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Abstract:

MnO as anode materials has received particular interest owing to its highspecific capacity,
abundant resources and low cost. However, it is still a serious problem that large volume
change (>170%) during the lithiation/delithiation processes results in poor rate capability and
fast capacity decay. With homogenous crystals of MnO grown in the network of carbon
nanofibers(CNF), binding effect of CNFs can effectively weaken the volume change of MnO
during cycles. In this work, CNF/MnO flexible electrode for lithium-ion batteries is designed
and synthesized. The carbon nanofibers play the roles of conductive channel and elastically
astricting MnO particles during lithiation/delithiation. CNF/MnO as binder-free anode delivers
specific capacity of 983.8 mAh g after 100" cycle at a current density of 0.2 Ag™', and 600
mAh g at 1 A g~ which are much better than those of pure MnO and pure CNF. The ex-situ

FESEM images of CNF/MnO clearly show the relative volume change of MnO/CNF as anode

under various discharging and charging time. CNFs can elastically buffer the volume change

of MnO during charging/discharging cycles. This work presents a facile and scalable approach

for synthesizing a novel flexible binder-free anode of CNF/MnO for potential application in

highly reversible lithium storage devices.
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1. Introduction

Lithium-ion batteries (L1Bs) possess increasing applications in electric vehicles and electricity
storage stations after been widely used in portable electronic devices and electric tools.[!]

Currently, commercialized graphite is the most widely used anode material for LIBs, but it

cannot meet the requirements for high-energy-density batteries due to its relatively low

theoretical specific capacity (372 mAh g!) and serious safety issues.!? Therefore, the ongoing

effort to find alternative anode materials with high specific capacity and good cycling stability

has become intensive interest in research community worldwide.

Transition metal oxides (MxOy; M = Sn, Ti, Fe, Co, Ni, Mn, Mo, etc.) have been widely

studied as potiential anode for LIBs.®l Among these transition metal oxides, manganese

oxides (MnO ), have received extensive research interest due to their relatively low

thermodynamic equilibrium voltage versus Li/Li*, as well as their environmental benignity,

low cost and greatnatural abundance.! However, MnOx suffers from a large volumetric

variation and gradual agglomeration of metal grains that result in rapid capacity decreasing

and the poor rate capability during the charge/discharge processes. To address these critical

challenges, earlier researchers have done excellent work on MnOx through graphene

modification, carbon coating or carbon nanofiber loading for LIBs to suppress the

pulverization problem and capacity decreasing.!

More recently, flexible electrodes includes the anodes of MnOyx have been attractive for

high-performance energy storage devices.®) In conventional processing of electrodes, the

active materials are usually attached to the current collectors using poly(vinylidene fluoride)

(PVDF) as binder, solvent of N-methyl-2-pyrrolidone (NMP) and conductive  additives

(carbon black) for improving mechanical adhesion and electrical contact. However, the
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addition of polymer binder inhibits the 1on transport in the electrolyte and degrades the
electrical conductivity, leading to an obvious capacity loss. Much effort has been devoted to
synthesize binder-free electrodes. For examples, carbon cloth, carbon paper or nickel foam
have been utilized as substrates to load metal oxides.'!l These composites are stable and
flexible, but the problems such as very low weight load of metal oxides and the large thickness

at millimeter level of the substrate, seriously limit the practical applications in

high-performance LIBs. Carbon nanotube or graphene can also serve as substrate to load metal

oxides, and the composite films can be synthesized in micrometer thickness, but the flexibility

of the binder-free film is very sensitive to the weight load of metal oxide, even at very low

loading.®!

Carbon nanofibers (CNFs) are potential substrate for flexible electrodes. There are many
reports in literature that metal oxide has been embedded in CNFs synthesized by

electrospinning/carbonization.[“5¢°1 The typical procedures include electrospinning and high

heat-treatment, crystal growth of metal oxide and simultaneous carbonization of
polyacrylonitrile (PAN) to form composite film of metal oxide embedded in CNF.[*% Although

the built-in structure of the composite is still not good for high-performance LIBs, CNF film is

an applicable multi-level network with micrometers free space for loading metal oxide

particles. Importantly, CNFs play the roles of good conductive channel,®®1I and strapping the

particles of metal oxide to constrain the volume change during lithiation/delithiation.

