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Novel  cellulose  derivative  CMC-Li  was  synthesized  by cotton  as  raw  material.  The  mechanism  of  the
CMC-Li  modified  electrode  materials  by electrospinning  was  reported.  CMC-Li/lithium  iron  phosphate
(LiFePO4,  LFP)  composite  fiber  coated  with  LFP  and  CMC-Li  nanofibers  was  successfully  obtained  by
electrospinning.  Then,  CMC-Li/LFP  nano-composite  fiber  was  carbonized  under  nitrogen  at  a  high  tem-
perature  formed  CNF/LFP/Li  (CLL)  composite  nanofibers  as  cathode  material.  It can  increase  the  contents
of Li+, and  improving  the  diffusion  efficiency  and  specific  capacity.  The  battery  with  CLL  as  cathode

−1

ithium battery
iFePO4

ellulose derivative
MC-Li
lectrospinning

material  retained  close  to 100%  of initial  reversible  capacity  after  200  cycles  at  168  mAh  g ,  which  was
nearly  the  theoretical  specific  capacity  of  LFP.  The  cyclic  voltammetry  (CV),  electrochemical  impedance
spectroscopy  (EIS),  X-ray  diffraction  (XRD)  and  scanning  electron  microscope  (SEM)  were  characteriz-
ing  material  performance.  The  batteries  have  good  electrochemical  property,  outstanding  pollution-free,
excellent  stability.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Lithium batteries, as a main power source or back-up power
ource for mobile communication devices (Gur, Sawyer, & Prasher,
012), portable electronic devices and the like (Cheng & Fan, 2012;
iong, Tang, Wang, & Pan, 2014), have received increasing attention

n the scientific and industrial fields due to their high electro-
otive force and high-energy density (Wang & Wan, 2011; Yang

t al., 2011; Yuan, Xu, & Mueller, 2011). To meet the demand for
he higher-energy density and improved cycle characteristics of
atteries, a great deal of attempt has been made to design new
tructures of electrode materials and develop new electrode mate-
ials in recent years (Dimesso et al., 2012; Stein, 2011). LFP is one of
he ideal cathode materials for power and energy storage lithium-
on battery at present as its advantage of superior safety property,
ong cycle life, wide raw material source, no environmental pollu-

ion and so on (Janssen et al., 2013; Malik, Zhou, & Ceder, 2011). It
as been a hot topic of research and development of cathode mate-
ials for lithium-ion battery (Hu, Wu,  Lin, Khlobystov, & Li, 2013;
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ttp://dx.doi.org/10.1016/j.carbpol.2014.03.052
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Kuss, Lepage, Liang, & Schougaard, 2013). Since the electrical con-
ductivity of LFP was  an extremely low, and diffusion coefficient of
Li+ was  small, which led to the result in poor property of the rate
of charge and discharge (Sasaki, Ukyo, & Novak, 2013). With the
increase of the current density of charge and discharge, there was
the phenomenon of capacity of rapid decay. The methods of surface
coating (Qiu, Shao, Yang, et al., 2013), dispersing electronic con-
ductor (Jiang, Duan, Schobel, Agarwal, & Greiner, 2013; Marcicki,
Canova, Conlisk, & Rizzoni, 2013), ion doping (Gibot et al., 2008;
Petrovic et al., 2013) had a better effect on increasing the con-
ductivity. It not only improved conductivity between the particles,
enhanced internal conductivity of LFP particles, and provided an
electronic channel for LFP, but also reduced the polarization of the
battery. The particle size of LFP in electrode material was the key
to improving diffusion capacity of Li+ in LFP, and its application of
electrospinning provided a better way for such study (Wu  et al.,
2013).

Cotton, for the first of time, as a raw material and further syn-
thesized CMC-Li by a unique two-step method (Qiu, Shao, Wang,
Zhang, & Cao, 2013). This polymer with a unique molecular struc-

ture is a polyhydroxy water soluble derivative polymer. Since it
is difficult to find a solvent suitable for water-soluble polysaccha-
ride ionic polymer to be electrospun at present, thus the study on
electrospinning for water soluble ionic cellulose ether is always a
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roblem in the related field, especially, it is a blank in the study on
lectrospinning for CMC-Li (Rodriguez, Gatenholm, & Renneckar,
012). And based on a large number of experiments, for the first
ime, we proposed an electrospinning method suitable for water
oluble ionic cellulose ether CMC-Li (Qiu, Shao, Yang, et al., 2014).
hen we obtained CMC-Li nanofiber by electrospinning, and fur-
her studied on the functionalization of fiber material, which broke
hrough the difficulty in related research. This study has the fol-
owing important implications, the polysaccharide ionic polymer
anofibers was prepared by electrospinning, and it can also provide

 good idea for scholars who specialized in water soluble film mate-
ials, tissue engineer scaffold materials and biological medicine
mbedding materials (Blachechen, Souza, & Petri, 2012; Ritcharoen
t al., 2008). We  also found that CMC-Li with low molecular weight
s suitable for functionalizing by electrospinning. And high molec-
lar weight can result in large polymer viscosity and tension of
he liquid surface, which causes the spinning process to be more
ifficult (Qiu, Shao, Liu, et al., 2014).

