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The  CuxO  (x  =  1,  2)-embedded  carbon  nanofibers  (CuxO/CNF)  were  prepared  by  electrospinning  of
the composite  solutions  of  Cu(II)  acetate,  PAN (polyacrylonitrile)  and  PVP  (polyvinylpyrrolidone),  and
subsequent  stabilization  and  carbonization.  The  structure  of  Cu2O/CNF  is largely  dependent  on  the  car-
bonization  temperature.  The  CuxO/CNF-700  has  the  disordered  CuO  structure,  while  the  CuxO/CNF-800
has  the  intermediate  structure  between  the disordered  CuO  and  Cu2O. The  structural  change  in  the  CNF
eywords:
opper oxide
arbon nanofibers
lectrospinning
ithium ion battery
xtended X-ray absorption fine structure

prepared  by  electrospinning  and  optimum  thermal  treatment  leads  to excellent  electrochemical  prop-
erties.  The  CNF  plays  an  important  role  as buffering  agent  to  prevent  CuxO particles  from  agglomerating.
Besides,  the  aligned  CNF  with  high  electrical  conductivity  leads  to the  occurrence  of  Cu  nano-particles  in
the discharging  process,  and  it serves  to  convert  Li2O  into  Li  in  the  charging  process.  Both  CuxO/CNF-700
and  CuxO/CNF-800  exhibit  high  specific  discharge  capacity,  exceptional  cycle  retention,  and  excellent
reversible  capacity  even  in  initial  cycle,  while  Cu O/CNF-900  shows  bad  electrochemical  performance.
. Introduction

The search for alternative anodic materials to replace graphite
372 mAh  g−1) in lithium ion batteries is being attracted as a topic
f substantial issue because of the importance of hybrid cars.
he 3d transition metal oxides (MxOy, M = Co, Cu, Fe, Mn) [1–4]
re promising anode materials due to their high specific capac-
ty and safe operation. Among them, CuxO has advantages of
igh theoretical capacity (CuO: 670 mAh  g−1, Cu2O: 380 mAh  g−1),

nexpensive production, and non-toxicity [5–7]. However, these
aterials have a critical problem in commercializing as alterna-

ive anodic materials because of large irreversible capacity at initial
ycle originated from the incomplete decomposition of Li2O, incur-
ing the reduced electric conductivity during Li ion insertion and
xtraction. In the past decade, many researches regarding CuxO
ave been diversely conducted to increase the specific capacity,

ong-term cyclic performance, and reversible capacity by prepar-
ng the diverse structure such as hollow type [8,9], nano-film

10,5], nano-flower [11], nano-tube [6],  and nano-ribbons [12], and
y synthesizing nanocomposites such as graphene–CuxO [13] and
uxO/CNT [14,15].  In spite of such efforts, the CuxO fabricated by
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diverse methods is still restricted due to low specific capacity and
bad cycle retention. For instance, the specific capacity of these
materials easily decreases to below 400 mAh  g−1 within 50 cycles
with the increase of cycle [16,17]. Accordingly, the new method
is urgently demanded in order to improve electrochemical perfor-
mance by preparing well-dispersed and size-constrained CuxO as
the alternative carbonaceous anode materials.

Electrospinning is a unique method to make metal oxide well-
dispersed within non-woven composite nanofibers, resulting in
metal oxide-embedded carbon nanofibers through the process of
thermal treatment. These nanofiber composites possess high sur-
face area, highly porous structures, and easy electron pathways
because of the interconnected morphology of the metal oxide-
embedded carbon nanofibers [18,19]. Little attention has been
focused on the methods of enhancing the electrochemical per-
formance by preparing electrospun nano-metal oxide-embedded
carbon nanofibers composites. Moreover, the relationship between
electrochemical performance and the fine structure of electrospun
CuxO-embedded CNF has not been reported. The extended X-ray
absorption fine structure (EXAFS) analysis is a useful technique
to analyze fine structure, including bonding length, coordination
number, disorder and atomic species around X-ray absorbing atom
of the nano-size materials [20,21]. As for metal oxide-embedded

carbon nanofiber, the EXAFS study plays an important role to
verify the state of metal oxide with carbonizing temperature
and the relationship between fine structure and electrochemical
property.

dx.doi.org/10.1016/j.electacta.2011.05.068
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:wjlee@jnu.ac.kr
dx.doi.org/10.1016/j.electacta.2011.05.068
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Scheme 1. Illustration for the preparation o

An objective of this study is to develop noble CuxO-embedded
arbon nanofibers composite as alternative anodic materials with
igher reversible capacities and excellent cyclic performance. The
uxO-embedded carbon nanofibers composites are prepared by
lectrospinning and thermal treatment. The synergistic effect by
ombination of electrospinning and optimum thermal treatment is
he key of preparing carbon nanofiber composites dispersed with
uxO as nanoparticles. The fine structure of CuxO-embedded within
arbon nanofibers were scrutinized by extended X-ray absorption
ne structure (EXAFS).

