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a b s t r a c t

Carbon nanofiber-supported MnOx composites were prepared by electrodepositing MnOx nanoparti-
cles directly onto electrospun carbon nanofibers. The morphology and size of MnOx nanoparticles were
controlled by the surface treatment of carbon nanofibers and the electrodeposition duration time. SEM,
TEM/EDS, elemental analysis, and XRD were used to study the morphology and composition of MnOx
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on the nanofibers. The resultant MnOx/carbon nanofiber composites were used directly as the anode
material in lithium half cells and their electrochemical performance was characterized. Results show
that MnOx/carbon nanofiber composites prepared by different deposition durations have high reversible
capacity, good capacity retention, and excellent structural integrity during cycling.
nOx nanoparticles
arbon nanofibers
ithium-ion batteries

. Introduction

Stimulated by the fossil fuel depletions, energy crisis, and
nvironmental pollution throughout the world, the pursuit of alter-
ative energy conversion and storage systems has gained more and
ore attention in recent decades [1–8]. Among various energy stor-

ge systems, rechargeable lithium-ion batteries (LIBs) have become
primary research focus because lithium chemistry has many

dvantages, such as a high electrode potential, high energy den-
ity, and low gravimetric density [9,10]. Since the first introduction
f LIBs into the market in 1991, graphite has been widely used
s the anode material due to its low cost, non-toxicity, and good
afety by overcoming the production of dendrites [11]. However,
he theoretical capacity of the graphite is limited to 372 mAh g−1

12–14].
Novel carbon nanomaterials, such as carbon nanotubes (CNTs),

arbon nanofibers (CNFs), and graphene, have been considered
s promising candidates for anode materials in LIBs [15–22]. For
xample, Kim et al. reported the fabrication of electrospun CNFs,
hich has a capacity of 450 mAh g−1 [23]; however, this capacity is

till relatively low. One approach to improve the electrochemical

erformance of carbon nanomaterials is to incorporate them with
igher capacity anode materials.

Until now, various transition metal oxides, such as tin-, iron-
and copper-based oxides, have been widely investigated as the

∗ Corresponding author. Tel.: +1 919 515 6547; fax: +1 919 515 6532.
E-mail address: xiangwu zhang@ncsu.edu (X. Zhang).

1 These authors contributed equally to this work.

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.02.004
© 2010 Elsevier B.V. All rights reserved.

anode materials in LIBs, since they possess the good proper-
ties of high theoretical capacity, environmental benignity, safety,
and low cost [24–31]. Among various transition metal oxides,
manganese oxides (MnOx) have been reported as both cath-
ode and anode materials in LIBs with high performance. The
capacities of manganese oxides as anode materials are between
500 and 1000 mAh g−1 [32–34], depending on their chemical
and physical structures [33,35–37]. However, the poor elec-
tronic conductivity and large volume change during repeated
lithium insertion/extraction are major problems for using MnOx
as anode materials in practical LIBs. Extensive research has
been devoted to solve these problems by preparing composites,
coating carbons, and adding electronically conductive materials
[38–41].

In order to fabricate the anode materials with improved
electronic conductivity and higher capacity in LIBs, transi-
tional metal oxides/carbon-based nanofiber composites with
improved electrochemical performance need to be synthesized.
In this paper, we demonstrate the preparation of MnOx/carbon
nanofiber composites (MnOx/CNFs) through the electrodeposition
of MnOx nanoparticles onto CNFs and their enhanced electro-
chemical performance as the anode material in lithium half
cells.

2. Experimental
2.1. Chemicals and reagents

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), man-
ganese acetate [Mn(CH3COO)2], and sodium sulfate (Na2SO4) were

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xiangwu_zhang@ncsu.edu
dx.doi.org/10.1016/j.jpowsour.2010.02.004
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urchased from Sigma–Aldrich and were used without further
urification. Deionized water was used throughout.