In our work, for the first time, we used cotton as raw material
nd then successfully synthesized CMC-Li products with differ-
nt DS and molecular weight. Next, CMC-Li/LFP composite fiber
oated with LFP and CMC-Li nanofibers were successfully obtained
y electrospinning, LFP was uniformly distributed in fibers. CMC-
i was applied to modify lithium battery electrode materials by
lectrospinning. Then, CMC-Li/LFP nano-composite fiber was car-
onized under nitrogen at a high temperature, after that, it not
nly obtained the modified LFP electrode material with uniform
arbon coating, namely CNF/LFP, but also increased the contents
f Li-ions in electrode material and formed CNF/LFP/Li (CLL) com-
osite nanofibers as cathode material. Finally, we  used CLL and
nmodified LFP as cathode material of battery, respectively, PVDF
s a binder to assemble button battery for the performance testing
nd comparing. This unique method not only meets the demand for
arbonizing and modifying electrode material by electrospinning,
ut also uniquely increased contents of freely moving lithium ion in
lectrode material and the efficiency of prolapsing and embedding
f lithium ion between cathode and anode electrode. C, Li+ and
lectrode material formed fully stable network structure model.
hus improving the charge and discharge capacity of the whole
ithium-ion battery.

. Experimental

.1. Materials

Purified cotton (M100) was supplied by Xi’ An North Hui
hemical Industry Co., Ltd. (Xi’ An, China). Monochloroacetic acid,
lacial acetic acid, sulfuric acid (98% solution), ethanol (EtOH)
as supplied by Beijing Chemical fine Chemical Co., Ltd. (Beijing,
hina). Polyethylene oxide (PEO), lithium hydroxide monohydrate
LiOH·H2O) were supplied by Alfa Aesar Chemical Co., Ltd. (Tianjin,
hina). LiFePO4 was kindly supplied by Shanxi Power source Co.,
td. (Taiyuan, Shanxi, China).

.2. CMC-Li powder preparation

The preparation process of CMC-Li can be made clear by the
lurry process in a solution of isopropyl alcohol in our labora-
ory (Qiu, Shao, Wang, et al., 2013). CMC-Lis with the different
egree of substitution (DS) were prepared by selecting the DS

f CMC-Na and the amount of LiOH·H2O. In this paper, CMC-Lis
ith three different DS values were prepared, CMC-Li-1 (DS = 0.62,
w = 900 g mol−1), CMC-Li-2 (DS = 0.84, Mw = 2500 g mol−1), CMC-

i-3 (DS = 1.20, Mw = 4300 g mol−1).
ers 110 (2014) 121–127

2.3. Electrospinning

CMC-Lis were dissolved in a mixed solvent of water, and a small
amount of PEO (c = 2 wt%) was  added to obtain the solution. LFP
was added to solvent, and then intermittent ultrasound concussion
was carried out 10 min  later. CMC-Li was  completely dissolved and
poured into the needle. The processing conditions were adjusted
at a flow rate of 4 ml/h, with an applied voltage of 25 kV, at a cap-
illary tip-to-target distance of 10 cm and a temperature of 25 ◦C,
and nano-CMC-Li fiber and CMC-Li/LFP fiber were obtained by an
electrospinning device.

2.4. Structural characterization and electrochemical
measurements

XRD diffraction experiments were performed with a Inel Cps
300 diffracts meters using the Cu K� radiation (� = 1.54056 Å). Mor-
phology and structure of electrospun CMC-Li fibers were observed
with a SEM, JSM-6700F after gold coating. CV and EIS results
were obtained with electrochemical workstation CHI660E from
Shanghai Chen Hua Instruments Co., Ltd. The coin cells (CR2025)
were assembled to test the electrochemical performance of the as-
prepared CLL (or LFP):acetylene black:PVDF is 80:10:10, using 1 M
LiPF6EC/DEC/DMC (1:1:1 by volume) as the electrolyte and a Li foil
as the counter electrode. The cells were charged and discharged
galvanostatically in the fixed potential window from 2.0 to 4.2 V on
a Shenzhen Neware battery cycle (China) at 25 ◦C. The calculated
capacity was based on the whole mass of the cathode electrodes.
CV was conducted in a cell at 0.1 mV  s−1 and performed from 4.2 V
to 2.0 V. EIS was  measured by applying an alternating potential of
5 mV  over the frequency ranging from 10−1 to 105 Hz after five
cycles.