In this work, flexible CNF film has firstly been synthesized by electrospinning and

carbonization, and then MnO particles are grown on CNFs and are strapped in the matrix of

CNFs through hydrothermal method. The produced flexible film of metal oxide@CNF is

flexible and could be used as binder-free anode without using traditional polymeric binder,

conductive carbon and metal current collector, in which the energy density of electrode is
4
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much higher than that of pure metal oxide. Owing to the unique flexible hybrid structure, the

as-prepared CNF/MnO served as an anode for LIBs exhibits high reversible capacity, excellent

rate and cycling performance.

2. Results and Discussion

2.1 Structure and Morphology

The crystal morphologies of pure MnO and composite of CNF/MnO are shown in Figure 1
Pure MnO is green colored powder and cubic microcrystals (Figure 1 a). The average crystal
size of MnO is about 10 um. Based on the high-magnified SEM image, MnO microcrystal is
close packed by nano-crystallites. Poor conductivityis predicted in the micro-sized MnO
because the crystal structure is too large and full of nanopores among crystallites. If CNF film

is presented in the reaction system of MnO, CNF plays a large effect in the crystal growth of

MnO (as shown the SEM image in Figure 1b and 1b’). Homogeneous cubic nanocrystals

MnO particles grow on CNF, and the crystal size of MnO is about 2 um in CNF/MnO, much

smaller than 10 pm in pure MnO sample. Millimeter sized CNF/MnO is a black colored

flexible film, which can be directly applied as binder-free anode assembled in LIBs. The SEM
image (Figure 1 b) of CNF/MnO film presents many free spaces within the three-dimensional
(3D) matrix which providesufficient area for the growth of metal oxides. Figure 1c shows the
XRD patterns of pure CNFs film, pure MnO powder and CNF/MnO film. Pure CNF film
presents the typical widened diffraction peak (26) observed at 24.3° that is ascribed to the
characteristic peak of graphite structure.l*?l All the diffraction peaks of pure MnO powder can
be readily indexed to cubic MnO (JCPDS No. 07-0230). The XRD patterns of CNF/MnO

exhibit the combination of MnO and CNFs film without any impurities. A weak diffraction

peak observed at 24.3° of CNF/MnO indicates that CNFs maintain graphitization structure

during hydrothermal and calcination processes. The elemental mapping images of CNF/MnO
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further reveal MnO particles inside the CNFs matrix. C, O and Mn elements are properly

dispersed in CNFs and MnO, respectively (Figure 1c¢’). The carbon content by elemental

analysisis calculated as 30.66 wt% in CNF/MnO, corresponding to weight ratio of CNF : MnO
1:1.5. The weight load of MnO in the flexible films of CNF/MnO is much higher than that of

other composite film using carbon paper, carbon cloth or nickel foam as substrate.[aP¢13]

The TEM images show that MnO crystals have closely grownaround carbon nanofibers

(Figure Sla and S1b). Main crystal of MnO is a single crystal as shown in HR-TEM image of
MnO (Figure S1c). The lattice spacing between fringes of MnO in the film CNF/MnO can be
resolved as 0.25 nm (Figure S1c), agreeing well with inter planar spacing of (111) planes of
MnO.M At the edge between CNF and MnO, minor MnO crystallites are dispersed on the
surface of CNFs (Figure S1d). X-ray photoelectron spectra (XPS) of CNF/MnO show the
presence of C, N, O and Mn elements without any impurities (Figure S2). The high-resolution
spectrum of C 1s can be revolved into three peaks centered at 284.8, 286.2 and 288.3 eV,
respectively. The main peak at 284.8 eV belongs to the sp?-hybridized graphite carbon.!*®!
Two weak peaks at 286.2 and 288.3 eV belong to C-O and C=0, respectively. [*®l The N 1s
core-level spectrum can be well fitted into a pyrodinic nitrogen (N-6) at 398.4 eV and a
pyrrolic nitrogen (N-5) at 400.4 ev.'l The presence of C, N elements observed in  CNF/MnO
are in accordance with CNFs produced by PAN. The binding energy of O1s obtained here are
529.9 eV and 531.5eV that can be assigned to Mn-O and C-O bonding, respectively. The
oxidation state of Mn determined by analyzing the spin energy separation of Mn 3s doublet

spectrum, exhibits a typical spin energy separation of 5.9 eV corresponding to Mn(11).1*] The

high-resolution spectra of Mn2p exhibit two peaks at 641.5 eV for Mn 2psz2 and 653.2 eV  for

Mn 2p1p, respectively, which are also consistent with those of MnO.

