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Chemical vapor deposition-assisted fabrication of
a graphene-wrapped MnO/carbon nanofibers

membrane as a high-rate and long-life anode for
lithium ion batteriest
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In this work, we have fabricated a graphene-wrapped MnO/carbon nanofibers (MNnO/CNFs@G) membrane by

a facile electrospinning technique followed by an ambient pressure chemical vapor deposition (APCVD)

process. The resultant MNO/CNFs@G membrane with uniform MnO particle distribution in porous carbon

nanofibers and with a graphene layer covering not only facilitates the transport of both electrolyte ions and

electrons to the MnO surface, but also relieves the pulverization that originated from the large volume

change of MnO during the charge/discharge cycles. Interestingly, the free-standing and binder-free MnO/
CNFs@G membranes can deliver a high reversible capacity of 946.5 mA h g~ when the current density is

switched back to 0.1 A g~* after 110 cycles. Even at a high rate (10 A g%, the electrode can still keep
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426.7 mA h g~* after 5000 cycles with coulombic efficiency of above 99%. This is the best specific capacity

and longest cycling life reported for the MnO composite film anodes. We believe that the approach based
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1. Introduction

Over the past years, the development of flexible Li-ion batteries
(L1Bs) has been more and more important for portable electronic
devices. For example, smart communication, wearable devices,
etc. However, the fabrication of flexible electrodes with long cycle
life and high specific capacity in commercial applications is still
a great challenge."™ Conventionally, graphite is used as an anode
material for commercial lithium ion batteries. However, graphite
suffers from an inherently low theoretical charge storage capacity
(372 mA h g") and often operates at significantly lower rates
(typically, <1C) that in turn limits the achievable power densi-
ties.>” For the purpose of improving the energy density and
power density of batteries, scientists have made great efforts to
explore alternative anode materials with higher capacity, such as
Si,® Sn0,,° C0;0,,' FeO,,""*> and MnO,."**

Among these anode materials investigated for LIBs, MnO is
an attractive anode material because of its low conversion
potential (average discharge and charge voltages of 0.5 V and
1.2 Vvs. Li/Li", respectively), low voltage hysteresis (<0.8 V), high
density (5.43 g ecm™?), low cost, non-toxicity, and the high
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on CNFs and CVD graphene as a structural support for the transition metal oxide can be potentially
extended to improve the electrochemical performance of other electrode materials in lithium ion batteries.

abundance of Mn on earth.'**® However, it still remains great
challenges for the application of MnO in commercial LIBs. Its
biggest obstacles toward LIBs is that the large volume expansion
and severe collapse occurs in the host matrix of MnO during the
cycling processes give rise to pulverization, which results in
poor cycling stability and inferior rate capability.’*?** Meanwhile
MnO-based electrodes have poor rate capability as a result of
poor electronic conductivity.*"*

Recently, some efforts have been performed to deal with
these issues. An effective strategy is to fabricate nano-scale
composites with a carbonaceous matrix.**"” Based on it, some
MnO/C hybrids have been developed, such as MnO/mesoporous
carbon,' MnO/graphene,'” MnO/carbon nanowires,* and MnO/
carbon nanotube,** etc. Although the incorporation of carbo-
naceous matrix has significantly enhanced electrochemical
performances, these MnO composites are still confronted with
limited reversible cycling life and capacities. The fracture of
anode materials was found to occur during a certain number of
cycles because of the limited elasticity of the shell material and
the shortcomings of integrity and regularity in the structure,
which meant that the electrochemical performance could not
be effectively maintained. Moreover, in most cases the afore-
mentioned products were in powder. The electrode fabrication
required to add extra conductive additives and binders, and
then includes complex slurry casting procedures.

In comparison, an electrode with freestanding and binder
free film avoids the use of electrochemical inactive components,

RSC Adv., 2017, 7, 50973-50980 | 50973


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09942h&domain=pdf&date_stamp=2017-11-01
http://orcid.org/0000-0003-1857-1779
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C7RA09942H
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007080

