Li binding energy of all struc-
tures was calculated as E(A + Li)-E(A)-E(Li), where E(A + Li) means the
energy of the structure attached with Li, while E(A) and E(Li) corre-
spond to the energy without attaching Li atom and the energy of Li atom,
respectively. The charge density difference of all structures was obtained
by subtracting the charge density of the structure without Li and of a

single Li from the charge density of the combined structure. The
calculation of charge density difference was carried out with Multiwfn
[34] based on the wavefunctions obtained by Gaussian 09.

3. Results and discussion
3.1. Synthesis and characterizations of PCNF-Co/N

The synthetic procedure of PCNF-Co/N is schematically shown in
Fig. 1a. In brief, the electrospun precursor film was firstly prepared from
a DMF solution containing PAN and PMMA. Then, the as-spun film was
dried and thermally treated in Ar flow to obtain a flexible and free-
standing CNF film. During the heating process, the PAN was carbonized
in 250-400 °C and the PMMA was simultaneously removed by subli-
mation (Fig. S1a) [35]. Afterwards, the obtained CNF film was immersed
into a blended solution of Co(NO3)2-6H50, Zn(NO3)5-6H,0 and 2-meth-
ylimidazole. CgH19N4Co2,3Zn;,3 MOF were self-assembled onto the CNF
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Fig. 3. (a) Nucleation overpotential of Cu, CNF and PCNF-Co/N electrode at 0.5 mA cm 2. (b) CE of CullLi, CNFIILi and PCNF-Co/NIILi cells at 0.5 mA cm 2 and (c)
2 mA cm ™2 (d-f) Galvanostatic cycling performance of symmetric cell with different electrodes at different current densities (d) 0.5 mA cm 2, (¢) 1 mA cm 2 and (f)

2 mA ecm 2 The capacity was limited to 1 mAh cm™2.

after 24 h (Fig. S2a). Finally, the as-prepared CNF@MOF was treated at
950 °C in Ar to obtain the PCNF-Co/N. During this process, the CNF is
highly stable (Fig. S1b) and the MOFs are pyrolyzed. A distinct color
change was observed from black (CNF) to purple (CNF@MOF) and
finally to black gray PCNF-Co/N film (Fig. S2b).

XRD was used to reveal the structural information of the as-prepared
PCNF-Co/N. The strong diffraction peaks centering at 44.4°, 51.9° and
76.2° are assigned to (111), (200) and (220) planes of metallic Co
(PDF#15-0806) (Fig. 1b) [36,37], which was formed from in-situ
reduction of Co?* during the annealing process. The diffraction peak
centering at 26° corresponds to the graphitic (002) plane. This diffrac-
tion peak is sharper than that of CNF because of a higher degree of
graphitization by the catalytic function of Co metal [38]. Whereas, due
to the volatility at high-temperature, no diffraction peak of metallic Zn
was observed [39]. The pyrolysis of the self-assembled MOF along with
the volatility of Zn should be responsible for the formation of highly
porous structure. The surface area of PCNF-Co/N reached 69.26 m? g%,
higher than CNF of 19.26 m? g~! (Fig. 1c). The volumes of micropores
smaller than 2 nm and mesopores in the range of 4-20 nm of
PCNF-Co/N are increased significantly (Fig. 1d), which would benefit
the penetration of Li-ion flux and reduce the surface energy of plated
Li. Raman spectra indicate that both CNF and PCNF-Co/N show char-
acteristic D (1345 cm’l) and G bands (1580 cm’l) of graphitic structure
(Fig. S3) [36,40]. The intensity ratio of D to G band is 0.92 for CNF and
0.96 for PCNF-Co/N, indicating PCNF-Co/N possesses a higher degree

of disordered carbon that may result in enriched defects.