2.2 Electrochemical Performance



e e e e e e
O oy U W N OWo Jo oW NP

NN DN
N— O

N
w

WW W WWw WW WWWw NN DN N
OO ~J Ul W NP O W Joul

TN
= O

BB
~ o U dWN

DD
O

ooyl O o1 01 1O 1Ot
P OW O~Jd Ul » WN RO

) O)Y O)Y O
g w N

The flexible film of CNF/MnO is directly assembled in LIBs without using any polymeric

binders, conductive additives or current collector. The CV profiles of CNF/MnO are shown in

Figure 2a. A weak reduction peak at 0.5 V is ascribed to the formation of solid electrolyte
interface (SEI) layers.[*®) The sharp reduction peak closed to 0.1 V in the first sweep is
ascribed to the reduction of Mn?* to Mn°. This peak shifts to 0.3 V in the following cycles,

suggesting an irreversible phase transformation due to the formation of Li.O and metallic

manganese.?)A wide peak around 1.3 V appearing in anodic sweep is ascribed to the

oxidation of Mn(0) to Mn(I1).2Y1 The profiles of CVs in the subsequent sweep are overlapped

very well except the initial sweep, demonstrating the excellent reversibility of the

electrochemical reactions happened in the electrode CNF/MnQO. GITT technique based on

chronopotentiometry has been carried out to study the diffusion ability of lithium ions  during
charge/discharge processes.??l According to the GITT curves (Figure 2b), the D.;* values  of
pure MnO and CNF/MnO are calculated and plotted in Figure 2c, 2d. In the discharge process,
the Dvi* rapidly decreases to the minimum at 0.7 V and then rapidly increases back. Pure MnO

presents much lower Dii* than CNF/MnO, especially the Dii" of MnO is lower than that of

CNF/MnO three orders of magnitude at 0.7 V (Figure 2c). In charge process, pure MnO also
appears lower D" than CNF/MnO (Figure 2d). It further confirms that CNFs not only

provides conductive channel but also enhances the contact between MnO particles and

electrolyte improving the diffusion ability of Li* during lithiation/delithiation processes.

The charge-discharge profiles of CNF/MnO, pure MnO and pure CNF at  a current density of

0.2 A g ! between 0.001 and 3.0 V are displayed in Figure 3a. The initial discharge capacities

of pure MnO, pure CNF and CNF/MnO are 933.1, 595.3 and 1308.3 mAh ¢!, respectively.

The specific capacity of CNF/MnO is calculated by using the following equation.?®]

C cnemvno = C mino X %omass of MnO + C cnrs X %mass of CNFs



U dwWw DD OWwWoo Jdoy UdWw N

el e e

As shown in Figure 3a, the initial Coulombic efficiencies of pure MnO, pure CNF and

CNF/MnO are 50%, 62% and 67%, respectively. Capacity losses in the first cycle appeared in

the three samples are mainly attributed to the irreversible processes such as electrolyte
decomposition and inevitable formation of the solid electrolyte interphase (SEI) layer,?* but
the columbic efficiency of CNF/MnO is close to 100% after the initial cycles. After the first

lithiation, the SEI layer covers the surface of MnO particles which hinders the direct contact

between the resulting nanoclusters of Mn  and the electrolyte.?l Moreover, CNF/MnO shows

excellent cycling stability (Figure 3b). At the 50" cycle, CNF/MnO remains a capacity of

992.3 mAh g}, but the capacity decreases to 332.1 mAh ¢! for pure MnO and 280 mAh

g 'forpure CNF, respectively. Under various current densities, CNF/MnO presents best  rate
performance than those of pure MnO and pure CNF, respectively (Figure 3c). The capacities
for CNF/MnO at 0.05, 0.2 and 1 A glare 1004.4, 948.4, and 646.0mAh g!, respectively.
However, both pure MnO and pure CNF electrodes only deliver 195 mAh g™! at the current

density of 1 A g~!. A capacity of 1318 mAh g™ can be restored after another 25 cycles when

the rate performed with CNF/MnO electrode goes back to 0.05 A g~!. The excellent specific

capacity, cyclic stability and rate performance, can be attributed to the synergetic structure of

CNF/MnO in which CNFs provide excellent conductive channel improving the specific

capacity and effective matrix buffering the volume change to promote the cyclic performance.

