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CMC-Li)  modified  9,10-anthraquinone  (AQ)  high-rate
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a  b  s  t  r  a  c  t

New  cellulose  derivative  CMC-Li  was  synthesized,  and  nanometer  CMC-Li  fiber  was  applied  to  lithium-
ion battery  and  coated  with  AQ  by  electrospinning.  Under  the  protection  of  inert  gas,  modified  AQ/carbon
nanofibers  (CNF)/Li  nanometer  composite  material  was  obtained  by  carbonization  in 280 ◦C as  lithium
battery  anode  materials  for  the  first  time.  The  morphologies  and  structures  performance  of  materials
were  characterized  by  using  IR, 1H NMR,  SEM,  CV  and  EIS,  respectively.  Specific  capacity  was  increased
from  197  to  226.4  mAh  g−1 after  modification  for the  first  discharge  at  the  rate  of 2C.  Irreversible  reduction
eywords:
lectrospinning
ellulose derivatives
ithium-ion battery

reaction  peaks  of modified  material  appeared  between  1.5  and  1.7  V  and  the  lowest  oxidation  reduction
peak  of  the  difference  were  0.42  V,  the  polarization  was  weaker.  Performance  of cell  with  CMC-Li  with
the high  degree  of  substitution  (DS)  was  superior  to  that  with  low  DS.  Cellulose  materials  were  applied
to lithium  battery  to  improve  battery  performance  by  electrospinning.
node materials AQ
MC-Li

. Introduction

In today’s energy society, lithium-ion batteries become energy
f many portable electronic devices due to their superior volt-
ge, high-energy density, low environmental pollution (Lee et al.,
006). The raw materials (Chaudhari et al., 2013) of anode mate-
ial of organics derived from nature has the properties of excellent
apacity, abundant material, friendly environment, which attracts
ore attention. In such materials, conjugated conductive polymer

Abouimrane et al., 2013) is a kind of widely studied material, the
erformance of poly aniline is the best among them. Oyama, Pope,
nd Sotomura (1997) proposed implementation of electrochem-
stry by doping anionic, but the energy density of the battery was
ow. Another representative organic cathode material was  sulfide
ased on S S bond breaking and bonding to charge and discharge.
owever, it led to the poor loop stability due to the difficulty of dis-
olution. Carbonyl compounds represented by AQ and its polymer
Wang et al., 2012; Xie et al., 2012), and anhydrides with con-
ugated structure are widely concerned as a new kind of anode
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material. Their electrochemical reaction mechanism (Teh, Sharma,
Pramana, & Srinivasan, 2011) is that the oxygen atom in each car-
bonyl gets an electron when charging, and the electron reacts with
inserted lithium ion to obtain enol lithium. Lithium ion is pro-
lapsed when discharging and carbonyl are restored. The conversion
accomplishes the reversible insertion and prolapse of lithium ions,
since AQ has good crystal structure, so it has excellent cycle per-
formance. It is still hotspot and focus on the current study of active
substance materials to be nano-crystallized (Wu  et al., 2013), ion
doped (Rousselot et al., 2012), carbon coated (Jian et al., 2012) and
(Saji, Kim, Kim, Cho, & Song, 2011) composited with other mate-
rials. It enhances the conductivity, tap density, ratio and stability
to satisfy high-rate charge or discharge of the battery. The appli-
cation (Kong et al., 2013) of electrospinning provides a better way
for the above research, while nanofiber material is obtained, and
it also enhances performance of the battery by doping and carbon
coating.

Cellulose materials have received wide attention of scholars in
the research on electrospinning through a study on the different
solvent systems. It focuses on cellulose ester and non-ionic cellu-
lose ether, such as cellulose acetate (CA) (Rodriguez, Renneckar, &