XPS was performed to reveal the bonding information on the surface.
Prominent signals of C 1s, N 1s, O 1s and Co 2p are detected from the
survey spectrum of PCNF-Co/N (Fig. 1e), whereas, there is no signal of
Co existed in CNF (Fig. S4a). The Co 2p spectrum (Fig. 1f) shows a pair of
typical Co 2p3/2 (782.6 eV)/Co 2p1/2 (796.2 eV) peaks, corresponding
to the Co—Co bonds in metallic Co (779.8 eV) and the satellites (785.2 eV
and 802.7 eV), respectively [37,41-44]. The N 1s peaks of both CNF
(Fig. S4b) and PCNF-Co/N (Fig. 1g) are deconvoluted into PrN
(C-NH-C, 400.5 eV), PyN (C=N-C, 398.3 eV), GrN (401.3 eV) and
oxidized N (N-O, 402.0 eV), respectively [37,45,46]. The PrN and PyN
occupy 46.4% of the total N in PCNF-Co/N, demonstrating a consider-
able increase compared with that of 25.3% in CNF (Table S1). ICP
measurement suggests that the Co content in PCNF-Co/N is 62.33 mg
gl

SEM images reveal that CNF possess a uniform diameter of ca. 300
nm (Fig. 2a) and a wrinkled surface (Inset in Fig. 2a). Parallel hollow
channels are in-situ created inside the CNF due to the sublimation of
PMMA, as observed in the cross-sectional SEM image (Fig. 2b) and TEM
image (Fig. 2b inset). The CNF film with a thickness of 40 + 5 pm ex-
hibits a robust and flexible texture (Fig. 2c). After immersing in the
precursor solution of Co/Zn MOF, the interconnected 3D nanofibrous
network is well-maintained (Fig. 2d). However, distinguished from
pristine CNF with a clean surface, CNF@MOF nanofibers are covered
thoroughly by uniformly arrayed nanosheets (Fig. 2e) without obvious
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Fig. 4. SEM images of (a) CNF and (b) PCNF-Co/N deposited with different area capacity of Li at the current density of 0.5 mA cm 2 (c) DFT calculation results of
the interaction of a Li atom with PrN, PyN, GrN and N-O in CNF and PCNF-Co/N. (d) The corresponding binding energies.

change in thickness (Fig. 2f). After being calcined at 950 °C, the nano-
fibrous network could be still well-maintained (Fig. 2g). An etched
porous surface (Fig. 2h) is observed on PCNF-Co/N nanofibers with
similar thickness (Fig. 2i). Selected area electron diffraction (SAED)
pattern of PCNF-Co/N exhibits distinct diffraction rings that could be
indexed to (220), (200) and (111) planes of metallic Co (Fig. 2j) [46,47].
EDS analysis reveals the existence of C, N, O and Co elements that are
distributed uniformly throughout the nanofibers (Fig. 2k-o).

3.2. Electrochemical characteristics of PCNF-Co/N nanofibers

The nucleation overpotential of Li plating is usually to evaluate the
lithiophilicity of the substrate [30,48,49]. To investigate the Li metal
plating process, electrochemical cells were assembled with a CNF,
PCNF-Co/N or Cu foil as the working electrode and Li foil as the counter
electrode. Under current density of 0.5 mA cm ™2, the nucleation over-
potential of Li plating is only 11.2 mV for PCNF-Co/N, compared with
15.2 mV for CNF and 46 mV for Cu foil (Fig. 3a). During the initial
discharge process, three voltage plateaus appear in the voltage profiles
of CNF and PCNF-Co/N (Fig. S5a). The first two plateaus around 1.75
and 0.9 V vs. Li/Li* are from the parasitic reaction between Li* and
C=N bonds to form Li-C-N-Li [44], and the Li adsorption into the
porous structure of nanofibers, respectively [50]. The third plateau at
ca. 0.1 V corresponds to the plating of Li at nucleation sites. The first and
second plateaus disappear in following recharge and discharge,

suggesting a low reversible process. In accordance with the voltage
profiles, CV profiles also show obvious peaks at 1.75, 0.9 and 0.1 V for
both CNF and PCNF-Co/N nanofibers (Figs. S5b and c). The coulombic
efficiency (CE) was measured for plating of 1 mAh cm~2 of Li and fol-
lowed by stripping to 1.0 V (Fig. S6). For PCNF-Co/N electrode, the CE
is 98.8% at 0.5 mA cm ™2 for 200 cycles, compared with a deteriorate CE
of CNF electrode after 150 cycles, and severe decayed CE of Cu electrode
after 120 cycles (Fig. 3b). With current density increasing to 2 mA cm ™2,
the PCNF-Co/N electrode still exhibits a stable CE above 96% for 150
cycles. In contrast, the CE of CNF and Cu electrodes show a quick drop
after 70 and 50 cycles, respectively (Fig. 3c). These results suggest that
better lithiophilicity and more stable electrode/electrolyte interface
could be retained on PCNF-Co/N over prolonged cycling.