. Experimental

.1. Materials

Pure Cu2O powder (particle size ca. 5 �m)  and polyacryloni-
rile (PAN, Mw = 150,000) as a carbon precursor were purchased
rom Aldrich Chemical Co. The Cu(II) acetate (Mw = 181.63, 99.999%;
ldrich Chemical Co.) was used as the precursor for Cu2O and
uO. N,N-dimethylformamide (DMF, Aldrich Chemical Co.) and
olyvinylpyrrolidone (PVP, Mw = 1,300,000; Alfa Aesar Co.) were
sed as main solvent and a stabilizer, respectively. PVP plays impor-
ant roles in distributing the Cu(II) acetate as it acts as a stabilizer. It
romotes the formation of Cu2O and CuO and excludes the forma-
ion of Cu metal by providing an oxygen-rich environment in the
arbon nanofibers.

.2. Preparation of CuxO-embedded carbon nanofibers electrode

The non-woven nanofiber webs were prepared by electrospin-
ing an 8 wt% PAN/PVP blend solution of 4 wt% PAN and 4 wt%
VP in N,N-dimethylformamide. The carbon nanofibers (CNF) were
repared through the process of stabilization and carbonization.

n detail, the stabilization was carried out by holding it for 5 h
fter elevating temperature to 230 ◦C at the rate of 1 ◦C min−1 in
tmosphere, and the carbonization was executed by holding it
or 1 h after heating to 800 ◦C at the rate of 5 ◦C min−1 in nitro-

en. The Cu(II) acetate embedded non-woven composite nanofibers
eb were prepared by electrospinning of the composite solu-

ion, composed of 0.103 g Cu(II) acetate and the above PAN/PVP
lend solution. The CuxO-embedded carbon nanofibers (CuxO/CNF)
-embedded carbon nanofiber (CuxO/CNF).

were then synthesized during the stabilization and subsequent car-
bonization at 700, 800, and 900 ◦C, respectively. The ratio of CuxO
to CNF was  fixed at 3:7 after burning off the non-woven compos-
ite nanofibers. The as-received Cu2O powder was  labeled as pure
Cu2O, the electrospun carbon nanofibers prepared at 800 ◦C were
labeled as pure CNF, and the electrospun CuxO/CNF composites
were labeled with their carbonization temperature (◦C) appended:
e.g. CuxO/CNF-700.

The electrochemical properties were evaluated by galvanostatic
discharge/charge test to use the 2032 coin cell (Hohsen Corp.). The
coin cell was  composed of two  electrodes of working electrode
and counter electrode. The CuxO/CNF as a working electrode was
used by drying for 12 h at 120 ◦C in a vacuum oven to completely
remove the water. Lithium foil was used as a counter electrode.
Polypropylene film (Celgard 2400) and 1 M LiPF6 + EC/DMC (1:1,
v/v) (Techno Semichem Co.) were used as a separator and an elec-
trolyte, respectively. The coin cell was  assembled in Ar-filled grove
box. The discharge-charge properties of the samples were mea-
sured at a current density of 0.5 mA/cm2 over the voltage range of
0.02–2.8 V.

2.3. Characterization

The morphologies of pure Cu2O and the CuxO/CNFs were
observed by field emission scanning electron microscopy (FE-SEM,
S-4700, Hitachi, Japan). The size and degree of dispersion of the
CuxO nanoparticles in each carbon nanofiber matrix were measured
by high resolution transmission electron microscopy (HR-TEM,
JEM-2200FS, JEOL, USA). The crystallization results for pure Cu2O
and CuxO-embedded CNFs were analyzed by the X-ray diffraction
(XRD, D/MAX Uitima III, Rigaku, Japan). The extended X-ray absorp-
tion fine structure (EXAFS) measurements were carried out using
an XAFS Beamline with a Si(1 1 1) double crystal monochrometer
at the Pohang Accelerator Laboratory (PAL; 2.5 GeV with the stored
currents 130–200 mA). The Cu–K edge spectra were recorded in
transmittance mode at room temperature. The EXAFS data were
analyzed to fit the experimental EXAFS spectra to theoretical val-

ues obtained by an IFEFFIT program based on FEFF8. The electrical
conductivities of samples were measured by a four-probe method.
The charge–discharge tests were conducted using a battery cycler
system (WBCS 3000, Won-A Tech. Co., Korea).
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ig. 1. SEM images of pure Cu2O, pure CNF, CuxO/CNFs with various temperatures: (