The comparison in electrochemical properties between CNF/MnO and other related works has

been summarized in Table S1 (in Supporting Information).

Electrochemical impedance spectroscopy (EIS) of MnO and CNF/MnQO carried out at the

states of the 4" and 20" discharge is shown in Figure 4 with fittings on the basis of an

equivalent circuit model (the inset in Figure 4b). The intercept of the high-frequency

semicircle on the Z’ axis is attributed to the resistance of electrolyte (Rs). The high-frequency

semicircle corresponds to the SEI layer resistance (Rsei). The middle-frequency semicircle is
8
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associated with the charge transfer resistance (Rct) and the electric resistance (Re). The 45°

slope line is generally defined as Warburg impedance (Zw) at low frequency, denoting the

resistance caused by ion diffusion.[?8] The fitted EIS parameters are listed in Table 1. The
resistances of CNF/MnO are lower than those of pure MnO. For example, R¢t of CNF/MnO is

27.42 ohms much lower than 96.98 ohms of MnO at the state of discharged fourth cycles.

CNF matrix plays the important role of improving the conductivity of MnO particles. For

more cycles, the resistances of Rsei, Re, Ret and W-r of MnO are all increased from 8.596,

35.68, 96.98 and 183.6 ohms at the 4" cycle, to 84.1, 138.5, 3660 and 200.6 ohms at the 20"
cycle. However, the resistances of Rsei, Re, Rct and W-r of CNF/MnO present minor change
after dozens of cycles, 8.704, 27.16, 27.42 and 96.1 ohms at the 4" cycle, and 12.73, 9.614,
40.9 and 103.6 ohms at the 20" cycle, respectively. The structure of CNFs bound MnO
particles (the inset of Figure 4a) efficiently locks and stabilizes MnO during charge/discharge
processes. The flexible spaces within the CNFs matrix buffer the volume change of MnO

during lithiation/delithiation cycles.

2.3 Charge-Discharge Process of Hybrid Composites

FESEM images of CNF/MnO electrodes at various lithiation/delithiation states clearly

demonstrate the effect of CNFs strapping MnO particles. In Figure 5, ex-situ FESEM images

are shown from four CNF/MnO electrodes discharged for 1 h, 3 h, 9 h, and 14 h, respectively.
It is clearly observed that MnO crystals remain completely particles morphology during
discharge process. With the increased discharge time, MnO crystals display sizes at 2.39, 3.32,
3.57, and 5.01 um after discharged for 1 h, 3 h, 9 h, and 14 h, respectively. Carbon nanofibers
like elastic ropes to strap the enlarged MnO particles, avoiding the pulverization of MnO

particles. The elemental mappings of CNF/MnO film reveal a homogeneous distribution of C,

O and Mn elements, indicating a stability of both hybrid structure and composition of
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CNF/MnO electrode. Minor F element appeared on the surface of MnO particles due to the

formation of SEI film.

To find the reversible volume change of CNF/MnOanode during charging processes, FESEM
images shown in Figure 6 are from another set of four CNF/MnQ anodes charged for 6 h, 8 h,

9 h, and 13 h, respectively. With the increased charging time, MnO crystals dispersed in CNF

matrix present the gradually decreased particle size, 4.95, 3.47, 2.65 and 2.44 um, respectively.

Flexible carbon nanofibers still strap MnO particles. The elemental mappings of CNF/MnO

film reveal a homogeneous distribution of C, O and Mn elements. The CNFs matrix provides

enough elasticity space  for volume change of MnO during discharge/discharge processes. It

should be concluded that carbon nanofibers in such well-designed CNF/MnO hybrid film

efficiently buffer the stress of MnO particle during lithiation/delithiation processes.

