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oparticle-anchored N-doped
porous carbon nanofiber interlayers for superior
performance lithium metal anodes†

Jing Yan,‡a Min Liu,‡*ac Nanping Deng,b Liyuan Wang,d Alain Sylvestre,c

Weimin Kang *a and Yixia Zhao*a

The mounting requirements for electric apparatus and vehicles stimulate the rapid progress of energy

storage systems. Lithium (Li) metal is regarded as one of the most prospective anodes for high-

performance cells. However, the uneven dendrite growth is one of the primary conundrums that

hampers the use of the Li metal anode in rechargeable Li batteries. Achieving even Li deposition is

crucial to solve this concern. In this study, a stable interlayer based on electrospun flexible MnO

nanoparticle/nitrogen (N)-doped (polyimide) PI-based porous carbon nanofiber (MnO–PCNF) films was

effectively prepared via electrospinning and in situ growth of MnO to reduce the growth of Li dendrites.

It is revealed that the attraction of implanted MnO towards Li, the lithiophilic nature of N dopants and

the capillary force of porous architectures are beneficial to the preeminent Li wettability of the MnO–

PCNF interlayer. Furthermore, the wettable, stable and conductive structure of the MnO–PCNF interlayer

can be retained well, offering rapid charge transfer to Li redox reactions, reduced local current density

during the cycling process and homogeneous distribution of deposited Li. Consequently, anodes with

MnO–PCNF interlayers can relieve the volume change and inhibit the growth of Li dendrites,

demonstrating a remarkable lifetime for lithium metal cells at high current.
1. Introduction

Lithium (Li) metal is regarded as one of the most hopeful anode
candidates for next-generation rechargeable cells due to its high
theoretical specic capacity (3860 mA h g�1) and lowest elec-
trode potential (�3.04 V).1 However, challenges brought via the
uncontainable dendrite growth of the Li metal have seriously
restrained its commercial application.2,3 The uneven Li depo-
sition and Li dendritic growth would not only result in abun-
dant clusters of “dead Li” and low coulombic efficiency (CE), but
also lead to short circuit since Li dendrites may pierce the
separator, bringing about safety issues.4–6
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A large number of works has been completed to solve the
irrepressible Li dendrite growth. One of the methods is to focus
on introducing multiple additives (LiSx and LiNO3)7–10 into the
electrolyte to improve the surface solid electrolyte interphase
(SEI) lm,11,12 and have proved to enhance the formation of
uniform SEI lms to conquer Li dendrites.7,13 Another method is
to constitute one articial SEI barrier by depositing various
micro/nano-sized materials (e.g. hollow carbon nanospheres
and oxidized nanobers) on the Li metal surface.14–19 More
recently, signicant attention has been paid to structure
a conductive nano-structural interlayer with protective effects
for Li metal batteries.20,21 The growth of Li dendrites at high
current densities is mitigated via reducing local current densi-
ties using conductive interlayers. Common interlayers were
composed of improved carbon-based composites that consisted
of various carbon materials, reformative polymer-based and
metal or inorganic compound-based materials.22

Some porous carbon nanobers (PCNFs) show outstanding
mechanical advantage, good structural integrity, remarkable
electrical conductivity and large specic surface area,23 which
can accelerate the conduction of Li ions and electrons.26

Because of these signicant advantages, PCNFs are considered
hopeful interlayer materials for Li metal anodes.17,24,27,28 In
addition, numerous pores on the PCNF surface serve as active
sites for controlling the initial nucleation of Li and generate the
capillary force for the Li metal to induce homogeneous lithium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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deposition.15 Furthermore, the incorporation of N functional
groups into PCNFs greatly accelerated the nucleation of Li on
PCNFs via the signicantly reduced nucleation energy barrier.25

Among miscellaneous fabrication methods of PCNFs, the elec-
trospinning method demonstrates numerous merits such as
simple process, versatile structures and low cost for yielding
continuous nanobers.29