.2. Synthesis of CNFs

A DMF solution of 8 wt% PAN was prepared at 60 ◦C, with
echanical stirring for 3 h. The electrospinning was conducted

sing a Gamma ES40P-20W/DAM variable high voltage power sup-
ly under a voltage of 15 kV. Under high voltage, a polymer jet
as ejected and accelerated toward the nanofiber collector, dur-

ng which the solvent was rapidly evaporated. The electrospun PAN
bers were collected on an aluminum foil placed on the collector.
hese PAN nanofibers were first stabilized in an air atmosphere
t 280 ◦C for 6 h with a heating rate of 5 ◦C min−1, and then car-
onized at 600 ◦C for 8 h in argon atmosphere with a heating rate of
◦C min−1. The resultant CNFs were used as the working electrode

n the electrodeposition of MnOx nanoparticles.
.3. Electrodeposition of MnOx onto CNFs

The electrodeposition of MnOx particles onto CNFs were
erformed on an AQ4 Gamry Reference 600 electrochemical
orkstation at 25 ◦C using a three-electrode cell, which con-

ig. 1. SEM images of CNFs (a) and MnOx/CNFs prepared with different deposition durati
nOx/CNFs with higher magnification.
rces 195 (2010) 5025–5031

sisted of a working electrode (CNFs), a counter electrode (Pt
wire), and a reference electrode (Ag/AgCl/4.0 M KCl). Argon was
used to bubble the solution for at least 30 min before the elec-
trodeposition, and then was used continually to protect the
experiment environment. Before the electrodeposition, CNFs were
cycled and oxidized in 1 M H2SO4 solution between −0.7 and
1.2 V for 100 cycles at 50 mV s−1, and then used as the working
electrode for the deposition of MnOx nanoparticles by apply-
ing a potential of −0.2 V (vs. Ag/AgCl/4.0 M KCl) with different
deposition durations in a 0.1 M Mn(CH3COO)2 + 0.1 M Na2SO4 solu-
tion. After the electrodeposition, MnOx/CNFs were calcinated at
600 ◦C for 1 h in Argon and used as the anode materials in
LIBs.

2.4. Characterization of MnOx/CNFs

X-ray diffraction (XRD) analysis was performed with a
Philips XLF ATPS XRD 100 diffractometer using CuK˛ radiation

(� = 1.5405 Å). The operating voltage and current were 45 kV and
40 mA, respectively. Elemental analysis was conducted by using a
CE440 Elemental Analyzer.

The structure of CNFs and MnOx/CNFs, which were deposited
onto 200 mesh carbon-coated Cu grids, was evaluated using a

ons of 2.5 (b), 5 (c), 10 (d), and 20 (e) h. The insets of images (a)–(e) show CNFs and
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ig. 2. TEM images of MnOx/CNFs prepared with different deposition durations of
0 h deposition. The insets in (a), (b), (c), and (d) show the electron diffraction patte

itachi HF-2000 TEM at 200 kV. These CNFs and MnOx/CNFs were
lso examined using a JEOL JSM-6360LV FESEM at 15 kV. The
iameters of MnOx nanoparticles were determined by measuring
1 randomly selected particles using an ImageJ software pack-
ge.

.5. Electrochemical properties of MnOx/CNFs

Coin-type cells 2032 were used to evaluate the electrochemi-
al performance of MnOx/CNFs. MnOx/CNFs attached onto copper
oil (Lyon industries), lithium ribbon (Aldrich), and Separion S240
25 (Degussa) were directly used as the working electrode, counter
lectrode, and separator, respectively. The electrolyte lithium hex-
fluorophosphate (LiPF6, 1 M) was dissolved in 1/1 (v/v) ethylene

arbonate (EC)/ethyl methyl carbonate (EMC). Charge and dis-
harge were carried out using an Arbin battery cycler at various
urrent densities between cut-off potentials 0.01 and 2.8 V. Both
harge and discharge capacities were calculated based on the total
eight of MnOx/CNFs.
, 5 (b), 10 (c), and 20 (d) h, respectively; and EDS spectrum (e) of MnOx/CNFs with

