lon/electron redistributed 3D flexible host for achieving

highly reversible Li metal batteries

T

Huai Jiang, u, Caohong Guan, Maohui Bai, Furong Qin, Maoyi Yi, Jie Li, Bo Hong*,

H
Yanqing Laig

H. Jiang, Y. Zho . Bai, F. Qin, M. Yi, J. Li, B. Hong, Y. Lai
School of V\giljy and Environment
Central South Univ€rsity

Changsha @unan, China
E-mail: bopmcsu.edu.cn, laiyanging@csu.edu.cn

C. Guan

Univers an-Shanghai Jiao Tong University Joint Institute
Shanghai J's Tong University

800 Dongc@d, Shanghai 200240, China
B. HO”L

Engineering Research Centre of Advanced Battery Materials

This is the manuscript accepted for publication and has undergone full peer review but has not
been th copyediting, typesetting, pagination and proofreading process, which may lead to
differences be this version and the Version of Record. Please cite this article as doi:
10.1002/smll.202107641.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/smll.202107641
https://doi.org/10.1002/smll.202107641
https://doi.org/10.1002/smll.202107641
mailto:bop_hong@csu.edu.cn
mailto:bop_hong@csu.edu.cn

WILEY-VCH

The Ministry of Education

Changsha 410083, Hunan, China

=

Keywords: de, CoP, Metal-organic frameworks, ion/electron redistribution, high
H I
Thr

reversibilit!

reversible fithlimM(Li) metal anodes, whereas insufficient effects are attributed to their single

ABSTRACT: HE—dimensional (3D) carbon frameworks are promising hosts to achieve highly

electron cﬂy caused local aggregating of electron/Li* and uncontrollable Li dendrites.

Herein, an ion/elg@tron redistributed 3D flexible host is designed by lithiophilic carbon fiber cloth

modified wj -derived porous carbon sheath with embedded CoP nanoparticles (CoP-C@CFC).
Theory cal@llations demonstrate the strong binding energy and plenty of charge transfer from the

reaction befu oP and Li atom are presented, which is beneficial to in-situ construct Li;P@Co

ion/electro Q tive interface on every single CoP-C@CFC. Thanks to the high ionic conductive

LizP an ductive Co nanoparticles, the rapid dispersion of Li* and obviously reduced local
current den uld be achieved simultaneously. Furthermore, in-situ optical microscopy
observ isplay obvious depression for volume expansion and Li dendrites. As expected, a

miraculous average Coulombic efficiency (CE) of 99.96% over 1100 cycles at 3 mA cm™ and a low
overpotential of 11.5 mV with prolonged cycling of over 3200 h at 20% depth of discharge (DOD) are

successfully gbtained. Consequently, the CoP-C@CFC-Li||LiFePO, full cells maintain a capacity

retention af 95.8%

1. Introduiion '

The a goal of being carbon neutral all over the world will strongly drive the

ith high CE of 99.96% over 500 cycles at 2C and excellent rate capability.

electrificati e automobile, so that more efficient energy storage systems are urgently

needed%e to current Li-ion batteries consisted of graphite anode (350-400 W h kg™), Li
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metal batteries matched with Li metal anodes exhibit an irresistible attraction due to high energy
densities (3500 W h kg™ in Li-air battery, and 2600 W h kg™ in Li-S battery).®>* However, poor cycling
reversibWential safety hazards from Li dendrite growth limit its practical application, which
are ascribe rily to non-uniform Li deposition and huge volume effect.” To overstride these
obstructiormable efforts have been devoted, including tailoring new electrolytes and

additives temimssite form robust SEI layers'®”), constructing solid state electrolytes to hinder Li

density™?) i g novel 3D Li metal™™ and ingenious porous metal current collectors.™
Although

pIating/strm still difficult to realize effectively under realistic current density with high

capacity.

dendrites,[wating appropriate external factors (temperature,"® pressure™ or current
<iBhi
h ites could be partially suppressed via these strategies, highly reversible Li

FortunateI;: ts 3D carbon frameworks with large specific area not only decrease local current

density andghi Li dendrite growth, but also depress huge volume expansion, contributing to
achieve hi reversible Li metal anodes with high energy density."” Thus, all kinds of novel 3D
carbon mats such as carbon fibers,™**® 3D graphene-based skeletons®?” and hollow carbon