Common nanostructural interlayer materials such as carbon
materials, which do not have very good compatibility with the Li
metal, show nucleation overpotential during Li nucleation.
Recently, Cui and colleagues have rst researched selective
lithium deposition via heterogeneous seed growth.30 Using
nanomaterials such as gold and silicon dioxide that have zero
overpotential of Li nucleation as seeds,16,28,31,32 the Li metal
would selectively nucleate on the seeds and could grow in
a controlled manner on anode substrates.30,33,34 Hence, con-
structing a lithiophilic interlayer with homogenously distrib-
uted Li metal seeds for uniform Li metal growth is rather key for
the dendrite-free Li metal anode. Certainly, there is still an
imperative requirement to excogitate more interlayers with
conductive stable and lithiophilic performances to develop
a simpler synthetic process, which manufactures ideal hybrid
architectures for improving the electrochemical performance
and safety of Li metal anodes at high current.35

Herein, we rst report the exploration of electrospun exible
MnO nanoparticle/nitrogen (N)-doped polyimide (PI)-based
porous carbon nanober (MnO–PCNF) lms as highly stable
interlayers to store Li for dendrite-free Li metal anodes. The PI-
based materials were useful for carbon materials to form
a stable self-support and exible architecture, which can
simplify the process of battery assembly without any binder,36

accommodate the Li volume change, and gain a long lifetime of
the corresponding electrode.37 Furthermore, N-doped PI-based
carbon nanobers have been proved to be lithiophilic, and
they could induce homogeneous Li deposition.38,39 MnO can
Fig. 1 Schematic of the Li deposition/stripping process of CNFs and Mn

© 2021 The Author(s). Published by the Royal Society of Chemistry
combine with Li+ to generate an analogous alloy reaction during
the whole Li deposition–stripping process,27 and the presence of
MnO is useful for carbon materials to form a stable self-support
and exible architecture.40 The Li metal deposition behaviour
on MnO–PCNFs was investigated, and the schematic is shown
in Fig. 1. The Li metal is induced to nucleate and grow on the
interlayers by MnO–PCNFs. By contrast, uneven Li agglomerates
and grows outside of pure CNFs. It is predicted that the syner-
gistic functions of the porous architectures, the lithiophilic N
dopants and the embedded MnO nanoparticles can chemically
react with Li, which would be signicantly conducive to the
excellent lithiophilicity of MnO–PCNF interlayers. The porous
carbon nanober with a large specic surface area and
outstanding mechanical strength could not only act well in
keeping the structural stability of MnO–PCNF interlayers, but
also offer physical connement of deposited Li and assured
rapid electron/ion transport during the Li stripping/plating
process. Based on the above-mentioned original designs, the
obtained MnO–PCNF composite anodes can deliver long-term
cycling stability and small voltage hysteresis at high current.
2. Experimental
2.1. Fabrication of manganese oxide nanoparticle-doped
porous carbon nanober lms

The precursor solution was prepared as follows: manganese
(Mn)-based polyamide acid (PAA) at a concentration of 18% was
synthesized by dissolving PMDA, ODA andMnCl2 in DMF under
constant stirring for 8 hours. The electrospinning method was
conducted under optimized conditions at a ow rate of 0.8 mL
h�1, a voltage of 25 kV and a tip-collector distance of 20 cm. The
Mn-based PAA nanober membranes were collected on an
aluminum foil. As shown in Fig. 2, the Mn-based PAA
membrane was rst imidized in a muffle furnace under the
following condition: heating up to 100 �C, 200 �C and 300 �C at
O–PCNF interlayers.

Nanoscale Adv., 2021, 3, 1136–1147 | 1137
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Fig. 2 (a) Schematic of the preparing and packaging process for flexible films. (b) Configuration of a Li–Li (Li–S) cell with a functional flexible
MnO–PCNF interlayer.
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a rate of 4 �C min�1, respectively, followed by a constant
temperature cra for 40 min at each former temperature stage.
Aerward, the ber lm was carbonated in a nitrogen atmo-
sphere at 800 �C for 1 h to obtain PI-based manganese oxide
nanoparticle-doped porous carbon nanober (MnO–PCNF)
lms. PI-based carbon nanober lms (CNFs) without MnCl2
addition were also prepared by the above-described method.
2.2. Electrochemical measurements

The obtained exible MnO–PCNF lms were cut into a circular
shape with a diameter of 14 mm; meanwhile, the Li foil was also
cut into the same circular shape in an argon-lled glove box.
The obtained exible MnO–PCNF lms were measured with an
average thickness of 30 mm and an average loading of 0.64 mg
cm�2 in Fig. 2(a). The weight percentage of MnO in the
composite MnO–N-doped carbon ber lm was 24.30%
Fig. 3 SEM images of PCNFs added with 5 wt%MnCl2 at (a) 600 �C, (b) 80
(d) 600 �C, (e) 800 �C and (f) 1000 �C.