3. Results and discussion

3.1. The preliminary investigation of the mechanism
of the CNF/LFP/Li

We  used cotton as raw material and then successfully synthe-
sized CMC-Li products with different DS and molecular weight
(Figs. S1 and S2). Next, CMC-Li/LFP composite fiber coated with
LFP and CMC-Li nanofibers were successfully obtained by electro-
spinning. LFP was uniformly distributed in fibers. Then, CMC-Li/LFP
nano-composite fiber was  carbonized under nitrogen at a high
temperature, after that, it not only obtained the modified LFP elec-
trode material with uniform carbon coating, namely CNF/LFP, but
also increased the contents of Li-ions in electrode material and
formed CLL composite nanofibers as cathode material (Fig. 1). CMC-
Li could be ascribed to strong hydrogen bonds resulting from the
action of the OH groups, which contributed to the formation of an
efficient network (Ryou et al., 2013). Sintering of the electrospun
nanofiber not only removes the polymeric precursor backbone but
also crystallizes the LFP nanoparticles. We  propose the formation
mechanism of electrospun LFP nanotubes in which partially crys-
tallized individual LFP nanoparticles from the building blocks that
self-assemble and inter-grow into a continuous fibrous morphol-
ogy after the removal of volatile species at 600 ◦C for 2 h. If the
weight ratio of CMC-Li in the electrospinning solution is higher than
the metal ions, the fibers break into several segments of shorter
nanofiber (CNF/LFP/Li) due to the drastic structural changes when
the CMC-Li backbone is heated. On the other hand, reducing the

amount of CMC-Li, results in the closer dispersion of the individual
LFP nanoparticles that tend to self-aggregate to construct long con-
tinuous fibers (LFP/CNF) upon sintering. Higher DS of CMC-Li, the
more freely moving lithium ion was provided with battery. Finally,
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Fig. 1. Schematic illustration of assembling battery. (a) The magnified details of
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s-spun fibers which consist of CMC-Li as the polymer agent and dispersed LFP nano-
articles. (b) Mechanism of formation of CMC-Li/LFP and CLL electrospun nanofibers
as  been proposed.

e used CLL and unmodified LFP as cathode material of battery,
espectively, and PVDF as a binder to assemble 2025 button battery
or the performance testing and comparing.

.2. SEM photos of composite nanofibers

The particle of unmodified LFP electrode material was smaller,
nd some particle was gathering (Fig. 2a). CMC-Li nanofiber was
uccessfully obtained by electrospinning (Fig. 2b). It can be seen
hat the surface of the fiber was relatively smooth, and the diameter
as small and about 90 nm.  The dispersion was relatively uniform,
nd there was no formation of the larger links or particularly of
essy breakpoints. All of these proved that the spinning process
as more stable, and laying a good foundation for studying on func-

ional water soluble ionic polymer materials by electrospinning.
ers 110 (2014) 121–127 123

The particle of LFP was uniformly dispersed in fibers (Fig. 2c),
and formed the CMC-Li/LFP composite nanofiber with excellent
morphology and structure. Under the protection of nitrogen, the
composite fiber was carbonized at a high temperature (600 ◦C)
to obtain CLL composite fiber (Fig. 2d). The CLL maintained the
skeleton structure of nanofiber, and the particle of LFP was more
uniformly distributed and coated with carbon nanofiber. The com-
bination was  better among carbon, LFP, Li-ion, and a study is being
conducted with CLL as cathode material in lithium battery.

3.3. Analysis of precursor TG-DSC at the different temperatures

Fig. 3 showed that the evaporation of water began to be pro-
lapsed and cellulose derivatives began to be dissolved in the
weightlessness interval of range from room temperature to 220 ◦C.
When the temperature was increased from 220 ◦C to 600 ◦C, organic
polymer CMC-Li began to be dissolved by heat. With the maxi-
mum exothermic peak and the weight loss process appearing in
this temperature range, the weight loss rate of CMC-Li is fastest
at 260–300 ◦C, namely, the main pyrolysis range. In this process, it
was well known by the DSC diagram that there was an exothermic
peak in the place of 285 ◦C, which may  correspond to the decompo-
sition of organic polymer CMC-Li. Then the temperature continued
to increase, and the remaining CMC-Li existing as in the form of
carbonaceous residue and lithium salt, and weightlessness became
slower. After 600 ◦C, it began to go into a state of constant weight,
and only LFP was  generated. We  can be clear from the above anal-
ysis that the sintering temperature should be at least above 600 ◦C
in order to obtain the well crystallized LFP.