Gatenholm, 2011), Hydroxypropyl cellulose (HPC) (Chang & Zhang,
2011), Ethylcellulose (EC) (Yu et al., 2013), etc. Our laboratory also
received many good results in cellulose, hydroxypropyl methyl
cellulose (HPMC) (Ma  et al., 2010), nitrocellulose (NC) (Xie, Shao,
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ang, & Wang, 2011) and its derivates, cellulose acetate butyrate
CAB) (Qiu et al., 2013) and its derivates, etc. The above materi-
ls are applied to lithium battery, explosives and powders, coating,
apacitor, conductive paper (Gao et al., 2013). Ionic cellulose ether
s a linear polyhydroxy cellulose derivative compound and has
etter rigid molecular structure (Karabulut, Pettersson, Ankerfors,

 Wagberg, 2012), and it is as well an effective ion conductive
olymer. It has merit (Canejo & Godinho, 2013) that the other mate-
ials can’t compare with, such as low cost, easily soluble in water,
nvironmentally friendly, simple technique. The suitable way of
lectrospinning has never been found due to the structure and
roperty of ionic cellulose ether, so that there is no report on the
tudy in the current time, especially the research on CMC-Li, which
s blank in correlative research. It is thought to provide a diffu-
ion pathway for lithium ions to reach the anode particle surface,
ncreases the content of freely moving lithium ion in lithium-ion
attery, and improves the prolapsing and embedding of lithium ion
etween anode and cathode electrode (Guerfi, Kaneko, Petitclerc,
ori, & Zaghib, 2007). To improve the charge and discharge capac-

ty of the battery, it is also appropriate to be carbon-coated to obtain
odified active materials, and it also has abundant lithium-ions

f free ionization. We  found the electrospinning method suitable
or ionic cellulose ether and obtained nanometer CMC-Li fibers for

he first time. The laboratory is currently conducting a study of
unctional materials, such as the application of electrospinning for
oaxial (Hwang, Lee, Kong, Seo, & Choi, 2012), three axis (Zhou, Yin,
ao, Wan, & Guo, 2012), multilayer cross (Liu et al., 2013; Wang
t al., 2013), etc. It is expected to make a breakthrough in nano-
ellulose product on membrane filtration materials (Lalia, Guillen-
urrieza, Arafat, & Hashaikeh, 2013), tissue engineering scaffold
aterials (Luo et al., 2013; Vulic & Shoichet, 2012), bioengineering

Luo et al., 2013), clinical medicine (Yu, Yu, Chen, Williams, & Wang,
012), sensor (Ongun et al., 2013), lithium battery (Kraytsberg &
in-Eli, 2012; Zhao et al., 2013) and supercapacitor (Zhang et al.,
013) through the above electrospinning method.

This study focuses on the development and synthesis of new
onic cellulose ether products CMC-Li with the different DS. CMC-
i, AQ/CMC-Li nanofiber are obtained by electrospinning for the
rst time, respectively. AQ/CNF/Li nanocomposite reactive mate-
ial is obtained after carbonization under certain conditions, which
nhance tap density, conductivity and the number of mobile
ithium-ions. We  also compare performance changes of batter-
es assembled by active substance before and after modification.
hrough the speculation and analysis of the model of battery mech-
nism, the paper compared the impact of different CMC-Li products

OH O

R

R

R

Cell-(OH)3
N−

ClCH

Cell-CH2COON
n battery performance, which laid the foundation for CMC-Li in
he application of battery material by electrospinning. It not only
xpands the type of electrospinning polymer, provides a polymer of
asy operation and better performance for electrospinning, and fills
ers 102 (2014) 986– 992 987

the gap of the correlative research, but also supports a new research
technique for the application of natural polysaccharides, especially
the study on nanocrystallization of ionic cellulose ether material,
which will certainly drive the research of the related material field,
and it is significantly important.

2. Experimental

2.1. Materials

Purified cotton (M100) was supplied by Xi’ An North Hui Chem-
ical Industry Co., Ltd. (Xi’ An, China). Methylene chloride (MC),
monochloroacetic acid, glacial acetic acid, butyric acid, acetone,
sulfuric acid (98% solution), ethanol (EtOH) was supplied by Bei-
jing chemical fine chemical Co., Ltd. (Beijing, China). Polyethylene
oxide (PEO), Lithium hydroxide monohydrate (LiOH·H2O), 9,10-
Anthraquinone (AQ) were supplied by Alfa Aesar Chemical Co., Ltd.
(Tianjin, China).