1138 | Nanoscale Adv., 2021, 3, 1136–1147
according to the weight fraction of the elements given in Table
S2.†

For all cells, electrochemical characterizations were per-
formed using assembled CR2340-type coin cells, as shown in
Fig. 2(b). The samples of the obtained exible CNF lms were
prepared via the same route as the obtained exible MnO–PCNF
lms. The Li metal foil, PP, MnO–PCNF lms and the Cu metal
foil were assembled in Li–Cu cells. Two Li metal foils with
MnO–PCNF lms were assembled as the working and counter
electrodes in symmetrical cells. The sulfur cathode with a sulfur
loading of 1.26 mg cm�2, PP, MnO–PCNF lms and the Li metal
foil were employed in the Li–S cells.

3. Results and discussion
3.1 Morphological structures

The microstructures and morphologies of the obtained exible
PI-based CNFs with 5% MnCl2 at 600, 800 and 1000 �C were
0 �C and (c) 1000 �C. TEM images of PCNFs added with 5 wt%MnCl2 at

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00690d


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
6:

58
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
studied by SEM and TEM, as presented in Fig. 3(a–f). As
demonstrated in Fig. 3(a and d), the typical carbon architecture
of exible PI-based PCNFs with MnCl2 can be obtained in as-
spun nanobers aer the preoxidation and carbonization
procedure. The porous morphological architecture of pure
PCNFs was not obvious.41 As demonstrated in Fig. 3(b and e),
the porous structures of the obtained pure PCNFs at both 800
and 1000 �C were obvious, which could accommodate the
volume expansion of the Li metal and accelerate lithium
insertion into the interior/surface of the prepared carbon
nanobers. In addition, various ne MnO nanoparticles were
observed in PCNFs, and the particle diameter was less than
100 nm. The morphological architectures of PCNFs at 1000 �C
are displayed in Fig. 3(c and f). Because of the high temperature,
MnO nanoparticles were not observed, as they were decom-
posed when the temperature reached 1000 �C. Furthermore, the
electrical conductivity of MnO–PCNFs at 600 �C was lower than
that at 800 �C because of the low degree of graphitization. In
addition, the exibility of MnO–PCNFs at 1000 �C was not better
than that at 800 �C due to the high degree of carbonation.
Therefore, 800 �C was chosen as the optimal temperature
among them: the size of the Mn-based particles was medium,
and a certain scale was maintained with the carbon ber, so
that the bond between the carbon ber and the MnO particles
was strong. The MnO particles of exible electrospun porous
carbon nanober structures could offer more active sites to
induce more abundant and uniform Li deposition and strip-
ping.15,16 Fig. 4(b) displays the morphological architecture of
exible PI-based MnO–PCNFs, showing that the MnO nano-
particle architecture can be formed in exible PCNFs. The
prepared MnO nanoparticles of homogeneous size were
uniformly distributed on exible PCNFs.

The capillary force of the porous architectures is conducive
to the great Li wettability of exible MnO–PCNFs,15,17 which
makes it easier for Li to catch the growth sites during the
deposition process and deposit them on the structure of PCNFs
Fig. 4 (a) SEM images of PCNFs at 800 �C. (b) TEM images of PCNFs
added with 5 wt% MnCl2 at 800 �C. (c) SEM image of MnO–PCNFs and
(d) its corresponding EDX elemental mapping image of Mn.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in an orderly manner.34,42 In the procedure, the MnO Nano-
particles (NPs) can be homogeneously manufactured on exible
PCNFs by the in situ synthesis procedure. During the carbon-
ization method, the high temperature enabled a tough combi-
nation between MnO NPs and PCNFs. The prepared MnO NPs
in PCNFs were homogeneously dispersed on the surface of
PCNFs. To precisely verify the distribution of MnO NPs in the
skeleton of PCNFs, energy-dispersive X-ray (EDX) spectroscopy
was implemented to probe the distribution of chemical
elements for exible MnO–PCNFs. Fig. 4(d) presents the EDS
mapping image of exible PI-based MnO–PCNFs. The Mn
element was homogeneously distributed in exible MnO–
PCNFs, which proved the uniform distribution of MnO particles
in exible MnO–PCNFs.
3.2 Spectroscopic analysis and thermo gravimetric analysis