[21]

sphere, 3 en verified. Among them, benefitting from the excellent mechanical property,

ost and easy to large-scale production, carbon fiber cloth displays an enormous

free-st

practical pot o as a high-performance host of Li metal anode.'”*?®) However, as-fabricated 3D

carbon are mostly single electron-conductive skeletons, which induces inhomogeneous
electron accumulation and then drives Li* non-unform distribution or transfer on the surface of
carbon ﬁbs cloth as shown in Fig. la. It leads to dendritic Li accumulating on the surface of
electrode andamost of the 3D void being not fully utilized.?*?® Despite lithiophilicity modification

ansition metal (Au,?”" Ni,”® Ag™), transition metal oxides (ZnO,*® Ru0,,"

with preci

NiO®?), metal sulfides (Cu;S,),"* metallic nitrides (Ni,N®%) inducing Li selective deposition could

partially seftle these problems, this phenomenon of ion/electron maldistribution is hard to change in
essence. Begsides, Jithiophilic materials with these disadvantages of high cost and easy to structural
failure hider its commercial application. Recently, MOF derivates with weak conductivity acting as

inert sheath in-sitl enfold the carbon fiber cloth core to low local current density and change

uneven charge f ribution of electrode interface.®**® Furthermore, abundant lithiophlic sites as
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nucleation seeds guide Li uniform deposition.[37'38] However, owing to the single electron-conductive
carbon skeleton and the as-formed insulated Li,O caused large polarization, which usually is harmful

for uniang/stripping.[39'4°] To fundamentally settle the problem of ion/electron uneven

distributio carbon fibers, there is still an urgent demand to explore a high-efficiency carbon

fiber host ior structural stability, lithiophilicity and 3D mixed ion/electron conductivity.
Here-, mruct a MOF-derived porous carbon sheath with embedded CoP nanoparticles

modified ¢ er cloth (CoP-C@CFC) (Fig. 1b), whose electrode interface is further transferred

to Co par@ounded by LizP networks through the lithiation of CoP nanoparticles, in-situ

forming a 3D _mixed ion/electron conductive interface (MICI) for interfacial charge and Li*
redistributi@@nMmpbrtantly, the CoP-C@CFC shows multiple findings: (1) weakly conductive MOF-
derived p bon sheath is regarded as insulated ‘outerwear’, which weakens space charge
polarization of carbon fiber cloth (CFC) (Fig. 1a) and uniforms Li*/electron flux into entire 3D

skeIetons.Ety functional theory (DFT) calculations demonstrate that stronger binding energy
ti

from the r on between CoP and Li atom (-6.4 eV) and a plenty of charge transfer as shown in Fig.
lc-d, thus deiviaggthe forming of Li;P@Co ion/electron conductive interface. (3) the fast ionic
conductivem4 S cm™) and electron-conductive Co nanoparticles to homogenize the Li* flux
and ch i
1b). (4) the li

tion on the surface of CoP-C@CFC during the repeated Li plating/stripping (Fig.

ilic CoP and reversible LisP product effectively eliminate nucleation barriers and
form r er, which are helpful to achieve permanent Li affinity and smooth Li layer with
high reversibility. (5) a strong and flexible carbon scaffold to suffer huge pressure fluctuations and
depress vollime effect. Therefore, the well-designed carbon fiber skeletons achieve an amazing high

9 96% with a sustainable lifespan of 1100 cycles at practical current density of 3 mA

cm™. Mor 2 symmetric batteries with limited CoP-C@CFC-Li composite anodes also present

a very low over ntial of 11.5 mV over 3200 h at 1 mA cm™ with 1 mAh cm™ (20% DOD). Coupled

130 mAh gg over 00 cycles at 2C and excellent rate capability. Based on these advantages, CoP-

C@CFC is an extremely promising candidate for high specific capacity, large-scale, and high-

performance Li m;aI anodes.

<C
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a 'Locally aggregated Non-uniform :Li dendrites accumulation,
deposition

% with poor reversibility |

. Homogeneous Li* uniform ‘Smooth Li layer with |
. lelectron flux deposition (& ., - Robust SEI . _high reversibility

.