2.2. Synthesis of CMC-Li

The preparation process of CMC-Li can be clarified by the
following schematic equation:

(n-2)/2

O O

O

R

R

R

O

R

R

R

O
OH

R

R

R
H

O

Cellulose(R = OH, Cell-(OH)3)

Cell-(OH)3−x(ONa)x−n (OCH2COO−Na+)n (Cell-CH2COONa)

C-Na)
HCl−→Cell-CH2COOH (CMC-H)

LiOH−→Cell-CH2COOLi (CMC-Li)

CMC  (Cui, Wang, Shao, Lu, & Wang, 2011) was  prepared by the
slurry process in a solution of isopropyl alcohol in our laboratory,
after alkalization, etherification, neutralization, washing on cellu-
lose, we can get the CMC  for this article, and DS is measured by the
method of Gray alkali.

DS of CMC-Li and CMC-H depends on the DS of raw materials
CMC-Na. The specific preparation process will be described in the
next two paragraphs.

2.2.1. The preparation of CMC-H
The acid form of CMC  was synthesized by treating CMC-Na with

a HCl solution (c = 20%, wt%) in an ethanol/water mixture (95:5 by
volume) for 2 h at 35 ◦C. Pure CMC-H was  obtained by filtering,
washing with an ethanol/water mixture (85:15 by volume) and
drying (T = 105 ◦C) of the products.

2.2.2. The preparation of CMC-Li
CMC-Li was  synthesized by treating the above-mentioned CMC-

H in a solution of LiOH·H2O (c = 7%, wt%) in an ethanol/water
mixture (90:10 by volume) for 2 h at 50 ◦C. When the reaction
was  finished, acetic acid was added to adjust pH of the solution
to pH = 7. Pure CMC-Li was  obtained by filtering, washing with an
ethanol/water mixture (85:15 by volume) and drying (T = 105 ◦C)

of the products.

CMC-Lis with different DS were prepared by selecting the DS of
CMC-Na and the amount of LiOH·H2O. Selecting CMC-Na with high
DS (1.00) and using high amounts of LiOH·H2O, CMC-Li with DS
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icantly. In addition to the characteristic peaks of the common
structure of ionic cellulose ether, there was  more obvious difference
between two  kinds of carboxymethyl cellulose salt at 723 cm−1, and
88 L. Qiu et al. / Carbohydrat

1.00) was prepared, and CMC-Li with DS (0.62) was obtained from
MC-Na with high DS (0.62). In this paper, CMC-Lis with four differ-
nt DS values were prepared, CMC-Li-1 (DS = 0.62, the viscosity of

 wt% aqueous solution is 1460 mPa  s), CMC-Li-2 (DS = 0.84, the vis-
osity of 2 wt% aqueous solution is 370 mPa  s), CMC-Li-3 (DS = 1.00,
he viscosity of 2 wt% aqueous solution is 54 mPa  s), CMC-Li-4
DS = 1.16, the viscosity of 2% aqueous solution is 36 mPa  s).

.3. Electrospinning

CMC-Lis were dissolved in a mixed solvent of water, and a small
mount of PEO (c = 2%, wt%) was added, a solution obtained in the
bove steps. AQ was added into solvent and intermittent ultrasound
oncussion 10 min  later, when CMC-Li was completely dissolved.
ano AQ/CMC-Li fibers were obtained by electrospinning device.
rocessing conditions were adjusted to a flow rate of 4 ml/h, with
n applied voltage of 25 kV, with a capillary tip-to-target distance of
2 cm and a temperature of 25 ◦C. The AQ/CMC-Li composite fiber
nder the protection of inert gas was carbonized at a high tem-
erature (280 ◦C) for two hours to obtain a modified AQ/CNF/Li
anocomposites, and then button 2032 lithium-ion battery was
ssembled for performance testing.