To classify the crystal architecture of the as-obtained exible
CNF and MnO–PCNF composites, the XRD of the composites
was examined, as shown in Fig. 5(a). The XRD spectrum of
exible CNFs displayed a wide diffraction peak at 26.4�. The
diffraction peaks of exible MnO–PCNF composites at 34.9�,
41.0�, 58.7�, 70.1�, 73.8� and 87.7� were indexed to the (111),
(200), (220), (311), (222) and (400) planes, corresponding to the
manganosite phase of MnO (PDF 75-1090), respectively.43,44

The broadening diffraction peaks showed that the small grain
size with a nano-scale can be obtained for the as-decorated
MnO NPs. The size of MnO was assessed via applying the
Debye–Scherrer equation to the (111) peak. The outcomes
showed that MnCl2 had been effectively changed into MnO.
On the Mn 2p spectra (Fig. 5(b)), the disparity between Mn 2p1/
2 andMn 2p3/2 was 11.6 eV, approving with the feature of MnO,
corresponding to the XRD consequences.44 The high-
resolution XPS spectra of the N 1s peak (Fig. 5(c)) could be
divided into three tting peaks located at 398.4, 399.6 and
400.6 eV, corresponding to pyridinic N, pyrrolic N, and
quaternary N, respectively. The incorporation of N effective
groups greatly accelerated the nucleation of Li on PCNFs
based on the largely reduced nucleation energy barrier.25 The
structure of the existing MnO and the N co-doped carbon
nanobers could be regarded not only as a Li reservoir to allow
the electrode level stability, but also as a composite current
collector to regulate the initial nucleation and following
growth of Li.45 The thermal properties of MnO–PCNF
composites were evaluated by TGA, and the obtained results
are displayed in Fig. 5(d). From the TGA curves, it could be
observed that a minor weight loss happened from 50 �C to
150 �C in the MnO–PCNF sample, which was because of the
removal of dampness and scums. The weight of MnO–PCNF
samples decreased gradually from 200 �C to 400 �C, which
could be because of the imidization process of PAA to PI and
the preparation of MnO. In the process, water molecules were
formed. During 450 �C to 800 �C, the loss of mass was owing to
the carbonation of PI, in which CO2 and water molecules were
produced.43 The slight decrease in the temperature range of
880–900 �C could be due to the reduction of MnO into Mn, in
which there was CO2 creation in the procedure.25,32
Nanoscale Adv., 2021, 3, 1136–1147 | 1139
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Fig. 5 (a) XRD patterns of MnO–PCNFs and CNFs. XPS spectra of the as-preparedMnO–PCNFs: (b) Mn 2p and (c) N 1s. (d) TG and DTG of MnO–
PCNFs; the pristine adsorption–desorption curves of (e) CNFs and (f) MnO–PCNFs.
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3.3 Physical properties

Outstanding electrical conductivity and large specic surface
area could lower the local current density, resulting in low
interfacial resistance.26,29 Table 1 displays the electrical
conductivity and specic surface area of exible PI-based
CNFs and MnO–PCNFs. The exible PI-based CNFs exhibi-
ted a good conductivity of 663.67 S m�1. However, the
conductivity of MnO–PCNFs was 866.96 S m�1 because their
porous architecture affected the degree of graphitization
during the carbonization procedure, which could facilitate
the electron transport of the entire composite Li metal elec-
trode. The large specic surface area of MnO–PCNFs offered
Table 1 Electrical conductivity and surface area of CNFs and MnO–
PCNFs

Sample
Electrical conductivity
(S m�1)

BET surface
area (m2 g�1)

CNFs 663.67 8.92
MnO–PCNFs (800 �C) 866.96 20.92

1140 | Nanoscale Adv., 2021, 3, 1136–1147
a spatial location for the deposition of Li. In addition, the
growth of Li dendrites would be overpowered under the
direction of MnO seeds due to the lithiophilic feature of the N
dopants and the capillary force of the porous architectures.46