CoP-C@CFC

AE,=-1.25eV

Fig. 1. Li plati ipping process on pure CFC (a) and CoP-C@CFC (b) electrode; Binding energies of

a Li atom CFC (c) and CoP-C@CFC (d) at the top sites by density functional theory calculations.

{

2. Resul ussion

As Fi%. 2a s;Nn, CoP-C@CFC was fabricated by a scalable room-temperature crystallization

and anraphating process.”™*? In brief, Co-MOF (ZIF-67) nanoflakes arrays were in-situ
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grown onto the CFC via a facile solution crystallization method using mixing a given amount of
Co(NOs),-6H,0 and 2-methylimidazole (2-Melm) in aqueous solution at room temperature. 2D Co-
MOF naWays uniformly covered on the smooth surface of pure carbon fiber cloth wiped
off by acid (Fig. 2b). As depicted in Fig. 2c, plenty of the regular Co-MOF nanoflakes arrays
grow verti&ﬂc (Co-MOF®@CFC), which is just like beautiful hydrangea. Subsequently, the

Co-MOgmpneemmsem\was annealed in Ar and Air atmosphere successively, during which the organic

1

ligands we ically transformed into porous carbon sheath and Co3;0, nanoparticles (Fig. S1)

were evenjffancRered (Co;0,-C@CFC). Then, the Co30,-C@CFC is further transformed into CoP-

G

C@CFC thr

Author Manus
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MOF@CFC, CoP-C@CFC. (e) Elemental mapping of C, P, and Co elements in a single CoP-
C@CFC. HREEM (f) and SAED (g) of the CoP-C@CFC.

tempera

[

hating under Ar atmosphere. Eventually, smooth carbon fibers skeletons were

uniformly cove by interlaced CoP nanoflakes with abundant microporosity (Fig. 2d), whose

U

thickness i .8 um (Fig. S2) indicating compact and steady 3D composite carbon frameworks.

Phase ch e also reflected in the color of the carbon fiber cloth. The gray pure CFC turns to

A
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purple and black successively (Fig. S3), which owes to the composited Co-MOF precursor and porous
carbon sheath with embedded CoP nanoparticles (CoP-C), respectively. Additionally, inappropriate
solutionwwn and soaking time affect the in-situ growth of Co-MOF nanoflakes on the CFC
(Fig. S4), whai sequently forms undesired CoP embedded carbon nanosheets (Fig. S5) and falls
to fabricat&. From EDX spectrograms (Fig. S7) and element mapping images (Fig. 2e), the
matchegh spatialmdistributions of C, P and Co elements are exhibited, which further confirms the
uniform cm CoP-C on CFC skeleton. CoP nanoparticles with a particle size of about 15 nm
could be nd®@pniformly embedded in the carbon nanosheets (Fig. S6). High-resolution TEM
(HRTEM) Uization reveals unambiguous lattice fringe with the spacing of 0.187 nm,
correspondifig e (111) plane of CoP (Fig. 2f). Furthermore, the legible diffraction ring is showed

in the sele -aP€a electron diffraction (SEAD) pattern, which further testifies the high crystallinity

of CoP (Fig. Eg! s

The phamures of CFC, Co-MOF@CFC and CoP-C@CFC are further confirmed by the X-ray
D) pa

diffraction tterns in Fig. 3a. There are two clear broad peaks at about 24.5° and 43.8° shown

in XRD resm which indicates poor crystallization. Co-MOF in-situ grows onto the CFC, whose
e

phase is te e comparison of the XRD results between Co-MOF@CFC and simulated Co-MOF.

After i osphating process, CoP-C@CFC is successfully achieved with obvious
characteristic of CoP. CoP-C@CFC also presents high specific surface area of 60.517 m?/g from

the res auer-EmmettTeller (BET) test (Fig. 3b), which is 23 times as much as CFC. It
indicates MOF-derived porous carbon sheath with embedded CoP nanoparticles effectively enhance
specific suSce area of carbon fiber skeletons, which is beneficial to higher Li capacity and lower
local current deagsity. In addition, the pore size distribution displays plenty of micropores/mesopores
@ d from porous carbon sheath with embedded CoP nanoparticles, which provides
abundant Li_nucleation interface and loading space of Li metal (Fig. S8). The surface chemical
compositi! and status of CoP-C@CFC are further investigated by X-ray photoelectron spectroscopy