. Results and discussion

Scheme 1 represents the preparation of the CuxO-embedded
arbon nanofibers. First, the electrospun non-woven Cu(II) acetate-
AN/PVP composite nanofibers are formed as the type of PVP-Cu2+

aused by the interaction between the carbonyl oxygen of PVP
nd the Cu2+ of Cu(II) acetate. The carbon nanofibers with well-
istributed CuxO are then formed by optimum thermal process.

Fig. 1 shows the SEM images of the surfaces of pure Cu2O and
ure CNF carbonized at 800 ◦C, and the various CuxO/CNFs car-
onized at 700, 800, and 900 ◦C. The undefined x in CuxO represents
he transformations between CuO and Cu2O with the change of
emperature, as mentioned in the analysis of XRD and EXAFS later
n. As shown in Fig. 1(a), pure Cu2O powder forms the spherical-like
hape to be agglomerated, showing random particle distribution
n the range of 500 nm to 3 �m in diameter. On the other hand,
ure CNF and CuxO/CNFs are partially aligned along the winding
irection of the drum winder, representing a porous, fully intercon-
ected structure between fibers. As for Fig. 1(b), the fiber diameter
f pure CNF (800 ◦C) is about 140 nm in average diameter, while

hat of CuxO/CNF-800 is slightly thicker than pure CNF as about
70 nm.  In CuxO/CNF, with the increase of temperature from 700
o 900 ◦C, the average diameter of fiber for CuxO/CNF is gradually
ecreased from 200 nm to 150 nm.  The CuxO/CNF-900 is partially
e Cu2O, (b) pure CNFs, (c) CuxO/CNF-700, (d) CuxO/CNF-800, and (e) CuxO/CNF-900.

broken because the CuxO particles in the CNF became agglomer-
ated at the high temperature. The fiber diameter of CuxO/CNF is
involved in degree of distribution for CuxO in CNF. With the increase
of temperature from 700 to 800 ◦C, the fiber diameter of CuxO/CNFs
is reduced from 200 to 170 nm.  The decrease of fiber diameter in
CuxO/CNFs is due to removal of non-carbon elements with increas-
ing carbonizing temperature. The fiber diameter of CuxO/CNF-700
and CuxO/CNF-800 is only slightly increased compared to pure CNF
(140 nm)  prepared at 800 ◦C, because the CuxO is well distributed
as a few nanosize in CNF. On the other hand, the fiber diameter
for CuxO/CNF-900 is decreased as 150 nm due to more burn-off of
CNF, but high carbonation temperature brings about the agglom-
eration of CuxO, leading to the deterioration of electrochemical
performance. The degree of distribution for CuxO in CNF with tem-
peratures is confirmed by HR-TEM later on.

Fig. 2 shows the XRD patterns of pure Cu2O, pure CNF and the
CuxO/CNFs. The crystallization peaks of pure Cu2O are observed
at 2� = 29◦, 36◦, 42◦, 61◦ and 73◦, corresponding to the (1 1 0),
(1 1 1), (2 0 0), (2 2 0), and (3 1 1) plane, respectively, indicating
a Pn3m space group (JCPDS 05-0667) with high intensity. The

pure CNF shows the typical amorphous structure. The structure of
CuxO/CNF shows diverse structures with increasing temperature.
The CuxO/CNF-700 exhibits two crystal structures: CuO (JCPDS 48-
1548), with peaks at 2� = 35.4◦ and 38.5◦, and a very weak Cu2O
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Table 1
Structural parameters of various CuxO/CNFs obtained from the curve fitting of EXAFS
spectra.