In Table 1 and Fig. 5(e and f), the surface area of exible CNFs
and MnO-PCNFs could gain 8.92 and 20.92 m2 g�1, respec-
tively.47 The larger surface area of MnO–PCNFs offered
enough space for Li deposition, and remarkable electrical
conductivity could enhance the electron transport perfor-
mance of Li electrodes, which was one of the essential factors
for superior electrochemical performance of the assembled
cell. The advanced performance of the modied battery could
be attributed to the addition of the prepared exible PI-based
MnO–PCNF interlayers. On the one hand, the exible lms
with a self-support and porous skeleton with the capillary
force for Li could be regarded as transitional layers to adjust
the volume expansion of the Li metal and accelerate Li
insertion into the interior/surface of carbon nanobers. On
the other hand, the exible carbon nanober skeleton-doped
MnO and N could offer more active sites to induce more
adequate and uniform Li deposition and stripping.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.4 Electrochemical cycling performance

The EIS curves were engaged to test the charge-transfer kinetics
of the three modied cells. As shown in Fig. 6(a–c), the interface
impedance and stability of Li–Li batteries with the prepared
interlayers were explored by the EIS at 1 mA cm�2 and
1 mA h cm�2. The Nyquist plots of the assembled Li–Li cells
were utilized to display the internal resistance of the three cells
before and aer the cycles (Fig. 6(a–c)). The interface resistance
of the electrolyte/electrode to the charge transfer resistance of
the electrode was connected with the semicircle of the high-
frequency region. Before the cycle, the cells with PP and
CNFs-PP showed a comparatively large interface resistance,
which might be attributed to the generation of a passivation
lm on the anodes. Aer the rst and tenth cycles, the interface
resistance of the assembled battery always decreased,48 which
might be connected with the decomposition of the passivation
Fig. 6 EIS of the Li–Li cells (a) before cycling, (b) after 1 cycle, and (c) afte
cells with a separator of (d) PP andMnO–PCNFs-PP, (e) CNFs-PP andMnO
3 mA cm�2 and 6 mA h cm�2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
lm or the increase in surface area during Li dendrite genera-
tion.27,31 By comparison, the cells with MnO–PCNFs-PP dis-
played a lower interfacial impedance before electrochemistry
cycling, aer 1 cycle and aer 10 cycles. The steady interface was
derived from the homogeneous dispersed nucleation and
invertible dissolution of Li on MnO–PCNFs by reason of the
direction of MnO seeds, the lithiophilic feature of the N dopants
and the capillary force of the porous architectures, which also
endowed it with remarkable electrochemical performance.49

The prepared MnO–PCNFs presented a robust exible archi-
tecture without binders, high specic surface area and excellent
electrical conductivity, which were good for electrochemical
reaction kinetics and current density near a uniform anode,
resulting in low interface resistance.

The galvanostatic cycles of Li–Li cells are conducted to probe
the long-time cycling stability of the anodes with the interlayer.
r 10 cycles at 1 mA cm�2 and 1 mA h cm�2. Voltage profile of the Li–Li
–PCNFs-PP at 1 mA cm�2 and 1mA h cm�2 and (f) MnO–PCNFs-PP at
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Fig. 6(d and e) presents the voltage prole of the Li–Li batteries
at 1 mA cm�2 and 1 mA h cm�2. The deposition actions of Li
have an important inuence on its electrochemical perfor-
mance. When batteries were assembled with a PP separator, the
Li metal would generate Li columns and dendrites, leading to
“dead Li”, which was extremely inferior to the Li anode. The
results can be veried through cycling the Li anode with PP at 1
mA cm�2 and 1 mA h cm�2. Aer 353 h, an overpotential
performance can be presented, which demonstrated the
formation of ramose Li dendrites. For the Li–Li cells with the
bare Li metal as the anode, it can be observed that the voltage
rises with the growth of cycling time, which displays that the
polarization phenomenon can be developed seriously in the Li
deposition–stripping procedure. The tested result is the sign of
the Li dendrites growing out on the Li metal anode. An alike
phenomenon in the cells with CNF interlayers (1200 h) and
a polarization phenomenon are extremely serious. The Li–Li
cells with MnO–PCNFs-PP presented a small voltage hysteresis
and a certain cycling stability when compared with pristine Li,
which displayed that MnO–PCNFs can overpower the growth of
Li dendrites.34,42 As the nucleation and growth of the Li metal
are induced by the prepared MnO NPs, the lithiophilic feature
of the N dopants and the capillary force of the porous archi-
tectures on PCNFs, the Li metal with the interlayer can be
homogeneously deposited in the PCNF material. The Li metal
anode with MnO–PCNFs displayed a brilliant cycling perfor-
mance at 1 mA cm�2 for 1750 h with a small overpotential. In
Fig. 6(f), the Li–Li cells assembled with MnO–PCNFs-PP can
work at a high current density of 3 mA cm�2 for 1200 h, and the
voltage polarization was not greatly augmented.