(XPS). As shown ingkig. S9, the characteristic peaks of C, O, Co, and P are clearly presented, indicating

of ~20 nm

these elements co-existence. In Fig. 3¢, two clear characteristic peaks located at 778.0 and 781.1 eV

are indexed to Co 5)3/2. Another strong peak located at 796.9 eV is corresponding to

This article is protected by copyright. All rights reserved.
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Fig. 3. Chagion of CoP-C@CFC. (a) XRD patterns of CFC, Co-MOF@CFC and CoP-C@CFC. (b)

N, adsorpt rption isotherm curve of CoP-C@CFC. XPS spectra of the CoP-C@CFC of (c) Co 2p
and (d) P 2

Co 2p,,. The at 778.0 and 796.9 eV are close to the binding energies of Co into CoP.!**!

Additio 2 to the shake-up excitation of the high-spin Co*, the satellite peaks are observed

at 783.4, 787.0, 798.4, 801.7, 804.2 eV. In Fig. 3d, the characteristic peaks of P 2p;;, and P 2p;,

situated at d 129.7 eV, which is relate to Co-P."*!! The clear species of the P-O compound is

confirmed ®rong peak of 134.1 eV, which is attributed to oxidation.

To preliminarily testify the lithiophilicity of CoP-C@CFC, binding energy (E;) of a Li atom with CoP

FC or pure carbon fiber cloth (CFC) is estimated by density functional theory (DFT)
calculations. As Fig. 1c shown, Li atom adsorbs on the optimal structure of pure carbon, which
displays the calculated binding energy (AE,) of -1.25 eV. Comparatively, the calculated binding
energy of Li atom i sites) with the optimal structure of CoP is -6.4 eV (Fig. 1d), which is higher than

AE, of Li atom at tsites (Fig. S10) indicating superior Li affinity relative to pure carbon. Compared to

This article is protected by copyright. All rights reserved.

9



WILEY-VCH

CoP-C@CFC, Co3;0,-C@CFC presents the lower AE, of -4.62 eV and higher nucleation overpotential of
9 mV (Fig. S11), which elucidates the better lithiophilicity of CoP-C@CFC. In addition, the electron
accumuMepletion between Li with pure CFC or CoP-C@CFC also are shown in Fig. 1c-d. In
the 3D mo i atom adsorption, the yellow and light blue regions represent electron reduction
and accun&pectively. Compared with pure carbon, amount of charge spontaneously
transfens frommisimatom to CoP-C@CFC substrate, which reveals stronger bond capability between Li

and CoP- L

S N

d
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T
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o
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C
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28{degres) Binding energyi(aV) Potential(V vs. LILI")

Fig. 4. Theulicity test of CoP-C@CFC. Wettability comparison of molten Li onto CFC (a) and
CoP—C@ﬂstrates. (c) the reaction product of CoP-C@CFC and Li metal. (d) high-resolution
XPS sp 1s to study the interfacial composition of CoP-C@CFC-Li. (e) The cyclic
voItamWoP—C@CFC during the initial five cycles from 3.0 to 0.01V.

C@CFC. To intui;e' ly verify lithiophilicity of CoP-C@CFC host, the wettability test of molten Li

infusingaP—C@CFC are performed. As shown in Fig. 4a, the CFC substrate have not been

This article is protected by copyright. All rights reserved.
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wetted obviously in 90 seconds and displays poor blend faculty, owing to the ‘lithiophobic’ nature of
pure carbon. By contrast, CoP-C@CFC host contacts the molten Li to exhibit prominent Li affinity,

whose W rapidly infused liquid Li (Fig. 4b). After 10 seconds, the molten Li has permeated
carbon fibe presenting silvery character. Liquid Li metal continues to along with every single
carbon fib in 30 seconds (Fig. S12a), which displays contact angle of zero between Li

metal amdp€eRs@@CFC substrate. Finally, Li metal uniformly spreads out entire surface of CoP-

E

C@CFC el ig. S12b) and has successfully blended with each other after 90 seconds, while
little Li mefal ch on the surface of CFC. Therefore, the above theoretic calculations and
wettability demonstrate CoP-C@CFC has outstanding lithiophilicity, which will benefit

homogenegdtls cleation and deposition along the surface of the carbon fibers due to the more

S

favorable eWérgy®To further study the nature of lithiophilicity, electrodeposition is performed to

fabricate the composite Li metal anode of CoP-C@CFC-Li, whose component is further

U

characteri XRD and XPS. The peaks of well-crystallized Co phase are clearly found in XRD

pattern, whifle the peak of LisP is not obviously detected due to the low crystallization (Fig. 4c). To

n

deeply ver mation of LisP phase, high-resolution XPS spectra of Li 1s is introduced in Fig. 4d.