Sample Atomic pair CN R (Å) ��2 (Å2) �E0 (eV)

CuO-ref. Cu–O 2.0 1.86 0.00413 3.64
Cu–O 2.0 1.96 0.00075 3.92
Cu–O 2.0 2.77 0.00695 11.41
Cu–Cu 4.0 2.90 0.0075 10.08
Cu–Cu 4.0 3.00 0.0061 −2.22
Cu–Cu 2.0 3.17 0.0031 −0.67

CuxO/CNF-700 Cu–O 2.0 1.88 0.00072 6.58
Cu–O 1.8 1.99 0.00068 6.30
Cu–O 0.8 2.78 0.0079 11.83
Cu–Cu 1.8 2.94 0.0080 9.36
Cu–Cu 1.7 3.08 0.0067 −2.99
Cu–Cu 0.7 3.19 0.0035 −26.47

CuxO/CNF-800 Cu–O 1.7 1.88 0.0008 5.12
Cu–O 1.4 1.99 0.0061 −0.07
Cu–O 0.6 2.81 0.0061 13.45
Cu–Cu 2.6 2.94 0.0081 7.52
Cu–Cu 2.7 3.08 0.0068 −4.61
Cu–Cu 1.2 3.19 0.0036 −28.87

CuxO/CNF-900 Cu–O 2.4 1.86 0.0043 6.74
Cu–Cu 12.0 3.07 0.0077 13.35
Cu–O 4.8 3.59 0.0077 7.61

Cu2O-ref. Cu–O 2 1.85 0.0020 6.22
Cu–Cu 12 3.07 0.0050 13.22
Cu–O 6 3.59 0.0056 6.75
Fig. 2. XRD patterns CuxO/CNFs with various temperatures.

JCPDS 05-0667) structure, with peaks at 2� = 36.3◦ and 42.16◦. The
uxO/CNF-800 shows small peaks relating to Cu2O (JCPDS 05-0667)
t 2� = 36.2◦ and 42.16◦. The CuxO/CNF-900 exhibits three struc-
ures: Cu2O (JCPDS 05-0667), CuO (JCPDS 48-1548), and Cu (JCPDS
4-0836). The Cu2O is strong peaks at 29.36◦, 36.3◦, 42.16◦, 61.3◦,
nd 73.4◦, the CuO shows two weak peaks at 2� = 35.4◦ and 38.6◦

nd pure Cu displays a small peak at 2� = 43.1◦. At carbonization
emperatures of 700 and 800 ◦C, the crystal structures shows very
eak peaks, suggesting that CuxO is well distributed as nanoparti-

les within the carbon fibers. However, the crystal structure of Cu2O
n CuxO/CNF-900 is well developed and exhibits a very strong peak.
he CuO and pure Cu of CuxO/CNF-900 are also formed through
he decomposition of Cu2O, although they display very weak peaks
22,23].

Fig. 3 shows the HR-TEM images of the various CuxO/CNFs car-
onized at 700, 800, and 900 ◦C, respectively, representing the
izes and the distributions and lattice spacing of CuxO particles.
he CuxO/CNF-700, (Fig. 3(a)) has small (<4 nm), well-distributed
uxO particles. The CuxO particles in CuxO/CNF-800 are slightly

arger, ranging from 4 to 10 nm in size. On the other hand, the
uxO particles for CuxO/CNF-900 are agglomerated within car-
on nanofibers as over 100 nm in size. The CuxO particles in the
uxO/CNFs are much smaller than those of pure Cu2O, because the
arbon nanofibers play an important role as a buffering agent that
revents CuxO particles from agglomerating. The agglomeration of
he CuxO particles at increased carbonization temperature brings
bout the reduction of electrochemical performance by inducing
he decrease of the electrochemical active sites.

The extended X-ray absorption fine structure (EXAFS) analysis
an provide information of bonding lengths (R), coordination num-
er (CN), disorder (Debye–Waller factor, �2) and atomic species
round the X-ray absorbing atoms. The quantitative results of these
btained from curve fitting radial distribution functions are listed in
able 1. The electrospun non-woven Cu(II) acetate-based PAN/PVP
omposite nanofibers are formed as PVP-Cu2+, that is, the interac-
ions between the carbonyl oxygen of PVP and the Cu2+ of Cu(II)
cetate because PVP is used as a stabilizer [24–26].  The EXAFS
esults confirm that the electrospun non-woven Cu(II) acetate-
ased PAN/PVP composite nanofibers is synthesized as the diverse
hape of CuO/CNF, and Cu2O/CNF composites with the increase of
arbonizing temperature [27–29].
Fig. 4(a) shows the result of X-ray absorption near edge spec-
ra (XANES), offering the information of chemical state. The XANES
urves for CuxO/CNF-700 and CuxO/CNF-800 are similar with-
ut transition of 1s to 4p, while that of CuxO/CNF-900 distinctly
CN; coordination number, R; interatomic distance, ��2; Debye–Waller factor; �E0;
energy shift.