3. Results and discussion

3.1. SEM images of MnOx/CNFs

Before the electrodeposition, CNFs were used as the working
electrode and were cycled in 1.0 M H2SO4 to carry out the surface
oxidation. During that process, various surface functional groups,
such as quinoid ( O), hydroxy (–OH), and carboxyl (–COOH), were
produced, which can supply defect sites for MnOx nanoparticle
deposition [42]. After the surface oxidation, MnOx nanoparticles
were electrodeposited onto the CNF surface. Fig. 1 shows SEM
images of CNFs and MnOx/CNFs with different deposition dura-
tions. It is seen that the surface of CNFs is smooth and there are
no particles found (Fig. 1a). When the deposition time is 2.5 h, only
a few MnOx nanoparticles are found on the surface of CNFs due to

the relatively low MnOx loading. When the deposition durations
are beyond 2.5 h, e.g. 5 and 10 h, more and more MnOx nanoparti-
cles are evenly distributed on the surface of CNFs. However, when
the deposition time is 20 h, there are MnOx nanoparticle aggre-
gates found. Moreover, the elemental analysis was used to calculate
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3.4. Electrochemical performance of MnOx/CNFs

In order to study the electrochemical performance, the
MnOx/CNFs prepared with 10 h deposition duration were
charged/discharged between cut-off potentials 0.01 and 2.8 V
Fig. 3. Diameter distributions of MnOx particles in MnOx/CNFs prep

he deposition amount of MnOx nanoparticles in MnOx/CNFs, and
t is found that the deposition amount is around 0.04, 0.07, 0.15,
nd 0.25 g Mn per g CNF for the deposition durations of 2.5, 5, 10,
nd 20 h, respectively. The application of a longer deposition time
ypically results in higher MnOx nanoparticle loading, which can
e seen in the insets of SEM images with higher magnification in
ig. 1.

.2. TEM images of MnOx/CNFs

Fig. 2 shows TEM images of MnOx/CNFs with different depo-
ition durations. In Fig. 2a, it is seen that MnOx nanoparticles
re found on the surface of CNFs after 2.5 h electrodeposition,
nd the average diameter of MnOx nanoparticles is around 21 nm
Fig. 3a). When the deposition duration increases to 5 and 10 h,

ore and more MnOx nanoparticles are evenly distributed on the
urface of CNFs, and their average diameters increase to 27 and
7 nm, respectively (Fig. 3b and c). Longer deposition time leads to
igher particle loading without increasing the quantity of nuclei.
he higher particle loading (i.e., MnOx loading), in turn, increases
he MnOx nanoparticle size. However, when the deposition time
s 20 h, there are also some aggregates found. The insets of TEM
mages show the electron diffraction patterns of MnOx/CNFs, which
emonstrate the formation of MnOx crystal structure on the sur-
ace of CNFs. Fig. 2e shows the energy dispersive X-ray spectroscopy
EDS) of MnOx/CNFs prepared with 10 h deposition. The EDS curve
lso confirms the presence of MnOx particles on the surface of CNFs.
he Cu peak in Fig. 2e comes from the TEM grid background.
.3. XRD patterns of CNFs and MnOx/CNFs

X-ray diffraction (XRD) patterns obtained from CNFs and
nOx/CNFs are illustrated in Fig. 4. The diffraction peak of CNFs

t around 25◦ results from the diffraction of the (0 0 2) plane of
ith different deposition durations: 2.5 (a), 5 (b), 10 (c), and 20 (d) h.

graphite layers. The XRD pattern of MnOx/CNFs presents typical
diffraction peaks of MnOx, which are 37.9◦ (2 0 0) and 58.2◦ (2 2 0)
for MnO, 21.9◦ (1 1 1), 26.7◦ (2 0 2), and 33.8◦ (2 2 1) for Mn2O3,
and 25.8◦ (2 1 1), 28.5◦ (1 1 2), and 31.8◦ (3 1 1) for Mn3O4, respec-
tively. All these peaks confirm the formation of MnOx crystals on
the surface of CNFs.
Fig. 4. XRD patterns of CNFs (a) and MnOx/CNFs (b). Deposition time: 10 h.
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when the current density is 500 mA g−1. In the 50th cycle, when the
current density is 200 mA g−1, the capacity of MnOx/CNFs is about
400 mAh g−1, which is comparable to those at 50 and 100 mA g−1,
respectively. When the current density continues to increase to
ig. 5. Charge–discharge curves of MnOx/CNF composite anode at a constant current
ensity 50 mA g−1. Deposition time: 10 h.