Open Access Article. Published on 01 November 2017. Downloaded on 1/12/2026 11:47:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

e.g. binders, conductive additives, and/or current collectors,
which account for about 50 wt% of the electrode. When
considering these components, the freestanding, binder-free
and flexible membrane electrodes would be much more
appealing. It is known that electrospinning is a versatile method
for fabrication of composite film by ejecting a polymer
composite solution from a syringe needle under an electric field
gradient. In recent years, the composite thin film has been
produced with electrospinning as free standing and binder-free
film anode materials with high theoretical capacity for lithium
ion batteries. For example, Huang's group fabricated the
composite film electrode of MnO/carbon nanofibers by an
electrospinning technique, but a polymeric binder was still
used for the fabrication of the electrodes.”® Zhao's group
designed a flexible membrane through incorporating MnO,
nanowires into polymer solution, which exhibits a high revers-
ible capacity of 987.3 mA h g~ ' after 150 discharge/charge cycles
at 0.1 A g™, a good rate capability (406.1 mAhg ' at3Ag™)
and an excellent cycling performance (655 mA h g~ " over 280
cycles at 0.5 A g~ 1).2028

However, to the best of our knowledge, MnO-based flexible
membranes anode materials with long cycle life (e.g., >1000
cycles), and excellent rate capability (e.g;, >300 mA h g ' at
10 000 mA h g~ ') have never been reported for lithium storage
to date. Also, there has been no report on fabricating CVD
graphene-wrapped MnO/C nanofiber membranes and using it
as flexible anodes for Li-ion batteries, although CVD is poten-
tially the most attractive technique for direct synthesis of high
quality graphene on various flexible substrates among the many
graphene synthesis methods available.

Herein, we construct a graphene-wrapped structure of MnO/
C nanofibers membrane through electrospinning followed by
an ambient pressure chemical vapor deposition (APCVD) reac-
tion process, since that APCVD is an inexpensive and simplified
method for high-throughput growth of graphene. In such
membrane structure, the MnO surface will be covered by gra-
phene; the flexible network of graphene will prevent the elec-
trolyte from reaching the MnO surface directly; the lithiation of
the MnO will be occurred by Li diffusion through graphene to
the surface of MnO, which allows for anti-pulverization ability
of MnO and good kinetics upon lithiation. As expected, the
freestanding and binder-free graphene-wrapped membranes
electrode exhibits high lithium-storage capacity, impressive rate
capability, and superior cyclability, due to the synergetic effects
of APCVD graphene and MnO/CNFs. Interestingly, it delivers
a high reversible capacity of 946.5 mA h g~ when the current
density is switched back to 0.1 A g~ after 110 cycles. Even at
high rate (10 A g~ "), the electrode can still keep 426.7 mAh g *
after 5000 cycles with coulombic efficiency of above 99%. This is
the best specific capacity and longest cycling life reported for
the flexible MnO composite membrane anodes.

2. Experimental
2.1 Materials

Polyacrylonitrile (PAN, M,, = 150 000) and manganese(i1) acetate
tetra hydrate (Mn(Ac),-4H,0, 99.9%) were purchased from J&K
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Chemical. N,N-Dimethyl-formamide (DMF, AR) was purchased
from Sinopharm Chemical Reagent Co., Ltd. All these reagents
were used without further purification.

2.2 Fabrication of Mn(Ac),/PAN nanofiber membranes

A PAN solution was prepared by dissolving 0.8 g of PAN in 10 mL
of DMF at 50 °C with vigorous stirring for 6 h. Amounts of 1.0 g
of Mn(Ac),-4H,0 in stoichiometric ratios were dissolved in the
solution of PAN/DMF and stirred at 50 °C for 12 h in order to
obtain homogeneous viscous mixtures. Then, the as-prepared
precursor solution was loaded into a plastic syringe with
a stainless steel nozzle. With a syringe pump (0.8 mL h™") and
an applied voltage of 17 kV between the electrospinning jet and
the collector (15 cm), the Mn(Ac),/PAN nanofiber membranes
was obtained. Then the nanofiber membranes were firstly
heated at 280 °C in air for 2 h to promote stabilization.

2.3 Fabrication of MnO/CNFs@G membranes

Graphene was directly grown on MnO/PAN nanofiber
membranes using ambient pressure chemical vapor deposition
(APCVD) method. The growth protocol consisted of three steps:
(1) the nanofiber membranes was heated to 1020 °C in 110 min
under the atmosphere of Ar (500 sccm) and H, (30 sccm), then
staying at this temperature for 30 min; (2) a nominal amount of
CH, (30 sccm) was brought into the reaction tube for 15 min; (3)
the samples were cooled to room temperature with Ar (500
sccm) and H, (30 sccm). Then the MnO/CNFs@G membranes
were obtained. For the controlled experiment, the MnO/CNFs
were conducted at the same condition except for the addition
of CH, in the growth procedure.