Obviously, fhelpeaks located at 56.9 eV are assigned to the generation of Li-P bonds,'*>*! and LisP

al

phase turns Yo D&#he dominant components for fast Li* distribution (Fig. 4d).”® Correspondingly, the
cyclicv etry (CV) curves of CoP-C@CFC within the potential ranging from 3.0 to 0.01V in initial

five cycles ented in Fig. 4e. In the first cathodic scan, the peak at 1.75 V is attributed to the

W

lithiati Loxygen functional groups.””? When the voltage drops at 1.4 V, the appearance of

a broad irreversible reduction peak could owe to a transition phase of Li,CoP formed by the lithium

1

intercalati CoP." With the scan voltage below 1V, the successive slope can be related to

the contin sformation to Co and LisP accompanying with some irreversible reactions related

with the so

O

olyte interphase (SEI) film."*" In the first cycle of the oxidation process, the LisP is

delithiated nding to the peak located at 1.1 V. After the first cycle, due to the structural

N

reconst e active material, the broad cathodic peak in the range 1.75-0.5 V shifts to 2.0

and 0.6 following cycles, which corresponds to the formation of Li,CoP and LisP. This is a

[

common non for the conversion-type anode materials. The anodic peak at 1.1 V is

L

assignable versible reaction to CoP.""® The following CV curves are stable and reproducible,

indicating eversibility of CoP-C@CFC. Thus, the reaction mechanism has be revealed: (1) CoP

A
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+ xLi'+xe” &> Li,CoP; (2) Li,CoP + (3-x) Li" + (3-x) e <> LisP + Co. Benefitting from constructed

[24,25,50]

ion/electron conductive interface of Li;P@Co on the CoP-C@CFC electrode, outstanding Li

affinity Msion kinetics could be achieved simultaneously. Moreover, CoP-C@CFC electrode

displays th tion overpotential of 7.4 mV (Fig. S13), which is obvious lower than CFC electrode
(23.3 mV).

|
To fugsher understand the effect of CoP-C@CFC on Li deposition behavior, the morphology

evolutions ing on Li foil, CFC and CoP-C@CFC electrode were studied by in-situ and ex-situ
icted in Fig. 5b, Li prefers to uneven nucleation and deposition on the interface
of separator electrode due to inhomogeneous pristine carbon fibers (Fig. 5a), causing much
. When the Li deposition capacity is raised to 5 mAh cm™, mosslike Li dendrites
overspreadje CFC electrode (Fig. 5¢). With the capacity further increasing to 10 mAh cm?, a

mass of Li dendrit@s accumulates on the surface of CFC leading to the plugging of pore space (Fig.

dendritic Lt

5d). Compakai Li uniformly plates on every single carbon fiber modified with MOF-derived

porous cardon sheath with embedded CoP nanoparticles (Fig. 5e), which displays dendrite-free Li

depositionm. When the Li

=
G
=
-
<C
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...............

o o

CoP-C@CFC

e e e g MRy et fey e SRR

Li foil

CFC

CoP-C@CFC

B Wy

at 0.5 mA SEM images of CFC (a-d) and CoP-C@CFC (e-h) electrode with 0, 2, 5 and 10 mAh cm’

2
’

Fig. 5. The morphologies of CFC and CoP-C@CFC electrode by plating Li metal with different capacity
s 2

respectively. In situ optical microscopy observations of the Li deposition process with Li foil (i-l),
CFC-Li (m-p) and CoP-C@CFC-Li (g-t) as electrodes at 3 mA cm™. The scale bars are 10 pm in yellow

dotted box, the otlers are 200 um.
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metal of 5 mAh cm? is deposited, the diameter of every single CoP-C@CFC becomes significantly
larger due to covered evenly Li metal layer. Despite the capacity of 10 mAh cm™ is further executed,
Li metalle spreads over whole 3D carbon frameworks without dendritic Li accumulating.
From the ction of the electrode, the diameter of every single CoP-C@CFC obviously
increases i&grees after deposited with the capacity of 2 or 5 mAh cm™ compared with
pristinem(FigmmSdda-c). When the deposition capacity is raised to 10 mAh cm™ (Fig. S14d),

3

homogene etal fills with the gap of carbon fiber cloth without Li dendrites (Fig. S15).