t a constant current density of 50 mA g−1, and the results are
hown in Fig. 5. During the first charge (lithium insertion), three
oltage ranges, e.g., 2.8–0.8, 0.8–0.3 and 0.3–0.01 V vs. Li+/Li, can
e found. The first range can be attributed to the decomposition
f the electrolyte and the formation of solid electrolyte interphase
SEI) film and other inactive materials [43–46]. The second and
hird one is related to the insertion of lithium into the MnOx/CNF
omposite, and the possible reaction mechanism of manganese
xides with lithium has been proposed as the following:

nOx + 2xLi ↔ xLi2O + Mn (1)

In the first voltage range of 2.8–0.8 V, the charge capacity is
rreversible, but the capacities of the second (0.8–0.3 V) and third
0.3–0.01 V) potential ranges are reversible if the anode material
an withstand the large volume change during charge/discharge
43–46]. From the first cycle shown in Fig. 5, it can also be seen
hat MnOx/CNFs show charge and discharge capacities of about 890
nd 618 mAh g−1, respectively, corresponding to a coulombic effi-
iency (discharge capacity/charge capacity) of 69%. However, after
he 1st cycle, the coulombic efficiency of MnOx/CNFs remains at
early 100%. Moreover, compared to the charge/discharge capaci-
ies of CNFs reported in our previous work (e.g., in the 2nd cycle,
he discharge capacity of CNFs is 493 mAh g−1 at 50 mA g−1) [47],
he charge/discharge capacities of MnOx/CNFs are higher (e.g., the
ischarge capacity is 558 mAh g−1 in the 2nd cycle), which should
e due to the higher capacity of MnOx.

.5. Cycling performance of MnOx/CNFs

The cycling performance of MnOx/CNFs (deposition time = 10 h)
nd the theoretical value of graphite, currently the most com-
only used commercial anode material, are compared in Fig. 6.

he reversible capacity of MnOx/CNFs at the second cycle is about
58 mAh g−1, which indicates about 90% retention of the initial
alue (618 mAh g−1) at the first cycle. Moreover, the reversible
apacities of MnOx/CNFs are about 474, 476, and 444 mAh g−1 for
he tenth, thirtieth, and fiftieth cycle (76, 77, and 72% retentions
f the initial value), respectively. Moreover, after 100 cycles, the

−1
eversible capacity of these MnOx/CNFs is still kept at 433 mAh g
70% retention of the initial value), which indicates a relatively
low fading in the reversible capacity. Therefore, the reversible
apacity of MnOx/CNFs is much larger than the theoretical capacity
f graphite (372 mAh g−1). The relatively high capacity and good
Fig. 6. Cycling performance of MnOx/CNF composite anode at a constant current
density 50 mA g−1. Deposition time: 10 h.

cycling behavior of MnOx/CNFs can be ascribed to their unique
composite structure, such as the good electric conductivity of CNF
matrix, the relatively high Li storage in MnOx, and the buffer effects
of the CNF matrix during lithium insertion/extraction.

3.6. Rate capacities of MnOx/CNFs

Generally, the capacities of LIB anodes decrease with increase
in current density, which is a big challenge in commercially avail-
able graphite-based anode materials since their rate capacities
are relatively low [48,49]. The discharge capacities of MnOx/CNFs
(deposition time = 10 h) at different current densities, i.e., 50, 100,
200, 300, and 500 mA g−1, are shown in Fig. 7. In the 2nd cycle, when
the current density is 100 mA g−1, MnOx/CNFs show relatively little
degradation in capacity compared with that in 50 mA g−1. Although
there is a relatively high capacity decrease when the current density
is 200 mA g−1, the capacity almost levels off when the current den-
sity increases to 300 mA g−1. However, the capacity decreases again
Fig. 7. Rate capability of MnOx/CNF composite anode in the 2nd (a) and 50th (b)
cycles. Deposition time: 10 h.
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ig. 8. The cyclic voltammogram at a scan rate of 0.1 mV s−1 in cut-off potentials of
.01–2.8 V (a) and SEM images (b) of MnOx/CNFs after 100 charge/discharge cycles
t a constant current density of 50 mA g−1. Deposition time: 10 h. The inset of the
EM image shows MnOx/CNFs with higher magnification.