2.4 Characterization

The crystal structures of the obtained samples were determined
by X-ray diffraction (XRD, Bruker XD-3 Focus X-ray diffractom-
eter) using Cu Ko radiation over the range of 26 = 5-80°, the
morphology and structure of products were examined using
a scanning electron microscopy (SEM, Hitachi-S4800) and
transmission electron microscopy (TEM, TEKNAI F20; 200 kV
acceleration voltage) and high-resolution TEM. X-ray photo-
electron spectra (XPS) were recorded using a Kratos Analytical
Axis-Ultra spectrometer with a monochromatic Al Ko X-ray
source. Raman spectroscopy was performed with a micro-
scopic confocal Raman spectrometer (Jobin Yvon LabRAM HR
800UV; 514.5 nm, 25 mW).

2.5 Cell fabrication and electrochemical measurements

Electrochemical experiments of the half cell were carried out on
CR 2025 coin cells, which were assembled in an Ar-filled
MBraun glove box. Li metal was used as counter electrode and
Celgard 2400 as the separator. The as-obtained fabrics were
tailored into freestanding discs with 10 mm in diameter, which
were directly used as the working electrode without any binders,
conductive additives. The electrolyte was 1 M LiPF, dissolved in
a mixture of ethylene carbonate/dimethyl carbonate/diethyl
carbonate (EC/DMC/DEC = 1:1:1, v/v). The coin cells were

This journal is © The Royal Society of Chemistry 2017
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galvanostatically cycled between 2.5 and 0.01 V (vs. Li/Li") using
a LAND (CT2001A) battery measurement system at room
temperature. Cyclic voltammogram (CV) experiment was per-
formed in the potential window of 0.01-3.0 V at a scanning rate
of 0.5 mV s~ . Electrochemical impedance spectroscopy (EIS)
tests were measured in the frequency range from 100 kHz to
0.1 Hz on an electrochemical workstation (Imé6e, Zahner).

3. Results and discussion

The fabrication process of the flexible MnO/CNFs@G composite
membranes is illustrated in Fig. 1. Typically, a homogeneous
viscous solutions with Mn(Ac),-4H,O dissolved in PAN/
dimethylformamide (DMF) was electrospun into the film of
nanofibers, following with stabilization process in air. Then,
graphene has been grown on the film by APCVD process in
a horizontal quartz tube at 1020 °C. The fabricated films have
a pale yellow color due to the existence of Mn>*, and then the
color is changed to black after APCVD process.

The structural changes of MnO/CNFs@G composite
membranes have been conducted by XRD experiments as
shown in Fig. 2a. It shows that all the fundamental peaks can be
easily indexed to the typical cubic phase of MnO (PDF no. 07-
0230). The films of MnO/CNFs@G and MnO/CNFs appear to
have a similar profile compared with the results of pure MnO.
The main peaks at 260 = 34.9, 40.5, 58.7, 70.2, and 73.8° can be
indexed as (111), (200), (220), (311) and (222) reflections of cubic
MnO.*"**%* A broad peak has been observed at 26 = 26°, which
can be ascribed to carbon. This is probably the presence of low
crystalline carbon.

The structural change of MnO/CNFs@G composites can be
also reflected by the Raman spectra as shown in Fig. 2b. The
peaks centered at 1350 cm™* and 1587 cm ™' can be indexed to
the D (disordered carbon) and G (graphite) bands of carbon in
MnO/CNFs@G and MnO/CNFs composites,***> respectively,
and the Raman band at 643 cm ' can be ascribed to the

Mn(OAc),-4H,0
+

FANRMEeluvor Mn(OAc),/PAN nanofibers

Electrospinning

ﬁ

: |3
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K

Flexible membranes MnO/CNFs@G nanofibers

Fig. 1 Schematic illustration of the fabrication process of the flexible
MnO/CNFs@G nanofiber membranes.
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stretching vibration of Mn-O bond in MnO.* Compared to the
MnO/CNFs, the Raman spectra for the film of MnO/CNFs@G
have been found the peaks at about 2685 cm " and
2922 em™', which are assigned to the 2D and D’ band of gra-
phene, respectively. The shape of 2D band is typical sign of
multilayer graphene.**** Therefore, the sample of MnO/
CNFs@G composite appears to be wrapped by graphene
network structure with a relatively high degree of graphitization
and thus is expected to improve the electronic conductivity of
the composite membranes.