The stability of Cu@Li, CNF@Li or PCNF-Co/N@Li composite
electrodes was evaluated by galvanostatic cycling in a symmetric cell.
The electrodes were pre-deposited with 10 mAh cm™2 Li metal and
tested at a fixed capacity of 1.0 mAh cm™2. At a current density of 0.5
mA cm ™2, the PCNF-Co/N@Li electrode is highly stable for 1400 h (350
cycles) with small initial voltage hysteresis of ca. 4 mV (Fig. 3d). For
CNF@Li electrode, sudden fluctuation occurs after cycling for 1200 h,
and the initial voltage hysteresis is ca. 13 mV. For Cu@Li electrode, a
sharp overpotential increase from ca. 45 mV to 100 mV is found in 110
h, probably caused by the internal short-circuit of fast Li dendrite growth
[16,22]. When increasing the current density to 1 mA cm’z,
PCNF-Co/N@Li electrode exhibits a superior cycling stability over
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Co+GrN

Fig. 5. The differential charge density at a Li atom adsorption site of PrN, PyN, GrN and N-O in (a) CNF and (b) PCNF-Co/N.

1100 h (550 cycles) with almost constant voltage hysteresis of ca. 14
mV. In comparison, CNF and Cu electrodes only survive for 700 and 200
h before short-circuit occurs (Fig. 3e). When further increasing the
current density to 2 mA cm ™2, PCNF-Co/N@Li electrode still maintains
good stability for 300 h (300 cycles) with slightly increased voltage
hysteresis of ca. 24 mV (Fig. 3f). Even at a current density of 5 mA cm ™2,
PCNF-Co/N could still stay stable for 60 h (150 cycles) (Fig. S7a). When
fixing the cycling capacity to 2 mAh cm™2, PCNF-Co/N could work
smoothly over 600 h (150 cycles) at 1 mA cm ™2 with a voltage hysteresis
of ca. 19 mV (Fig. S7b). A comparison of PCNF-Co/N with the previ-
ously reported Li hosts suggests the electrochemical performance is
among the top results of the symmetric cells (Table S2).

3.3. Electrochemical lithium plating/stripping mechanism

To reveal the origin of the cycling stability, morphological evolution
of the electrodes during lithium plating/stripping processes was first
investigated. For planar Cu, the Li strips scattered chaotically on the
surface of copper at 1 mAh cm™2 and grow into bulks with the capacity
increasing (Figs. S8a-e). Small Li nucleus formed near the intersections
of the CNF nanofibers after Li plating for 1 mAh cm™2 (Fig. 4a). With
discharge capacity gradually increasing to 10 mAh cm ™2, more and
more Li metal deposits are formed on the surface of the CNF electrode. In
contrast, the Li trends to nucleate homogeneously on individual fibers in
the PCNF-Co/N electrode, and no Li deposit is found on the surface even
with a discharge capacity of 10 mAh cm™2 (Fig. 4b). After sufficient Li
stripping, large amounts of “dead Li” remains on the Cu foil (Fig. S8f)
and some residual Li still exists in the interstices of the CNF (Figs. S9a
and b), which is highly possible to serve as the uneven nucleation hot-
spots in next Li plating process. No residual Li deposits are observed on
PCNF-Co/N film (Figs. S9c and d). The efficient Li plating/stripping on
PCNF-Co/N probably due to the good Li affinity resulted from the highly

porous structure that alleviates the volume change, and the enriched
lithiophilic PrN and PyN-like nitrogen defects that serve as the active
sites for Li nucleation [24].

First-principle calculations were performed to reveal the origin of
enriched lithiophilic nitrogen defects. For modeling, four optimized
structures including PrN, PyN, GrN, and N-O according to XPS spectrum
surveys were constructed (Fig. S10). N atoms exhibit relatively large
electron affinity and possess lone pair electrons, Li atoms are therefore
directly added on top of N in CNF (Fig. S11). Whereas in PCNF-Co/N, Co
atoms are positively charged, which makes the local electrostatic po-
tential (ESP) more complicate. To determine the best binding site for Li
atom in PCNF-Co/N, we calculated the electrostatic potential for the
PCNF-Co/N system and Li atom is added to the center of the positive
ESP (Fig. S12).