MnO–PCNFs gain a exible architecture, large specic
surface area and excellent electrical conductivity, which are
helpful to decrease the local current density of the lithium
metal anode, leading to low interface resistance and the
reduced formation of the dendrite-free Li electrode.27,34,50 The
porous architecture permitted the anode with MnO–PCNF
interlayers to gain the capillary force, a richer inner hollow
space and more Li loading capacity than those of CNFs.46 Under
the direction of homogeneous MnO NP seeds, the Li metal was
consistently and uniformly deposited in the outer and inner
channels of PCNFs.42

To explore the electrochemical cycling performance, PP,
CNFs-PP and MnO–PCNFs-PP are engaged in Li–Cu batteries.
Fig. 7(a) displays coulombic efficiencies (CE) of the Li–Cu
batteries at 1 mA cm�2 and 1 mA h cm�2. The gure outcomes
offer the other viewpoint on the growth of Li dendrites or “dead
Li” during the Li deposition–stripping process. Aer 51 cycles,
the battery with a PP separator displayed an uneven striping
procedure, while the battery with MnO–PCNFs-PP showed
a steady striping shape. The rapid falling-off in the deposition/
striping procedure corresponding to the CE falls to 0% aer 51
cycles in the battery with a pristine PP separator. In contrast,
a steady CE of 97% aer 200 cycles could be retained with the
assembled cell with MnO–PCNFs-PP. The Li–Cu battery with
CNFs-PP is similar to the Li–Cu battery with PP. In Fig. 7(b), the
Li–Cu batteries with MnO–PCNFs-PP at 3 mA cm�2 and
3 mA h cm�2 were steady, and the CE was sustained at around
1142 | Nanoscale Adv., 2021, 3, 1136–1147
80% aer 200 cycles. In conclusion, the electrochemical
performance of Li–Cu cells with MnO–PCNFs-PP was signi-
cantly enhanced because of the affinity of inserted MnO with Li,
the lithiophilic feature of the N dopants and the capillary
strength of the porous architectures. The overhead results
exhibited that the cycling performance of the Li metal anode at
equal current densities was meaningfully enhanced with the
applied MnO–PCNFs-PP. The obtained pores endowed the
MnO–PCNFs with the lithiophilic characteristic, sufficient
internal space and excellent Li loading capacity.46 All of these
results indicated that MnO–PCNFs can be regarded as interlayer
materials for the deposition of Li, which mainly resolved the
dendrite puzzler.

Lithium–sulfur (Li–S) batteries were used to test the cycling
performance of the full-cell with the prepared interlayer. The
EIS of the Li–S batteries was utilized to survey the charge
transfer kinetics. Fig. 7(c and d) show the typical Nyquist plots
of the batteries with PP, CNFs-PP and MnO–PCNFs before cycle
and aer 5 cycles. The Nyquist plot is semi-circular at high
frequencies and slanting at low frequencies, corresponding to
the oblique lines of ion diffusion.51 The batteries with PP and
CNFs-PP deliver larger semicircular diameters than that of the
batteries with MnO–PCNFs-PP, which illustrates that the
batteries with PP and CNFs-PP display a higher charge-transfer
resistance than the batteries with MnO–PCNFs-PP.52 The slant
of the diagonal mark is large, which means that the Warburg
impedance of the batteries is low. In Fig. 7(c), the Warburg
impedance of the batteries with MnO–PCNFs-PP is smaller than
those of the cells with PP and CNFs-PP, which is advantageous
for the transportation of Li+. The decrease in Warburg's
impedance can be put down to the outstanding conductive net
architecture of the MnO–PCNFs.34,53–56 The impedance spectra
demonstrated that two semicircles were present aer 5 cycles
for these batteries, as shown in Fig. 7(d). The arrival of the
second semicircle is attributed to the creation of Li2S and Li2S2
during electrochemical cycling. As presented in Fig. 7(d), these
batteries aer 5 cycles displayed clearly reduced resistances
compared with the corresponding fresh batteries. The reduced
impedance was attributed to the natural arrangement of Li
during the stripping-plating process because of the affinity of
inserted MnO with Li, the lithiophilic feature of the N dopants
and the capillary strength of the porous architectures, which
held a more benecial electrochemical site,57 suggesting
a closer interaction and better coverage between the Li metal
and MnO–PCNFs.58