As a comparison, pure MnO electrode dispersed in the binder of PVdF and conductive carbon
after cycles presents pulverization and irregular crystals (Figure S3). This is a strong proof
supporting the capacity fading of pure MnO during dozens of cycles. Figure 7 exhibits the

ex-situ FESEM images of CNF/MnO electrode discharged to 0.001 V at the 50"cycle. Even

the crystal size of MnO reaches to 5.1 um, the MnO crystals are still ordered cubic particles

and separately strapped by carbon nanofibers. There are two advantages in  stability appeared

in the hybrid structure of CNF/MnO. Firstly, CNF matrix provides enough elastic space for

volume change of MnO during discharge/discharge processes; the second, MnO strapped by

CNFs efficiently stops the pulverization of particles and lost from the matrix. Figure 7c is a

good example to show one MnQO particle strapped by several elastic carbon nanofibers. The
corresponding elemental mapping reveals a homogeneous dispersion of C, O, Mn elements

and the stable hybrid structure (Figure 7d). TEM images clearly reveal the morphologies of

10
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MnO crystal and CNF/MnO film as anode discharge for 50 cycles. The body of MnO is still

solid crystal except a loose thin layer on the surface (Figure 7e). Furthermore, carbon

nanofiber presents a little increase in diameter because CNFs also involve in the
lithiation/delithiationin addition to the role as conductive matrix loading MnO crystals (Figure

7).

XPS on CNF/MnO film at the state of 50" discharge is displayed in Figure 8. Figure 8a

shows the XPS survey spectrum after different Ar* ion sputtering times. With the extending of

etching time, the Mn2p peaks have been gradually strengthened to a stable state as the SEI

film completely removed. Before and after Ar* etching, the main component on the surface of

CNF/MnO electrode is LioCOz presented a large Lils peak at the binding energy of 55.0 eV

(Figure 8b). 21 After Ar* etching for 270 seconds, a weak peak appears at the binding energy

of 53.16 eV attributed to the existence of Li>O. The C1s and O 1s XPS from fresh CNF/MnO

film present the characteristic strong peaks (Figure 8c, 8d), for example C sp? from CNFs

observed at 284.8 eV. After 50 cycles lithiation, C sp? from CNF is seriously weakened but a

strong C1s peak is observed at 289.9 eV attributed to the component of LioCO3z, owing to SEI

film grown on CNF. This is the strong evidence that CNF involves in the lithiation/delithiation

in addition to the role as substrate loading MnO and as conductive channel improving

electrochemical properties.

3. Conclusion

In summary, the present work has demonstrated a low-cost and potentially scalable technique

of synthesizing flexible CNF/MnO film as bind-free anode for LIB. In the hybrid structure of

CNF/MnO, MnO particles are effectively strapped by carbon nanofibers during
charge/discharge cycles. The ex-situ SEM images of CNF/MnO after 50 cycles clearly show

11
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the relative volume change of MnO/CNF as anode under various discharging and charging

time. The carbon nanofibers play the roles of conductive channel and confining MnO particles

in CNFs matrix to buffer the volume change of MnO during lithiation/delithiation. The
synthesized CNF/MnO films show a specific capacity of 823.8 mAh g™! after 100" cycle at a

current density of 0.2 A g~!, and 600 mAh g at 1 A g, much better than those of pure MnO

and pure CNF. The CNF matrix provides enough elasticity space for volume change of MnO

during discharge/discharge processes. The crystal size of MnQ, increasing during lithiation

and decreasing during delithiation, has been efficiently buffered by flexible carbon nanofibers.

Our one-pot synthesis route to load metal oxide in CNF is simple and industrially scalable.

This work has successfully demonstrated the potential to synthesize flexible electrode with

high weight loading of metal oxide for energy storage devices.

4. Experimental Section

Materials Preparation: The preparing process of CNF films includes electrospinning method

and carbonization of PAN. The weight of CNFs film is 2.5 mg cm™ and the size of CNFs

electrodes is 1 cm in diameter. A solution included MnCl, and urea with weight ratio of 1.2 : 1

was added in a autoclave (the filling degree 70%), and CNFs films were placed in the

autoclave. The hydrothermal reaction was under 200 °C for 6 h. The resulted CNF/MnCOs3

film was washed for several times with distilled water and ethanol, dried in vacuum at 90 °C

for 12 h. The flexible film of CNF/MnCOQO3 was heated in N2 atmosphere at 700 °C for 3 h,

which converted to flexible CNF/MnO film. The structure and morphologies of the

as-produced CNF/MnO are repeatable for three batches. As a comparison, the sample of pure

MnO powder was also produced according to the previous procedure without CNF film.