Furthermogé? th ickness of the electrode is not obvious change (Fig. S14e-h). It indicates CoP-

G

C@CFC ho ses markedly superior Li affinity and the regulating capability of Li deposition. To

deeply explér rowth behavior and volume effect on CoP-C@CFC electrode, in situ optical

S

microscop s&8d to record the dynamic process of Li deposition. Initially, the capacity of 10 mAh

cm™ is pre-deposited in CFC and CoP-C@CFC, which is used to assembled symmetric cells. For pure Li

U

foil, we ca elative flat surface and compact structure at 10 seconds (Fig. 5i). However, as Li

foil is plat rom 10 to 30 minutes (Fig. 5j-1), the surface of Li foil electrode becomes fleeciness

N

accompan obvious Li dendrites in the red dotted circle. The thickness of Li foil is raised to

1.5 times nelat o pristine after continuous plating of 30 minutes, which presents simultaneously

a

huge volu cfféct. Similarly, conspicuous Li dendrites and volume change also occur in CFC-Li

electro ose thickness is increased to near 2 times (Fig. 5m-p). Compared with pure Li foil, Li

dendrites o ectrode begin to form 10 minutes late (Fig. 50), which means CFC can delay the

formin

M

ites due to large specific area and lower local current density. Distinctively, CoP-

C@CFC-Li electrode exhibits ultra-stable Li plating accompanying with dendrite-free alongside with

I

almost no expansion throughout the whole process (Fig. 5g-t). It indicates MOF-derived

porous car th with embedded CoP nanoparticles guides uniform Li deposition, inhibiting Li

dendrites a e effect.

&

The elégtrochemical performance of CoP-C@CFC is evaluated by half-cell and symmetric-cell. As

q

shown in hig. 6a, jihe CFC electrode displays a low average CE of 96.3% with rapidly terminative

t

cycling lifespan _at 3 mA cm™ with the capacity of 1 mAh cm?, which possibly is caused by

inhomogeneous Lijdeposition induced plenty of ‘dead’ Li. When the capacity of Li deposition is raised

Y

to 2 mAh cm™, CFC electrode can maintain relative stability, whereas the CE appears drop

A
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dramatically in 100 cycles due to Li dendrites accumulation leading to short circuit. Similarly,
unstable CE and short cycling life are further deteriorated at 5 mA cm™ with the capacity of 3 mAh
cm?, wIWpoor electrochemical performance. By contrast, the CoP-C@CFC electrode shows
an ultra-st rage CE of 99.96% with ultralong cycle life of over 1100 cycles. Although the
capacity omstripping increases to 2 mAh cm™, a high average CE of 99.67% still can
maintaims. Ewemmatshigher current density of 5 mA cm™ with the practical cycling capacity of 3 mAh
cm?, CoP—mectrode keeps superior average CE of 99.42% over 250 cycles. In Voltage-capacity

profiles, C@C electrodes (Fig. S16) also exhibit obviously lower polarization voltage and more

stable capa ntion than CFC electrodes (Fig. S17). Although the test temperature is increased
to 60°C th CFC electrode can keep 425 cycles with a high average CE 99.2% at 5 mA cm™

with a tota

(a)

cro
el EECrG

W
53]

EEE]

11

EERCT RN

EEE

', &
194 -

D B0 1900 1300 T000 130 3000 3308
Time(hj}

{

Fig. 6. El ical performance of CoP-C@CFC electrodes. Coulombic efficiency of Li
plating/striping onBCFC and CoP-C@CFC electrode under different current density and area capacity