The binding energy between Li atoms and N atoms in CNF and
PCNF-Co/N was further calculated to clarify the synergistic effect of Co
and N based on density functional theory (Fig. 4c). In the case of CNF,
PrN (—2.83 eV), PyN (—2.16 eV) and N-O (—1.86 eV) show strong
adsorption energy with Li, indicating these nitrogen defects are lith-
iophilic which lead to decreased nucleation overpotential and uniform
Li plating. However, the binding energy of GrN with Li in CNF is only
—0.11 eV, suggesting a weak interaction. In the case of PCNF-Co/N, the
binding energy between Li and four kinds of N are more negative
compared with those of CNF, indicating enhanced lithiophilic property
when coordinated with Co. Notably, the binding energy of GrN with Li is
—2.4 eV, proving its lithiophilic nature. The change of the binding en-
ergy could be more clearly distinguished in Fig. 4d. Moreover, the dif-
ferential charge density analysis was also used to determine the charge
transfer between Li and nitrogen sites (Fig. 5). The local charge density
of Li with Co/N sites is obviously increased compared with pristine N,
indicating the existence of a strong Li-Co/N interaction. The charge
transfer result is in well accordance with binding energy. These
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calculation results suggests that the highly lithiophilic nature of nitrogen
defects in PCNF-Co/N should be attributed to the synergistic effect of Co
and N.

3.4. The performance of the cell with a LiFePO4 cathode

To demonstrate the feasibility of PCNF-Co/N@Li anode for a prac-
tical cell, a commercial LiFePO4 cathode was used to pair the Cu@Li,
CNF@Li or PCNF-Co/N@Li anode. The galvanostatic voltage profiles at
1C (1 C=170 mA g ') represent the characteristic charge/discharge
plateau of LiFePOy, at ca. 3.45 V (vs. Li/Li") (Fig. 6a—c). The cell with
PCNF-Co/N@Li delivers the highest discharge capacity of 122 mAh g~!
along with the highest CE of 89.1% in the first cycle. The capacity
retention is 89% in the measured 500 cycles, corresponding to a decay of
0.02% per cycle (Fig. 6d). However, the CNF@Li or Cu@Li anode show a
significant capacity decay of 23.6% and 47.6% within 500 cycles. Even
at higher rates, the cell with PCNF-Co/N@Li delivers an obviously
improved performance (Fig. 6e). For instance, the cell with PCNF-Co/
N@Li anode still maintains a capacity of 92 mAh g~! after 1000 cycles at
5 C, but the cell with CNF@Li anode deteriorates quickly after 400 cy-
cles (Fig. 7a). Besides, dead Li deposits are obviously observed on the
surface (Fig. 7b), whereas PCNF-Co/N@Li anode shows a clean surface
(Fig. 7c), addressing its dendrite inhibition effects. EIS is further
employed here to probe the interfacial charge transfer process at the
electrode/electrolyte interface. The Nyquist plots of the cells before and
after 500 cycles at 1 C along with the corresponding equivalent circuit
are displayed in Fig. S13. Combined with the fitted parameters
(Table S3), it is known that the fresh cell with a PCNF-Co/N@Li anode
delivers a lower charge transfer resistance (R¢) of 13.65 Q compared to
that with CNF@Li (19.88 Q) and Cu@Li (40.75 Q) anodes. After 500
cycles, the R of all cells decrease significantly and the R of that with
PCNF-Co/N@Li (10.58 Q) anode is still much lower than that of
CNF@Li (17.35 Q) and Cu@Li (21.38 Q), suggesting a well-conductive
passivation layer generated by reactions of Li and electrolytes are
formed on the surface of PCNF-Co/N@Li nanofibers.

4. Conclusion

In summary, Co/N co-doped porous PCNF-Co/N was prepared
through the pyrolysis of self-assembled MOF nanosheets on electrospun
CNF. Owing to the enhanced Li affinity by the synergistic effect of Co/N
coordination, the as-prepared PCNF-Co/N possesses a large amount of
lithiophilic nitrogen defects like PrN, PyN, GrN and N-O, which all show
strong adsorption with Li. The PCNF-Co/N with regular nucleation sites
effectively guides the uniform plating/stripping of Li under high current
densities. Moreover, the highly porous structure serves as a buffer to
alleviate the internal stress of the nanofibers and reduces the local
current density. As a result, a dendrite-free PCNF-Co/N@Li composite
anode with a stable cyclability and good rate performance is realized in
both symmetric and full cells. This work provides a feasible way to
regulate Li plating/stripping behavior, which is highly desirable in high-
energy Li metal batteries.
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