The cycling performance of the Li–S batteries at 1C was
researched, as presented in Fig. 7(e). The discharge capacity of
the battery with MnO–PCNFs-PP was much higher and steadier
than those of the batteries with PP and CNFs-PP. In addition, it
was revealed that the batteries with PP, CNFs-PP and MnO–
PCNFs-PP exhibited initial discharge capacities of 551.3, 735
and 730 mA h g�1, respectively. The discharge capacity of the
batteries with PP, CNFs-PP, MnO–PCNFs-PP was reserved at
370.7, 624.3 and 710.3 mA h g�1 aer 200 cycles, respectively.
Aer 500 cycles, the batteries with PP cannot work in the
required capacity and the capacity of the batteries with CNFs-PP
and MnO–PCNFs-PP remained at 473.7 and 601.2 mA h g�1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Coulombic efficiencies of the Li–Cu cells at 1 mA cm�2 and 1 mA h cm�2. (b) Coulombic efficiencies of the Li–Cu cells at 3 mA cm�2

and 3 mA h cm�2. The EIS (c) before cycle and (d) after 5 cycles of the Li–S cells. (e) Discharge capacity and CE of the Li–S cells at 1C. (f) Rate
performance of the Li–S cells. (g) Discharge capacity and CE at 0.5C of the Li–S cells with MnO–PCNFs-PP and (h) the corresponding charge–
discharge curves of MnO–PCNFs-PP at 0.5C.
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respectively. The Li–S batteries with MnO–PCNFs displayed an
outstanding rate performance (Fig. 7(f)). The discharge capacity
of the batteries with the prepared MnO–PCNFs can obtain
1038.2, 1002.7, 952, 768.4, 966.2, 1002.3 and 1118.7 mA h g�1

with current densities of 0.1, 0.2, 0.5, 1, 0.5, 0.2 and 0.1C. While
the batteries with CNFs can obtain 1098.2, 932.7, 867, 712.4,
906.2, 937.3, and 1035.7 mA h g�1, respectively. In addition, the
discharge capacity of the cells with PP was the lowest. The Li–S
batteries with MnO–PCNFs at 0.5C are shown in Fig. 7(g). The
discharge capacity remained at 922.5 mA h g�1 aer 500 cycles
(with a CE of about 97.82 wt%), obtaining a capacity retention
rate of 96.34%. Fig. 7(h) shows the constant current charge and
discharge curves of the Li–S cells with MnO–PCNFs-PP at 0.5C.
Aer the 1st, 100th, 200th, 400th and 500th cycles, the charge
and discharge curves of the Li–S cells with MnO–PCNFs-PP
© 2021 The Author(s). Published by the Royal Society of Chemistry
presented the smallest alteration, demonstrating that the Li
metal anode with MnO–PCNFs obtained excellent cycle
retention.
3.5 Morphological evolution