(a-c). Cycling perfagmance of symmetric cells with CFC-Li and CoP-C@CFC-Li anodes at different test
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condition (d-e); (f) rate performance of symmetric cells with CFC-Li and CoP-C@CFC-Li anodes at
various current densities from 1 to 8 mA cm™ with a fixed deposition capacity of 1 mAh cm™. (g)

NyquistWP-C@CFC—Li anodes at different cycles with their corresponding charge transfer

resistance. formance comparison of half cells (h) and symmetric cells (i) between CoP-C@CFC
and recent arbon fiber hosts.

capacity ofg3 mAh cm™ (Fig. S18g). Moreover, stable Li plating/stripping can be achieved, which is

reflected i -capacity curves (Fig. S18h). Notably, the folding processes of Li| |CoP-C@CFC
pouch cellWith chgcking the LED illumination further demonstrate the structural stability of the 3D
CoP-C@CFC host (Fig. $18a-f). When the CoP-C@CFC electrodes cycle over 50 cycles at 2 mA cm™
with the twity of 2 mAh cm™, the surface of electrode is clean without Li dendrites and the
CoP porou still maintains undamaged (Fig. S19), while CFC electrodes show nonuniform Li
distribution and SCh accumulated dead Li (Fig. S20). Comparatively, the half-cell performances of
Co30,-C@C A cm™ with a total capacity of 1 mAh cm™ are shown in Fig. $21, which presents

obvious sh8ter cycle lifespan originated from the formed insulative Li,O, (Fig. $22).** Therefore,

the high-p ce of CoP-C@CFC is attributed to MOF-derived porous carbon sheath with
embedded{Co oparticles, which uniforms Li*/electron flux of carbon fiber surface and realizes
optimiz kinetics.””! Additionally, symmetric cells are assembled with CoP-C@CFC-Li

prestored Li f 5 mAh cm™. As shown in Fig. 6d, CoP-C@CFC-Li anode exhibits stable voltage

profile i low overpotential of 11.5 mV and ultralong cycling life of 3200 h at 1 mA cm™

with the capacity of 1 mAh cm™ (20% DOD). However, sharply fluctuant voltage over 50 mV and
short cyclis lifespan less than 100 cycles have been displayed for CFC-Li anode. When the current

density of 2 mAcm™ is executed (Fig. 6e), the CoP-C@CFC anode can still maintain a stable cycling of

harsh overpotential. Additionally, excellent rate performance with low voltage polarizations of 15,

about 550 ow voltage hysteresis of 13 mV, while the CFC-Li anode displays poor cycling and

30, 50, 88 @V at 1, 2, 4 and 8 mA cm™?, respectively, could be achieved in Fig. 6f. When the current

density drgps baclgto 4, 2, 1 mA cm™>, the voltage polarization still keeps relatively stable values of
47, 26, 15 mV, respectively. It reveals that the CoP-C@CFC-Li anode exhibits excellent rate capability

and high reversibility. By contrast, because of high nucleation barrier alongside with further

exacerbated polf ation, the CFC-Li anode displays a larger voltage hysteresis, especially under
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realistic current density. The interfacial transfer impedance of Li" is studied by Electrochemical
impedance spectroscopy (EIS) in half cells (Fig. 6g).”** At pristine, the CoP-C@CFC-Li and CFC-Li
eIectrodWow charge transfer resistance (R.) of 47.5 and 34.2 Q, respectively. However, a
low charge r resistance of 32.2 Q can be maintained for CoP-C@CFC-Li anode after 100th
cycles, wh@ode shows higher R of 109.0 Q. Meanwhile, the SEl layer of CoP-C@CFC
indicatas appamemimpeaks of LisP and LiF in high-resolution XPS profiles, while CFC shows strong peaks
of Li,O (Figm reveals that superior conductivity and robust SEI layer are probably achieved in

the CoP-C@ electrodes, which owes to Li;P@Co interface and stable 3D skeletons.