shows such transitions [30–32].  Fig. 4(b) represents the plot of the
k3�(k), the normalized absorption coefficient, with the wave vec-
tor (k3-weighted EXAFS) in the k-space of 2–13 Å−1. The CuxO/CNF
composite nanofibers are compared with pure Cu2O and pure
CuO samples. The CuxO/CNF-700 shows similar absorptive behav-
ior to pure CuO, while the CuxO/CNF-800 shows similar patterns
to pure CuO and pure Cu2O at 5 and 7.8 Å−1. The CuxO/CNF-900
shows nearly analogous behavior to pure Cu2O. This behavior pro-
vides important information that the CuO in carbon nanofiber is
transformed into Cu2O in carbon nanofiber with the increase of
temperature [24,33]. The higher carbonization temperature helps
to be favorable condition for Cu2O formation because the oxygen
in carbon nanofiber is continuously eliminated. Fig. 4(c) represents
the magnitude of the Fourier transformation with the distance
from absorbing atom for pure CuO, pure Cu2O and CuxO/CNFs with
temperatures. The information containing the parameter of fine
structure such as the bond length (R) and coordination number (CN)
for pure CuO and pure Cu2O [34] is required to obtain the transfor-
mation of structure for all CuxO/CNFs. For pure CuO, the R and CN
of the first shell of Cu–O are 1.86 Å and 2, and 1.96 Å and 2, respec-
tively, those of the second shell of Cu–O are 2.77 Å and 2, and those
of the third shell of Cu–Cu are 2.90 Å and 10. On the other hand, for
pure Cu2O, the R and CN of the first shell of Cu–O are 1.85 Å and
2, those of the second shell of Cu–Cu are 3.07 Å and 12, and those
of the third shell of Cu–O are 3.59 Å and 6. For the CuxO/CNF-700,
the R and CN of the first shell corresponding to Cu–O are 1.88 Å
and 1.99 Å with CN of 2 and 1.8, those of the second equivalent
to Cu–O are 2.78 Å and 0.8, and those of the third shell matching
to Cu–Cu are 2.94 Å and 1.8, and 3.08 Å and 1.7. The CuxO/CNF-
700 possesses a CuO disordered structure by the decrease of CN
as the shell increases. Compared with the structure of pure CuO,
the number of oxygen in first and second shell is less than 0.2 and
1.2, respectively, and the number of Cu in third shell is insufficient

5.8 as well. This transformation occurs because CNF hinders the
formation of regular CuxO structures, implying the good distribu-
tion of free Cu atoms in the second and higher shells. In the view
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Fig. 3. HR-TEM images of CuxO/CNFs with various temperatu

f the electrochemical performance, it can be easily guessed that
uch morphology leads to the improvement of the specific capac-
ty as well as the cycle retention. For CuxO/CNF-800, the R and CN
orresponding to Cu–O bond in the first shell are 1.88 Å and 1.99 Å
ith CN of 1.7 and 1.4, those of corresponding to Cu–O bond in

he second shell are 2.81 Å and 0.6, and those of corresponding to
u–Cu bond in the third shell are 2.94 Å and 2.6, 3.04 Å and 2.7.
he CuxO/CNF-800 represents an intermediate state between the
isordered CuO structure and the Cu2O structure, as mentioned in
he plot of the k3�(k) of Fig. 4(b). By comparison with the struc-
ure of pure CuO, the number of oxygen in the first and second
hell is insufficient as much as 0.9 and 1.4, respectively, and the
umber of Cu in third shell is deficient 3.5 as well. The CN of oxy-
en decreases as carbonization temperature increases from 700 to
00 ◦C, while that of Cu increases. The CNFs play an important role
s a buffering agent that aids the distribution of the CuxO parti-
les. Consequently, this transformation and degree of distribution
f CuxO affect the electrochemical properties. For the CuxO/CNF-
00, the R and CN of Cu–O bond in the first shell are 1.86 Å and 2.4,
hose of Cu–Cu bond in the second are 3.07 Å and 12, and those of
u–O in the third shell are 3.59 Å and 4.8, respectively. Compared
ith the pure Cu2O reference, the R and CN of Cu–O and Cu–Cu

onds in the first and second shells are similar, while the CN of
u–Cu in the third shell is lower, although the bond lengths are

qual. This means that the CuxO particles are agglomerated to pro-
ote their crystallinity during carbonization at 900 ◦C and that the

NFs did not prevent the growth of large crystal of CuxO. It can be
xpected that the atoms do not establish sufficient space so as to
a) CuxO/CNF-700, (b) CuxO/CNF-800, and (c) CuxO/CNF-900.

build the disordered structure due to high temperature, in spite of
the buffering role of CNFs. In short, the structure around the Cu
atoms in the carbon nanofibers is gradually transformed from CuO
to Cu2O with increasing carbonization temperature.