As presented in Fig. 8(a), the probable mechanisms of exible
MnO–PCNFs as interlayers for Li metal batteries are claried as
follows: rst, PCNFs with a exible property, large specic
surface area and outstanding conductivity as interlayers in Li
metal cells could offer more space and build a great electronic
transmission network to prompt more adequate and uniform Li
deposition and stripping. The capillary power of the porous
skeletons conduces to increase the splendid Li wettability of the
MnO–PCNF interlayers, and the exible architecture is helpful
Nanoscale Adv., 2021, 3, 1136–1147 | 1143
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Fig. 8 (a) Schematic of the Li stripping-plating process on PI-based
flexible MnO–PCNFs. Surface SEM images of the Li-metal electrode
with (b) PP (c) CNFs-PP and (d) MnO–PCNFs-PP. The electrodes were
obtained from the Li–Li cells cycled for 200 h at 1 mA cm�2 and
1 mA h cm�2.
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to accommodate the volume alteration of the Li metal anode
during the stripping–plating process.15 Second, the exible
lms with in situ doped MnO nanoparticles can obtain effective
force with Li during the Li deposition–stripping procedure. The
Mn-based metal oxides can combine with Li+ to generate an
analogous alloy reaction during the Li deposition–stripping
procedure. The Li can be homogeneously dispersed in the
interior or the surface of PCNFs to hold up the huge accretion of
the Li metal.16 During the initial time of the Li plating proce-
dure, it is speculated that Li+ favors the nucleation on the MnO
seeds with the following reaction: Li+ +MnO/ Li2O +Mn.With
the further plating, the Li metal could be alloyed with MnO to
generate LiMn (Li + Mn/ LiMn).15,59 Third, the doped N in the
prepared PCNFs could greatly accelerate the nucleation of Li on
PCNFs by the signicantly reduced nucleation energy barrier,
which are good for the saturation of the electrolyte and can offer
more active sites to insert/extract Li.45,60

The lithium metal anode aer the cycle was examined by
SEM to explore the ‘‘geographical’’ distribution of the deposited
Li metal anode. Fig. 8(b–d) show the surface morphological
architectures of the Li metal anode with PP, CNFs-PP andMnO–
PCNFs-PP. The Li–Li batteries were tested at 1 mA cm�2 and
1 mA h cm�2 for 200 h. The surface of the fresh Li metal anode
was homogeneous on the whole except for a few minor aws. As
displayed in Fig. 8(b), the surface of the bare Li metal anode
became uneven, and there were numerous accidental movable
pores, in which Li bars were noticeable. The Li bars nally came
into the Li dendrite and pierced the separator, leading to a short
circuit. As presented in Fig. 8(c), the surface of Li metal anodes
with CNFs-PP turned to be coarse and the Li metal developed to
be particles and partial pieces. The surface of the Li metal anode
was more close-grained and tabular than that of Li metal anode
with PP. The total morphologies of Fig. 8(c) were that the
particles were interphase with at Li pieces. By comparison, the
Li metal anode with MnO–PCNFs-PP was at with rare pore and
reduced dendrite architectures, as shown in Fig. 8(d), which was
because MnO–PCNFs effectively controlled Li development in
space when compared to others (Fig. 8(b and c)).46,61 Conse-
quently, the creation of Li dendrites was hindered and the
growth vigour of dendrites was cut down in Fig. 8(d).
1144 | Nanoscale Adv., 2021, 3, 1136–1147
4. Conclusions

In summary, original exible MnO–PCNF interlayers have been
successfully synthesized by an electrospinning and carboniza-
tion technology. The prepared MnO–PCNF interlayers exhibited
many merits such as the affinity feature of inserted MnO with
Li, the lithiophilic characteristic of N dopants and the capillary
power of porous architectures. Furthermore, exible skeletons
without binders of the obtained MnO–PCNFs can be well
retained during the Li deposition–stripping procedure, and they
can offer a depositional carrier for homogenously deposited Li
and fast charge transfer for Li redox reactions. Particularly, the
prepared MnO–PCNF interlayers with an outstanding stable
and exible structure, large specic surface area and preemi-
nent electrical conductivity can accommodate volume change,
homogenize the current density, and hinder the growth of Li
dendrites. Therefore, the Li metal anode with MnO–PCNF
interlayers displays prominent electrochemical performance
with a low overpotential of 1 mA cm�2 and a long lifetime up to
1750 h. When assembled with the interlayer, the Li metal anode
in the Li–S cell with MnO–PCNF interlayers shows great specic
capacity, cycling stability and rate performance. This work will
enlighten a novel path to attain steady Li metal anodes for high-
areal-capacity cells and offer chances for the application of
MnO–PCNF materials toward superior Li metal anodes.
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