00 and 500 mA g−1, the capacity of MnOx/CNFs decreases. How-
ver, when the current density is 500 mA g−1, the capacities of
nOx/CNFs at the 2nd and 50th cycles are almost the same.

.7. Integrity of MnOx/CNFs

In order to understand the influence of charge/discharge process
n the structural integrity of MnOx/CNFs, cyclic voltammogram
CV) and SEM images were taken after 100 charge/discharge cycles
t a constant current density of 50 mA g−1. Fig. 8a shows the CV
f MnOx/CNFs with 10 h deposition at a scan rate of 0.1 mV s−1

n cut-off potentials of 0.01–2.8 V. It is seen that a pronounced
road cathodic peak appeared at around 0.95 V and two fairly
road anodic peaks were present at 1.37 and 2.12 V, respectively.
hese peaks should be attributed to the reversible electrochemi-
al oxidation (Li extraction) and reduction (Li insertion) of MnOx
ith lithium, which are caused by phase transitions during lithium

nsertion/extraction [36,50]. The good reversibility of nanofiber
omposites could be the result of unique MnOx/CNF structure, i.e., a
niform distribution of MnOx nanoparticles on the surface of CNFs.

Fig. 8b shows SEM images of MnOx/CNFs with 10 h deposition

fter 100 charge/discharge cycles at a constant current density of
0 mA g−1. It is seen that all CNFs still exhibit a relatively simi-

ar morphology after 100 cycles when compared with MnOx/CNFs
efore cycling (Fig. 1), which indicates that the structural integrity
f CNFs is preserved during charge/discharge [51,52]. These results
Fig. 9. Cycling performance of MnOx/CNFs prepared with different electrodeposi-
tion durations: 2.5 (a), 5 (b), 10 (c), and 20 (d) h.

also reveal that CNFs can help LIB anodes to withstand the large
volume expansion and shrinkage during lithium insertion and
extraction processes. However, the MnOx nanoparticles are hard
to be found after cycling (Fig. 8b), which may be due to the forma-
tion of the SEI layer since the element Mn can still be observed on
the surface of CNFs based on SEM/EDS analysis (not shown in the
figure).

3.8. Performance optimization of MnOx/CNFs

In order to optimize the performance of MnOx/CNF composite
anodes, the cycling performance of MnOx/CNFs prepared with dif-
ferent electrodeposition durations are shown in Fig. 9. When the
deposition time is 2.5 h, the discharge capacity of MnOx/CNFs is rel-
atively low and almost keeps at around 370 mAh g−1, which should
be due to the relatively low loading of MnOx nanoparticles on the
surface of CNFs. When the electrodeposition time is 5 h, the dis-
charge capacity of MnOx/CNFs reaches at a maximum; however,
when the deposition time is 10 h, the discharge capacity decreases
slightly. When the deposition time increases from 2.5 to 5 h, the
increase of the discharge capacity is due to the increased amount
of available MnOx particles. When the deposition time is beyond
10 h, the capacity decreases although much more MnOx nanopar-
ticles are available, which may be due to the aggregates of MnOx
nanoparticles on the surface of CNFs.

4. Conclusions

MnOx/CNFs have been prepared by electrodepositing MnOx
nanoparticles onto electrospun CNFs under the potential −0.2 V.
Particles with well-defined morphology and size were obtained
by controlling the electrodeposition time. The deposition time can
also be used to control the MnOx loading and the electrochemi-
cal performance. The resultant MnOx/CNF composites possess high
reversible capacity, good capacity retention, and great integrity
after cycling when tested as anodes in LIBs. The electrochemical
performance optimization of MnOx/CNF composites has also been
conducted. The results show that the MnOx/CNF composite with
a suitable deposition time (such as 5 h) has the best electrochem-

ical performance in terms of the discharge capacity. To sum up,
the electrochemical deposition of MnOx nanoparticles onto CNFs
has provided an alternative method to obtain good anode mate-
rials in LIBs, which make such composites possible as the anodes
in LIBs. However, further improvements are needed to optimize
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he SEI formation, increase the volumetric capacity, and reduce
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