Fig. 5 shows the structural models of CuxO in the CuxO/CNFs,
pure CuO and Cu2O based on the distances and coordination num-
bers determined by EXAFS analysis. The Cu and oxygen atom are
shown as yellow-green circles and red circles, respectively. For
CuxO/CNF-700, the structure around Cu is nearly coincided with
the CuO model as shown in Fig. 5(a), comprising of the disordered
structure that the CN of Cu–Cu is lower than that of pure CuO. With
the increase of the temperature up to 900 ◦C, the structure is trans-
formed to Cu2O as shown in Fig. 5(b). The CN of Cu–O decreases,
but the CN of Cu–Cu increases due to high temperature. The oxi-
dation state is changed from +2 to +1, as mentioned at the XANES
results of Fig. 4(a). The information concerning the change of oxida-
tion state indicates that the disordered CuO particle is transformed
into Cu2O with the increase of the temperature. As a consequence,
it is easily surmised that CuxO/CNF-800 prepared at intermediate
temperature is composed of the mixture of the disordered CuO and
Cu2O. In addition, the disordered structure with nanoparticles is
closely related to the enhancement of both specific capacity and
cycle performance [35–38].

Fig. 6 represents the electrical conductivity of CuxO/CNFs.

The electrical conductivity gradually increases from 5.0 × 10−2 to
5.9 × 10−1 S cm−1 with the increase of temperature from 700 to
800 ◦C, and then abruptly increases to 1.1 × 101 S cm−1 at 900 ◦C
because the ratio of hydrogen to carbon (H/C ratio) is reduced by
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CuxO/CNF-800 composites have high value compared to the com-
bined value of pure CuxO (30 wt%) and pure CNF (70 wt%) because
of the behavior of well-distributed CuxO and buffering of CNF as
the CuxO/CNFs nanocomposites. Basically, both CuxO/CNF-700 and
Fig. 4. EXAFS spectra of CuxO/CNFs with various temperatures; (a) XA

he removal of hydrogen. The electrical conductivities of CuxO/CNFs
epresent high value because the CNF with one-dimensional path-
ay replenishes the deficient electrical conductivity of CuxO as a

emiconductor [39,40]. The CNF plays a crucial role as buffering
gent as well as electrical conductor in enhancing the electrochem-
cal performance.

Fig. 7 shows the initial discharge–charge profiles of pure Cu2O,
NF and the various CuxO/CNF electrodes in the voltage range
.02–2.8 V using a cell assembled with Li metal. Scheme 2 illus-
rates the Li insertion and extraction in the CuxO-embedded
arbon nanofibers in the discharge–charge profile of Fig. 7. The
rst discharge and charge capacities of pure Cu2O were 504 and
02 mAh  g−1, respectively, and those of the pure CNF were 827
nd 471 mAh  g−1, respectively. The irreversible capacity of pure
u2O with low electrical conductivity and large particle size is
ery large because Li2O formed in the first discharging process is
ot decomposed. The irreversible capacity of CNF originates from
he restriction of Li ion transfer through the formation of discon-
inuous pores. On the contrary, the CuxO/CNFs show much lower
rreversible capacity than pure Cu2O and CNF electrodes. The first
ischarge and charge capacity of CuxO/CNF-700, and CuxO/CNF-800
epresent 860 and 580 mAh  g−1, and 687 and 494 mAh  g−1, respec-
ively. The irreversible capacity of CuxO/CNF-700 is 280 mAh  g−1,
hile that of CuxO/CNF-800 is 193 mAh  g−1. In brief, the initial irre-

ersible capacity improves with increasing temperature to 800 ◦C,

hile the first discharge capacity decreases. For CuxO/CNF-700, the

nitial discharge/charge capacity increases because of the disor-
ered CuO structure, while the initial reversible capacity decreases
ue to low electrical conductivity. As for CuxO/CNF-800, the initial
b) k3-weighted EXAFS, and (c) Fourier transformed radial distribution.