To further analyze the elemental composition and chemical
states of MnO/CNFs@G membranes, X-ray photoelectron
spectra (XPS) analyses were carried out. As shown in Fig. 3a, the
survey scan spectrum only reveals the peaks of manganese,
carbon, oxygen, and nitrogen, indicating a high purity of as-
prepared MnO/CNFs@G composite membranes. Fig. 3b
displays the high resolution XPS spectra of Mn 2p. The binding
energies of Mn 2p,,, peak at 653.6 €V, Mn 2p;, peak at 641.5 eV,
and a splitting satellite peak at 644.7 eV are observed between
the Mn 2p;, and Mn 2p,,, peaks which was assigned to its
purely divalent nature, implying that the oxidation state of Mn
element in the composites were of Mn>" only. It was corre-
sponded to the previous results.”** Fig. 3c shows the high-
resolution XPS spectrum for C 1s, which can be deconvoluted
into four peaks. The strong C 1s peak at 284.5 eV corresponds to
graphitic carbon in the MnO/CNFs@G composites, including
graphene, while the weaker peak including (N-C, 285.4 eV; C=
0, 287.5 eV; O-C=0, 289.9 eV).?”** The peak of C 1s is attrib-
uted to the C species that results from the carbonization and
dehydration of the manganese alkoxide derivatives or glycolates
by APCVD thermal treatment. In Fig. 3d, the characteristic of
MnO is shown by the peak of O 1s at 529.8 eV, which displays
the Mn-O-Mn state in MnO. Furthermore, the small peak of O
1s at 532.2 eV also indicates the existence of residual 0>~
bonded with C atoms in the sample,®*” which shows the
interaction between MnO and carbon matrix in the MnO/
CNFs@G composites. The existence of MnO interacted or
bonded with C atoms in MnO/CNFs@G composites enable the
carbon matrix or graphene nanosheets to bind with the MnO
particles. This is important because it limits surface diffusion/
migration and agglomeration of MnO particles and also
enables efficient charge transfer between the MnO particles and
carbon matrix.

Fig. 4 displays the morphology and size of the electrospun
resultant composite membrane by SEM and elemental
mapping. From Fig. 4a, we can see that the composite nano-
fibers are smooth and continuous with diameters of 200-
300 nm in obtained MnO/CNFs@G membrane. The fibrous
shape and distribution can be maintained well despite passing
a APCVD thermal processing in Ar/H, at 1020 °C for 5 h, and no
individual or accumulation of particles was observed. The
elemental mapping in Fig. 4c shows the C, N, O and Mn
elements are homogeneously distributed throughout the
membranes.

Fig. 5a and b show HRTEM images of the MnO/CNFs@G
nanofiber membranes. Large quantities of wormhole-like
pores are found in MnO/C nanofibers. The MnO nanoparticles

RSC Adv., 2017, 7, 50973-50980 | 50975
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Fig. 2 (a) XRD patterns of the nanofiber membranes of MNnO/CNFs and MnO/CNFs@G; (b) Raman spectrum of the nanofiber membranes of

MnO/CNFs and MnO/CNFs@G.

are homogeneously encapsulated in the porous carbon nano-
fibers, which is in favor of contacting the electrolyte with active
materials and the transfer of electron and lithium ions. Fig. 5c
and d show the MnO nanocrystals that are surrounded by
amorphous carbon or graphene. The lattice fringe with
a spacing of 0.25 nm corresponds to the (111) plane of the cubic
MnO phase;** a spacing of 0.34 nm corresponds to the highly
organized crystal carbon structure, which is thought as the
graphene layer.*®**® These results are consistent with the XRD
measurements, showing the typical cubic phase of MnO. Such
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surface structure with APCVD graphene covered for the
MnO/CNFs@G nanocomposite or MnO embedding in the
amorphous carbon is expected to provide a flexible buffer to
accommodate volume change during lithium insertion/
extraction and increase the electronic conductivity simulta-
neously, which might help to improve their cycle stability and
rate performance.

The freestanding MnO/CNFs@G membranes have been
directly used as anodes in coin-type Li half-cells and their elec-
trochemical performance were studied. In a control experiment,
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Fig.3 XPS spectra of MNO/CNFs@G nanofiber membranes: (a) full scan XPS spectrum; high-resolution XPS spectra of Mn 2p (b), C 1s (c) and O 1s

(d).
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Fig. 4 (a) Low magnification and (b) high magnification SEM images of
as-prepared MnO/CNFs@G nanofiber membranes. (c) Elemental
mapping with the relative intensities of C (red), N (green), O (blue) and
Mn (yellow) of the as-prepared MnO/CNFs@G nanofiber membranes.