3.4. X-ray diffraction crystal structure of electrode materials

In the XRD chart of the electrode slices with PVDF as binder, CLL
as cathode material, in addition to completely include the standard
XRD peak of LFP, there was XRD peak of Li, and it was more promi-
nent in the crystal plane (2 1 1) (Moriwake et al., 2013). All of these
showed that CMC-Li modified cathode material maybe to increase
the contents of lithium ions in the entire battery, and improve the
efficiency of prolapsing and embedding of lithium ions between
cathode and anode electrode, thus, improving the diffusion effi-
ciency and specific capacity (Fig. 4).

3.5. The curve analysis of the cycle life with different materials

In our experiment, CMC-Li with different DS was electrospun
to obtain different CLL as cathode material for lithium-ion bat-
tery, and combined with PVDF to assemble button batteries, which
were compared with performance of button battery assembled by
unmodified LFP as cathode material. It is found that the first charge
and discharge specific capacity of batteries using CLL as cathode
material was  higher than that using unmodified LFP as cathode
materials. Among them, the highest one is the battery with CLL-
3 as an electrode material, and the value reached 168 mAh  g−1

and 161 mAh  g−1, respectively, which was  improved by 15.1% and
11.8% than which with unmodified LFP as electrode material. More-
over, the first charge and discharge loss was  only 4.1%. Meantime,
the charge and discharge platform are high, which showed that it
enhanced the conductivity of cathode materials, shortened the dif-
fusion path of Li-ion, reduced the degree of polarization between
the electrodes and increased electrochemical performance. After
200 cycles, specific capacity loss of battery with CLL as electrode
material was less than that with unmodified LFP as electrode mate-

rial when the cycle efficiency was  nearly 100%. Among them, the
least one is the battery with CLL-3 as electrode material, which
is almost close to zero and has the best performance. All of these
proved that the unique method using CMC-Li to modify electrode
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Fig. 2. SEM analysis of preparing CLL electrode. SEM images of (a) LFP particles, (b) CMC-Li nanofiber by electrospinning, (c) LFP/CMC-Li composite nanofiber by electrospin-
ning,  and (d) CLL composite nanofiber as electrode after carbonization at a high temperature.
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Fig. 4. X-ray diffraction crystal structure of electrode slice with CLL as cathode mate-
rial  (PDF#15-0401 is standard XRD of Li, PDF#40-1499 is standard XRD of LFP).
CMC-Li modified cathode material maybe increase the contents of lithium ions in the
whole battery, and improve the efficiency of prolapsing and embedding of lithium
ions between cathode and anode electrode, thus, improving the diffusion efficiency
ig. 3. TG–DSC results for LFP nano-fiber precursor in nitrogen. The figure shows
aximum exothermic peak and the weight loss process appearing in temperature

ange and confirm the sintering temperature.

aterial is of significance to improve the capacity of the battery.
urthermore, the battery using CMC-Li with high DS has superior
apacity and better electronic conductivity and electrochemical
roperties than that with low DS (Fig. 5).

.6. The curves’ analysis of CV with different materials
From Fig. 6, the positions of the oxidation–reduction peak of
he dissimilar electrodes are distinctive. The difference in volt-
ge between the two oxidation–reduction peaks of LFP electrode
oated with CMC-Li by electrospinning should be less than that of

and  specific capacity.
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Fig. 5. The cycle comparison chart of the modified composite electrodes. (a) The first charge and discharge curves of different cathode material. (b) The charge specific
capacity and efficiency of battery with CLL-3 and LFP as cathode material after 200 cycles. After 200 cycles, the least one is the battery with CLL-3 as electrode material, which
is  almost close to the zero and has the best performance cycles.