reversibility is much improved owing to high electrical conduc-
tivity, while the initial discharge/charge capacity decreases due to
an intermediate state between the disordered CuO structure and
the Cu2O structure in CNF. The capacities of CuxO/CNF-700 and
Scheme 2. Li insertion-extraction process of CuxO-embedded carbon nanofiber
(CuxO/CNF).
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order play an important role in facilitating Li ion transfer because
of their extremely small size. For the CuxO/CNF-900, the initial
ig. 5. The structural model of CuxO in CuxO/CNFs with various temperature, pure C
uxO/CNF-900, (c) pure CuO, and (d) pure Cu2O.

uxO/CNF-800 show excellent results for initial discharge/charge
apacity and initial reversibility, as compared with other results.
his improvement is originated from the morphology of CNF, the
isordered structure of CuxO in the CNF, and the extreme dis-
ribution of the CuxO particles obtained by electrospinning. First,
he specific capacity of the CNF is relatively high due to well-

eveloped porous structures, despite large irreversible capacity.
econd, the CNF prevents CuxO particles from agglomerating by
cting as a buffering agent during cycling. Third, the CNF makes the
lectron transfer facilitate due to the role of electrical conductor.

ig. 6. Variations of electrical conductivities for CuxO/CNFs with various tempera-
ures.
onoclinic), and Cu2O (cubic) determined by EXAFS analysis: (a) CuxO/CNF-700, (b)

As a result, the CNF leads to the occurrence of Cu nanoparti-
cles during discharging and promotes the conversion of Li2O to
Li during charging in the reaction CuxO (x = 1, 2) + 2Li+ + 2e− ↔ x
Cu + 2 Li2O. Fourth, the disordered Cu particles with short-range
discharge and charge capacity represent 700 and 370 mAh  g−1,
showing high irreversible capacity with low specific capacity com-

Fig. 7. Voltage profiles of the CuxO/CNFs with various temperatures in 1 M
LiPF6/EC/DMC at 0.5 mA  cm−2.
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excellent cycle performance with the excellent specific discharge
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ig. 8. Cycle performance and coulomb efficiency of the CuxO/CNFs with various
emperatures at 0.5 mA  cm−2 in 1 M LiPF6/EC/DMC.

ared to other CuxO/CNFs, because of the agglomeration of Cu2O.

his is caused by large particle of CuxO and difficulty of decom-
osition of Li2O during discharge process, despite high electrical
onductivity.

ig. 9. SEM images of pure Cu2O, pure CNF, CuxO/CNF with various temperatures after 10
uxO/CNF-900.
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Fig. 8 shows the cycling performances and coulomb efficien-
cies of pure Cu2O, CNF and the CuxO/CNFs. Both CuxO/CNF-700
and CuxO/CNF-800 show high discharge capacities and excellent
cycle retention, while the specific capacity and cycle retention of
CuxO/CNF-900 is maintained at ca. 290 mAh  g−1 from the second
cycle, after dropping abruptly in the initial cycle. The capacity of
pure CNF decreases to 336 mAh  g−1 and those of pure Cu2O abruptly
decreases to 92 mAh  g−1 in the 100th cycle. For pure Cu2O powder,
the discharge capacities of the initial, second, 50th and 100th cycle
show 500, 126, 103, and 92 mAh  g−1, respectively. The discharge
capacity of pure Cu2O through all cycles is much lower than the
theoretical value due to its large irreversible capacity. The coulomb
efficiency of pure Cu2O in the initial cycle is only 20%, and then is
below about 98% at the 40th cycle. For pure CNF, the discharge
capacities of the initial, second, 50th and 100th cycles are 826,
448, 341, and 336 mAh  g−1, respectively. The discharge capacity of
pure CNF continuously decreases due to the discontinuous pores.
The coulomb efficiency of pure CNF in the initial cycle exhibits
58%. In contrast, the CuxO/CNFs except for CuxO/CNF-900 represent
capacity. The specific discharge capacity of CuxO/CNF decreases
slightly due to well distribution of extremely small particles and
the disordered structure of CuxO with the increase of tempera-