Fig.5 TEM (a, b) and HRTEM (c, d) images of MNnO/CNFs@G nanofiber
membranes.

MnO/CNFs membranes, which were treated under the same
condition, were also investigated. Fig. 6a and b show the
discharge-charge curves of the MnO/CNFs@G and MnO/CNFs
membranes electrodes at 0.1 A g~ for the first three cycles. As
displayed in Fig. 6a and b, a continuous voltage plateau at about
0.5 V appeared, which can be attributed to the reduction from
manganese ion with high valence state to Mn during the lith-
iation process; the subsequent delithiation charge curves show
no apparent plateaus but a gentle slope from 1.0 to 1.3 V due to
transformation between different oxidation states (Mn**/Mn). It
is found that the initial discharge capacities of the MnO/
CNFs@G and MnO/CNFs membrane electrodes are approxi-
mately 1127.4 mA h ¢~ " and 1063.1 mA h g™ respectively in the
first cycle, then the membranes exhibits a similar capacity fading,
and the discharge capacity is only 952.7 mA h g ' and

This journal is © The Royal Society of Chemistry 2017
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897.8 mA h g~ ' in the second cycle, respectively. As can be seen,
the samples exhibit similar profile with a certain irreversible
specific capacity in the initial discharge-charge process,
presumably due to form a solid electrolyte interface layer and the
decomposition of the electrolyte as well as formed Li,O. The
discharge-charge curves for the MnO/CNFs@G and MnO/CNFs
membranes in the different cycles at 0.1 A g ' in Fig. 6a and
b also demonstrate that the composite gradually reach a stable
status in the second and subsequent cycles, and the reversible
capacity and first coulombic efficiency are improved by rational
design of the CVD graphene-wrapped MnO/CNFs membrane
structures.

In order to further identify the superior rate capabilities of
the MnO/CNFs@G membranes originated from the synergistic
effect of MnO, CNFs and graphene, the rate performances of the
MnO/CNFs@G and MnO/CNFs membranes at different current
densities from 0.1 A g ' to 5.0 A g ' are shown in Fig. 6c.
Compared with the MnO/CNFs membrane electrode in control
experiment, the MnO/CNFs@G membrane exhibits higher
specific capacity of 1011.3, 801.2, 646.1, 545.9 and
382.7 mA h g (the average values) at current densities of 0.1,
0.5, 1.0, 2.0, and 5.0 A g~ '. Moreover, a reversible capacity of
946.5 mA h g is recovered after 110 cycles for MnO/CNFs@G
when the current density is switched back to 0.1 A g~ *, giving
high capacity retention of 94.5%. However, the pristine sample
of MnO/CNFs shows a significant lower capacity 612.7 mAh g~
with a capacity retention of 68.9% while the current density is
switched back to 0.1 A g~ . In addition, it is interesting to see
that the composite electrodes are still able to deliver the
capacity of 693.2 mA h ¢~ and 548.1 mA h g~ " after 500 cycles,
respectively, when the current densities are to 2 A g* and
5 A g ' (Fig. S21). More interestingly, the MnO/CNFs@G
membrane electrodes can still deliver a reversible capacity of
426.7 mA g~ " after 5000 cycles with 99.9% coulombic efficiency
(Fig. 6d) at 10 A g~ ', which further display its excellent rate
performance and cycling stability during the lithiation-deli-
thiation processes. This is the best high-rate specific capacity
and longest cycling life reported for the MnO composite
membrane anodes, comparing with the previously work (Table
S17). These results can be attributed to its unique CVD gra-
phene wrapped membrane architecture characteristics,
including the uniform MnO distribution in porous carbon
nanofibers and the exposed surface of MnO covered by gra-
phene, which is in favor of preventing the electrolyte from
reaching the MnO surface directly, and relieving the strain
induced by the volume change in charge-discharge cycles.