Comparati rge transfer resistance continuously increases due to a mass of accumulated dead
Li and wemer on the surface of CFC electrodes. Compared with the most recent reported
carbon fib a%€d Li host under similar testing conditions, CoP-C@CFC shows the best
electrochemica formance with high CE and long cycling lifespan to our knowledge (Fig. 6h).?
Meanwhile’ etric cells at 20% DOD exhibit lowest overpotential and ultralong cycling time,
while mos inite carbon fiber-based Li metal composite anodes have a large overpotential of over

20 mV afte cling under the same testing conditions (Fig. 6i).***

The po@plication of CoP-C@CFC is further explored with full cell, which is assembled with

CoP-C i e and LiFePO, (LFP) cathode. As shown in Fig. 7a, CFC-Li| | LFP full-cell exhibits a
relatively hig ity at the initial stage, whereas the only reversible capacity of 76 mAh g™ can be
remain ycles at 1C. By comparison, CoP-

<C
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Fig. 7. Electr ical performance of full cells. Cycling performance of CoP-C@CFC-Li| | LFP at 1C (a)

and 2C (b)A Rate performance of CoP-C@CFC-Li||LFP (c). The charge/discharge profiles of CoP-
C(d).

[}

C@CFC-Li |

a

C@CFC-Li| cell possesses excellent cycling performance with discharge capacity of 145 mAh

g’ and E of 99.98% over 460 cycles, showing ultrahigh capacity retention of 98.6%. As

the charge-di e rate is enhanced to 2C (Fig. 7b), CoP-C@CFC-Li| |LFP could hold discharge

Vi

capacit g™ with a stable CE of 99.92% and a capacity retention of 95.8%. Comparatively,

CFC-Li| |LFP shows obvious poorer capacity retention ability with rapid decaying discharge capacity.

[

To further rate the applicability of the CoP-C@CFC, full cells with higher cathode loading of
5mgcm™ ided, which still exhibit outstanding long cycling performance at 1C (Fig. S24a) and

2C (Fig. S2 dition, outstanding rate performance of CoP-C@CFC-Li| |LFP has been achieved

3

in coin cell At low rate of 0.2C, a high reversible capacity of 161 mAh g™ can be realized for

1

CoP-C i e, while CFC-Li anode merely maintains a discharge capacity of 151 mAh g™. With
the ratey 5C, CoP-C@CFC-Li| |LFP full cell always keeps reversible capacity of 129 mAh g™.

L

When the estored to 0.5C, a capacity of 160 mAh g™ is attained again after 100 cycles

J

without a i decay. However, CFC-Li| |LFP full cell presents worse reversible capacity and

poor rate pe nce under the same test conditions. Further, the charge/discharge profiles of the

A
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two full cells have been exhibited in Fig. 7d. The voltage polarization of CoP-C@CFC-Li| |LFP is 293
mV, which is obvious lower than CFC-Li| |[LFP (707 mV). In a word, these outstanding performances

of full M MOF-derived porous carbon sheath with embedded CoP nanoparticles can

enhance p emical property of CFC and obviously improve electrochemical cycling stability.
3. Conclusp
H I
In sumM3D mix-conducting matrix decorated with MOF-derived porous carbon sheath
with embedBled*@P nanoparticles has been well-designed and fabricated by the scalable room-
temperatu lization and annealing-phosphating process. The CoP-C@CFC possesses excellent

Iithiophilicmructural characteristics, which effectively increases specific surface area, highly
u

reduces lo

lithiophilic |nter:§e by the lithiation of CoP-C@CFC provides abundant Li nucleation sites and

homogeni

nt density and nucleation overpotential. In addition, the in-situ formed Li;P@Co

flux, which chronically suppress Li dendrites and volume effect. Thanks to these
features, ultralong cycling lifespan of 1100 cycles with outstanding average Coulombic efficiency (CE)
of 99.96% ical current density of 3 mA cm™ have been achieved. Under higher current

density ofmf2 with the realistic cycling capacity of 3 mAh cm™, CoP-C@CFC electrode also
effor

keeps sup rage CE of 99.42% over 250 cycles. And the symmetric battery with finite CoP-

C@CFC e exhibits a low overpotential of 11.5 mV over 3200 h at 1 mA cm™for 1 mAh cm™
(20% DOD the full-cell is assembled with LiFePO, cathode and CoP-C@CFC-Li anode, it
display retention of 95.8% with 130 mAh g™ over 500 cycles at 2C and shows excellent

rate performance. Importantly, this work lights up MOF-derived metallic phosphide as 3D lithiophilic

Supportinﬁnform'tion is available from the Wiley Online Library or from the author.
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