Structure and Morphology Characterization: The as-synthesized products were examined by

12
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XRD on Rigaku diffractometer (Dmax-2200) with Cu Ka radiation at 30 kV and 30 mA. The
diffraction data was collected at each 0.02° step from 10° to 80°. The morphologies of the
products were characterized by scanning electron microscopy (FE-SEM and EDX, SIGMA,
ZEISS 20 kV), transmission electron microscopy (TEM, JEOL-2000CX, 200 kV) and
high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2010F, 200 kV). The

elemental analysis was carried out using X-ray photoelectron spectroscopy (XPS, Thermo

Scientific, Escalab250Xi, Al-Ka as radiation source). The binding energies obtained in XPS

analysis were calibrated against the C1s peak that was locked at 284.6 eV. Core level peaks

were deconvoluted using Gaussian—Lorentzian line shapes and Shirley background. The

amounts of C, H and N elements were measured with a VarioEL Il elemental analyzer
(Elementar, Germany). To study the morphologies and elemental state of the electrode after
lithiation/delithiation, batteries were disassembled in an Ar-filled glove box. The removed

electrodes were rinsed for several times with dimethyl carbonates, and then dried in  Ar-filled

glove box overnight.

Electrochemical measurement: The binder-free flexible film CNF/MnO and pure carbon

nanofibers film as electrode were directly assembled in a CR2016 coin cell. The coin cells

(CR2016) were assembled in an Ar-filled glove box using lithium metal as the counter
electrode, Celgard 2500 as the separator, and 1 M LiPFe (dissolved in ethylene carbonate,
dimethyl carbonate and ethyl-methyl carbonate ina 1 : 1 : 1 volume ratio) as the electrolyte.

Meanwhile, the comparison electrode of pure MnO was a mixture of 70 wt% as-synthesized

sample, 20 wt% acetylene black, and 10 wt% polyvinylidenedifluoride (PVDF) in  the

presence of N-methyl pyrrolidinone (NMP). After being stirred overnight, the slurry was

pasted onto a Cu foil, and then the electrode was dried at 120 °C under vacuum. The waorking

area of the electrode was set at ®1.1 cm and the weight of 3-4 mg cm™. The galvanostatic

charge and discharge cycling was studied at room temperature in the voltage range 0.001-3.0
13
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V (vs. Li*/Li) at different current densities by LAND CT2001A battery testing system (Wuhan,

China). Cyclic voltammetry (CV) was conducted on the CHI660E electrochemical workstation

(Shanghai, China) between voltages 0.001 and 3.0 V (vs. Li*/Li) at ascan rate of 0.1 mV s,
Electrochemical impedance spectroscopy (EIS) measurements were conducted using a

PARSTAT2273 electrochemical workstation (Princeton Applied Research, USA), where  the

amplitude of the input AC signal was kept at 5 mV and the frequency range was set between

102 and 10° Hz. The state of the cell was full discharged before EIS  measurement.

Galvanostatic intermittent titration technique (GITT) was conducted at room temperature in

the voltage range 0.001-3.0 V (vs. Li*/Li).
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Table 1 Impedance parameters fitted using equivalent circuit for CNF/MnO and pure  MnO

electrodes at the state of the 4™ and 20" discharge.

Samples Ry/Q Reei/Q Re/Q Re/Q W-1/Q x?/10™
CNF/MnO 4t 6.384 8.704 27.16 27.42 96.1 1.6
MnO 4t 2.989 8.596 35.68 96.98 183.6 2.9
CNF/MnO 20%" 3.418 12.73 9.614 40.9 103.6 1.2
MnO 20t 2.094 84.1 138.5 3660 200.6 1.9
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Figure captions

Figure 1 SEM images of MnO (a, a’) and CNF/MnO (b, b’). The insets are the digital photos of both
samples, XRD patterns of MnO, pure CNF and the composite CNF/MnO (c), and the EDS mapping images
of CNF/MnO (¢”).

Figure 2 Cyclic voltammetry profiles of flexible film CNF/MnO between 0 and 3 Vat a scan rate of 0.1 mV
st (a). GITT curves (b), and diffusion coefficients of Li*in pure MnO, CNF/MnO at discharge (b) and

charge (c) processes, respectively.