F  the discharge and charge curves of CLL is smaller than that of LFP, which shows that the
p P electrode materials are 0.25 V and 0.68 V, respectively.
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ig. 6. CV tests of batteries with different electrode material. The distance between
olarization of the former is weaker than the latter and the difference of CLL and LF

nmodified LFP. The CV curves of modified LFP electrodes are
harper than those of unmodified LFP. The distance between the
ischarge and charge curves of CLL is smaller than that of LFP,
hich shows that the polarization of the former is weaker than

he latter and the difference of CLL and LFP electrode materials are
.25 V and 0.68 V, respectively. This may  be because the CLL parti-
les were coated with the increase content of freely moving lithium
on to form an effective ionic-conductivity layer, which provided a
iffusion pathway for Li+ to reach the active particle surface, and

t enhanced the activity of electrochemical reactions. CMC-Li with
he high DS was superior to that with the low DS, and the lowest
edox peak of the difference is 0. 25 V and the CLL electrode material
olarization is weaker.
.7. The curves’ analysis of CV with different materials

Fig. 7 showed the EIS of electrode materials in the open state.
iameter size of the high-frequency semicircle reflected the size of
Fig. 7. The curves analysis of CV with different materials. These results indicated
that  the interfacial properties between LFP electrode and electrolyte were improved
by using CNF/Li to increase the electrochemical reaction and dynamic performance.
CNF/Li had played a positive role in the charge transfer process.
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ig. 8. The discharge/charge capacity cycle curves of cells with two  electrode ma
aterials. (b) The curves of discharge/charge capacity at the different rate for CLL a

nly  enhance the cycle stability of material, but also improve the rate property of e

he charge transfer resistance of a cell. Obviously, the diameters of
he semicircles in the high-frequency electrodes with LFP electrode

aterial were bigger than those for the electrodes with CLL mate-
ial. Compared with LFP, the charge-transfer resistance of a cell
ith CLL electrode was much lower. These results indicated that

he interfacial properties between LFP electrode and electrolyte
ere improved by using CNF/Li to increase the electrochemical

eaction and dynamic performance. CNF/Li played a decisive role in
he charge transfer process. For CMC-Li with different DS, the polar
roup numbers carried by unit mass of CMC-Li with high DS were
reater than those carried by CMC-Li with low DS. The repellency
f CMC-Li with high DS was better, and the CLL layer formed on
he active grain surface was more stable. The charge-transfer resis-
ance of the cell using CMC-Li with high DS was obviously lower
han that with low DS.

.8. Curve analysis of charge/discharge rate and
oulomb efficiency

It could be seen from Fig. 8 that the rate performance and cycle
roperty of electrode material with CLL-3 as electrode materials
ere excellent not only in small rate of charge and discharge but

lso in big rate of charge and discharge. As the discharge–charge
ate increased from 0.1 C to 5 C, the discharge capacities of CLL
emonstrated remarkable rate capability. Delivering discharge
apacity of 168.5 mAh  g−1, 161.9 mAh  g−1, and 120.5 mAh  g−1 at
.1 C, 0.2 C and 5 C, respectively. As the discharge–charge rate
ecreased from 5 C to 0.1 C, capacity can be quickly approximate
o its original level, which showed that the discharge capacity
resent linear variation with the increment of rate performance.
uch excellent rate performance strongly confirmed that it can not
nly enhance the cycle stability of material, but also improve the
ate property of electrode materials by CLL modification with CMC-
i. There may  be two reasons, on one hand, it was  because CNF/Li
an be uniformly distributed in the surface of LFP material, the ion-
zed Li-ions can shorten its transmission distance between cathode
nd anode electrode, and enhance the transmission efficiency and
onductivity, which caused the material to have the relatively good
ate performance and cycle property. On the other hand, ionic con-
uctivity of LFP was related to the size of particles. The smaller the
article was, the shorter the transmission channel of lithium ion in
FP became. The faster lithium ion can come in and out, the better
he property of the battery will be.
. Conclusions

This study used cotton, as a raw material, synthesized
ovel functional materials water-soluble ionic cellulose derivative
. (a) The curves of charge capacity at different rates for CLL and LFP as electrode
rode materials. Such excellent rate performance strongly confirmed that it can not
de materials by CLL modification with CMC-Li.

CMC-Li by a unique two-step method. Considering the character-
istics of CMC-Li, for the first time, nano-CMC-Li fiber, CMC-Li/LFP
and CLL composite nanometer fibers were successfully obtained
by electrospinning. CLL was  applied in Li-ion batteries increase the
content of Li-ions in the entire batteries, and the material surface
structure of the current collector is critical to achieve high electrode
performance. The discharge platform of the battery was  high, and
the degree of polarization was small, which exhibited the excel-
lent electrochemical performance. CMC-Li with the higher DS has
better electrochemical performance than CMC-Li with the lower
DS. Meantime, the CMC-Li is cheaper, more eco-friendly and eas-
ily degraded, safer, and it also applied in the field of other related
materials.
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