In order to better understand the lithium-storage reaction
and kinetics of MnO/CNFs@G composites, the cyclic voltam-
metry curves and electrochemical impedance spectra have been
also investigated. Fig. 7a shows the cyclic voltammetry (CV)
curves of the MnO/CNFs@G electrode at a scan rate of 0.5 mV
s~ ' between 0.01 and 3.0 V in the first five cycles. One small
peak appeared at 1.25 V during the process of initial cathodic
scan, and disappeared in the subsequent cycles. These reduc-
tion peak may correspond to the reduction of manganese ion
with high valence state, which could be originated from trace
MnOy.,, impurity from the sintering process. An irreversible

RSC Adv., 2017, 7, 50973-50980 | 50977
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curves at 0.1 A g% (c) rate performances curves; (d) cycle performance and coulombic efficiency testing curves at 10 A g%

reduction peak at around 0.013 V corresponds to the decom-
position of the electrolyte and the formation of the SEI layer.*”*°
Furthermore, a strong peak around about 0.45 V corresponds to
Mn*" to Mn°® (MnO + 2Li* + 2~ — Mn + Li,0), which shifts
significantly to 0.30 V and 0.57 V in the subsequent cycles, and
this is probably due to the structural change and active mate-
rials utilization after the first cycle. In the anodic scan, the
strong peak around about 1.3 V could be ascribed to the
oxidation of Mn° to Mn** (Mn + Li,O — MnO + 2Li" + 2e7).*»*
Additionally, after the first cycle, the redox peak intensities
become stable, which indicate the highly reversible electro-
chemical reactions in the MnO/CNFs@G electrode and lead to
the enhanced electrochemical processes.**** Fig. 7b shows the

Nyquist plots of MnO/CNFs@G and MnO/CNFs membranes
electrode. The impedance spectrum of each sample is
comprised of one semicircle in the high-frequency region and
a straight line in the low-frequency region, which are attributed
to the charge-transfer process and the diffusion of lithium ions.
The experimental results can be well coincide with the equiva-
lent circuit (the inset in Fig. 7b). The diameter of semicircle of
MnO/CNFs@G electrode in the Nyquist plots is smaller than the
MnO/CNFs electrode, suggesting that the MnO/CNFs@G has
a much lower electrolyte resistance and charge transfer resis-
tance than those of MnO/CNFs.** These results confirm that the
introduction of graphene by APCVD is beneficial to further
improve the electronic conductivity and lithium ion diffusion of

0.2
014 (a) = MnO/CNFs@G
’ e MnO/CNFs
_ 0.04 Fitted results
- =
:-0.1- E
(=] O
[ -
5 -0.2 1 N
3)
0.3 _
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-0.44 CPE1 CPE2 ’
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Potential (V vs.Li/Li")

Fig.7 (a) Cyclic voltammetry curves of MNO/CNFs@G membranes between 0.01 and 3.0 V at a scan rate of 0.5 mV s~ for lithium-ion batteries.
(b) Nyquist plots of the MNO/CNFs@G and MnO/CNFs membranes electrodes in the frequency range from 1000 kHz to 10 mHz and inset is the

equivalent circuit.
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electron transfer path
Li* ions diffusion path

Fig. 8 Schematic conduction/diffusion of electrons and Li ions within
the MNnO/CNFs@G membranes.

MnO/CNFs. Also, the low impedance can be attributed to higher
surface area, uniform MnO particle distribution, and better
electrolyte wettability associated with porous structure in the
composite membrane material, as illustrated as Fig. 8. These
aforementioned factors translate to greater accessibility to
active sites for the lithium ions, shorter diffusion distances and
quicker lithium ion diffusion, thereby explaining the signifi-
cantly better rate capability and excellent cycling performance
of the MnO/CNFs@G composite membrane electrode.

4. Conclusions

In summary, we have fabricated the MnO/CNFs@G nanofiber
membranes by a facile and practical electrospinning technique
followed an ambient pressure chemical vapor deposition
(APCVD) process. The resultant MnO/CNFs@G membrane
structure with uniform MnO particle distribution in porous
CNFs and graphene covering layer not only facilitates the
transport of both electrolyte ions and electrons to the electrode
surface, but also enhances the utilization of the active mate-
rials. In addition, such architecture of MnO/CNFs@G is in favor
of relieving the pulverization originated from the large volume
change of electrode materials during the charge/discharge
cycles. The flexible MnO/CNFs@G membranes demonstrates
excellent rate performance and cycling stability, which can
deliver a reversible capacity of 946.5 mA h g~" when the current
density is switched back to 0.1 A g~ * after 110 cycles at different
current densities. More interestingly, the MnO/CNFs@G
membrane electrodes can still keep a reversible capacity of
426.7 mA g " after 5000 cycles at A g~ ' with 99.9% coulombic
efficiency. We believe that the approach on the basis of CNFs
and APCVD graphene as a structure support for transition metal
oxide can be potentially extended to improve the electro-
chemical performance of other electrode materials in lithium
ion batteries.

This journal is © The Royal Society of Chemistry 2017
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