Figure 3 The initial charge/discharge profiles (a), cycling life and the corresponding Columbic efficiencies
(b) of MnO, CNF/MnO and CNF carried out under the current density of 0.2 Ag™.

Figure 4 EIS fitted profiles of MnO and CNF/MnO electrodes at the 4™ discharge state (a) and the 20%"
discharge state (b). The inset in (a) is the schematic conductive channel for electrons and lithium ions, and
the inset in (b) is the equivalent circuit fitting EIS data. Hollow dots represent the experimental data and the
line represents the fitted data.

Figure 5 Low magnified (the 1% line) and high magnified (the 2™ line) SEM images,nd elemental mapping

(the 3" line) of the flexible electrode CNF/MnO at the state of discharging 1 h (a), 3 h (b), 9 h (c), and 12 h
(d), respectively.

Figure 6 Low magnified (the 1%t line) and high magnified (the 2" line) SEM images, and elemental
mapping (the 3" line) of the flexible electrode CNF/MnO at the state of charging 6 h (a), 8 h (b), 9 h (c),
and 11 h (d), respectively.

Figure 7 Low magpnified (a) and high magnified (b) SEM images, elemental mapping (c, d), and TEM
images (e, f) of the flexible electrode CNF/MnO at the state of 501" discharge.

Figure 8 XPS wide scan survey of an electrode CNF/MnO at the state of 50" discharging after Ar* etching

for 0 - 270 s (a). XPS spectrum Li 1s (b), C 1s (c), and O 1s (d) without Ar* etching and with 270 s Ar*

etching.
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Figure 1 SEM images of MnO (a, a’) and CNF/MnO (b, b’). The insets are the digital photos of

both samples, XRD patterns of MnO, pure CNF and the composite CNF/MnO (c), and the
EDS mapping images of CNF/MnO (¢’).
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Figure 2 Cyclic voltammetry profiles of flexible film CNF/MnO between 0 and 3V ata scan

rate of 0.1 mV s? (a). GITT curves (b), and diffusion coefficients of Li* in pure MnO,

CNF/MnO at discharge (c) and charge (d) processes, respectively.
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Figure 3 The initial charge/discharge profiles (a), cycling life and the corresponding Columbic

efficiencies (b) of MnO, CNF/MnO and CNF carried out under the current density of 0.2 Ag™.
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Figure 4 EIS fitted profiles of MnO and CNF/MnO electrodes at the 4" discharge state (a) and

the 20" discharge state (b). The inset in Figure 4a is the schematic conductive channel for

electrons and lithium ions, and the insets in Figure 4bare the equivalent circuit and the

enlarged Nyquist plot of CNF/MnO. Hollow dots represent the experimental data and the lines

represent the fittings.

22



O Jo U w DN

S LI I S e e e N e el e
GO WN P OWDJoUld WN P O W

NN N
O ~J O

O OY OYOY oYY U U1 U1 U1 U1 U1 U1 U1 U1TOT W b D DD D DD DWWWWWwwwww wN
GO WNEFPOWOOW-TOHUDd WNRFPOWOWTIo U WNRE OWOW JOoYU D WNE OV

Figure 5 Low magnified (the 1% line) and high magnified (the 2" line) SEM  images,and

elemental mapping (the 3" line) of the flexible electrode CNF/MnO at the state of discharging

1 h (a),3h(b),9h(c),and 12 h (d), respectively. All the cells are operated at 50 mA g.
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Figure 6 Low magnified (the 1% line) and high magnified (the 2" line) SEM images, and

elemental mapping (the 3" line) of the flexible electrode CNF/MnO at the state of charging 6 h

(a), 8 h (b), 9h(c), and 11 h (d), respectively. All the cells are operated at 50 mA g.
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Figure 7 Low magnified (a) and high magnified (b) SEM images, elemental mapping (c, d),

and TEM images (e, f) of the flexible electrode CNF/MnO at the state of 50" discharge.
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Figure 8 XPS wide scan survey of an electrode CNF/MnO at the state of 50" discharging after
Ar* etching for 0 - 270 s (a). XPS spectrum Li 1s (b), C 1s (c), and O 1s (d) without Ar*

etching and with 270 s Ar* etching.
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