0th cycle: (a) pure Cu2O, (b) pure CNF (c) CuxO/CNF-700, (d) CuxO/CNF-800, and (e)
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[32] D.M. Pickup, I. Ahmed, V. FitzGerald, R.M. Moss, K.M. Wetherall, J.C. Knowles,
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ure from 700 to 800 ◦C, and then drastically decreases at 900 ◦C
wning to large agglomeration of CuxO particles. The coulomb effi-
iencies of CuxO/CNF-700 and CuxO/CNF-800 in the initial cycle
how very high values of 68 and 75%, respectively, and reach almost
00% from the second cycle. The discharge capacities of all the
uxO/CNFs through 100 cycles are much higher than the theoret-

cal capacity of Cu2O. For both CuxO/CNF-700 and CuxO/CNF-800
howing the excellent electrochemical performance, the discharge
apacities of initial, second, 50th and 100th cycle for CuxO/CNF-
00 represent 850, 572, 540, and 461 mAh  g−1, respectively, while
hose of CuxO/CNF-800 display 687, 508, 520, and 464 mAh  g−1,
espectively. The excellent discharge capacity and cycle retention
riginates from the excellent distribution of CuxO nanoparticles in
he carbon nanofibers due to electrospinning. Interestingly, their
ischarge capacities gradually decrease until the 10th cycle, and
hen steadily increase between the 20th and 70th cycle. This means
hat most metal particles in CuxO/CNF are participated in the
lectrochemical process. For CuxO/CNF-900, the electrochemical
erformance is the lowest among CuxO/CNFs, and its discharge
apacity of initial, second, 50th and 100th cycle shows 700, 360,
05, and 285 mAh  g−1, respectively, dropping off abruptly at initial
ycle. This is because the CuxO particles are large and agglomerated
ith an enhanced degree of crystallinity despite the CNF acting

s a buffering agent and the CuxO/CNF-900 having higher elec-
rical conductivity. This is because the CuxO particles are largely
gglomerated with an enhanced degree of crystallinity, in spite of
igh electrical conductivity and buffering effect of CNF. As a conse-
uence, the coulomb efficiency of the CuxO/CNF-900 decreases to
8% in the initial cycle.

Fig. 9 shows the surfaces of the pure Cu2O, pure CNF and
u2O/CNF electrodes after the 100th cycle. For pure Cu2O, the evi-
ence is observed that Cu2O particles are deeply agglomerated with
he cracked appearance. Pure CNF keeps an interconnected struc-
ure without deformation of the fiber during Li ion insertion and
xtraction due to their porous structures. Both CuxO/CNF-700 and
uxO/CNF-800 maintains the shape of fibers forming the rounded
ontour by swelling the electrolyte because of porous structure of
NF with well-distributed CuxO particles. In brief, the porous struc-
ure of CNF easily alleviates the strain caused by volume expansion
uring Li-ion insertion and extraction. This phenomenon deeply
ffects the improvement of electrochemical performance such as
he specific capacity and cycle retention and coulomb efficiency due
o the improvement of charge transfer by large active electrochemi-
ally surface site, more decomposition of Li2O by the improvement
f electrical conductivity, and the increased ion transfer by large
ptake of electrolyte. The CuxO/CNF-900 is formed as the partially
roken fiber of the silkworm-like appearance with large granu-

ar lump because of the volume expansion by the development of
gglomeration of CuxO, originating in the high carbonization tem-
erature. This brings about the deterioration of the electrochemical
erformance.

. Conclusions

The CuxO-embedded carbon nanofibers (CuxO/CNFs) were
ynthesized by electrospinning and thermal treatment. Both
uxO/CNF-700 and CuxO/CNF-800 show disordered CuO and Cu2O
tructures, with excellent distribution of metal oxide particles.
he CuxO/CNF-900 shows Cu2O structure nearly without the dis-
rdered formation. This disordered structure leads to enhanced
lectrochemical performance because CNF hinders the forma-

ion of large CuxO structures. The improved electrochemical
erformance originates from the morphology of the CNF, the dis-
rdered CuxO structure, and the extreme distribution of CuxO
articles. Both CuxO/CNF-700 and CuxO/CNF-800 shows excellent

[

[
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discharge capacities and cycle retention, while the CuxO/CNF-900
decreases electrochemical performance caused by the agglom-
eration of particles. Even in the initial cycle, the coulomb
efficiency of Cu2O/CNF-700 and Cu2O/CNF-800 reaches 68% and
75%, respectively. The discharge capacities of 100th cycle for
CuxO/CNF-700 and CuxO/CNF-800 keep 455 and 464 mAh  g−1,
respectively.
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