.4. Characterization

Fourier transforms infrared spectroscopy (FT-IR) spectra of CMC
nd CMC-Li powders were recorded on a Nicolet 6700 infrared
pectrometer (USA) with resolution of 2 cm−1 at room temperature.
H NMR  spectra were obtained using a Germany Bruker ARX-400
nstrument in 500 MHz. Morphology and structure of electrospun
MC-Li fibers were observed with a scanning electron micro-
cope (SEM, JSM-6700F) after gold coating. Cyclic voltammetry (CV)
nd electrochemical impedance spectroscopy (EIS) results were
btained with Shanghai Chen Hua CHI660E electrochemical work-
tation (Shanghai, China).

The coin Cells (CR2032) were assembled to test electrochem-
cal performance of the as-prepared AQ/CNFs, using 1 M LiPF6
C/DEC/DMC (1:1:1 by volume) as the electrolyte and a Li foil as
he counter electrode. The cells were charged and discharged gal-
anostatically in the fixed potential window from 1.5 to 3.5 V on

 Shenzhen Neware battery cycler (China) at 25 ◦C. The calculated
apacity was based on the whole mass of the anode electrodes. CV
as conducted in a cell at 0.5 mV  s−1. EIS was measured by applying

n alternating potential of 5 mV  over the frequency ranging from
0−2 to 20,000 Hz.

.5. The preliminary investigation of the mechanism of the
Q/CNF/Li

Fig. 1 showed the distribution of CMC-Li in the AQ-based elec-
rode. The performance of CMC-Li could be ascribed to strong
ydrogen bonds resulting from the action of the OH groups, which
ontributed to the formation of an efficient network. Sintering of
he electrospun nanofiber not only removes the polymeric precur-
or backbone but also crystallizes the AQ nanoparticles. We  propose
he formation mechanism of electrospun AQ nanotubes in which
artially crystallized individual AQ nanoparticles from the building
locks that self-assemble and inter-grow into a continuous fibrous
orphology after the removal of volatile species at 280 ◦C for 2 h as

ollowing Fig. 1. If the weight ratio of CMC-Li in the electrospinning
olution is higher than the metal ions, the fibers break into several

egments of shorter nanorods (AQ/CNF/Li) due to the drastic struc-
ural changes when the CMC-Li backbone is heated. On the other
and, the higher DS of CMC-Li, the more freely moving lithium ion
as provided with battery.
Fig. 1. The distribution of CMC-Li in the AQ electrode and a model of the mecha-
nism. AQ/CMC-Li nanometer fiber is obtained by electrospinning, and carboniferous
formation AQ/CNF/Li composite electrode material formation mechanism.

3. Results and discussion

3.1. Synthesis and characterization of CMC-Li

Fig. 2 showed the FTIR spectra of cellulose, the raw material
CMC-Na, the end product CMC-Li, and the intermediate prod-
uct CMC-H. All of these spectrums showed the presence of OH
stretching at 3500–3300 cm−1 and the CMC-H spectrum were
considerably different from those of CMC-Na and CMC-Li, which
indicated that the molecular structure of CMC-H changed signif-
Fig. 2. FTIR spectra for Cellulose, CMC-Li, CMC-Na and CMC-H. Cellulose, CMC-Na,
CMC-H and CMC-Li were successfully synthesized. By the analysis of IR spectrogram,
it also confirmed the formation of the intermediate products of CMC-H, and last
products CMC-Li.
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ig. 3. The 1H NMR  spectrums of CMC-Li. Confirm that CMC-Li has been successfully
ynthesized.

t is proven that CMC-Li is successfully synthesized. IR spectra of
MC-H and CMC-Li are very different at 1757, 1602 and 1424 cm−1,
espectively. Because after the carboxylic acid protons are replaced
y Li ions, C O and C O bonds coupled with the same carbon
tom are homogenized. The size of force constant of homoge-
ized carbon oxygen was between double bone C O and single
C O, stretching vibration of two homogenized carbon oxygen
as strong coupled, and there are two absorption bands at 1602

nd 1424 cm−1,which confirmed the formation of CMC-H. In addi-
ion, CMC-H is insoluble in water, and after calcination of CMC-H at
00 ◦C for 30 min  in the air, there is no residue. However, residual
etallic oxides were yielded after calcination of CMC-Li and the

MC-Na. As an important intermediate product from CMC-Na to
MC-Li, CMC-H can help to judge whether the resulting product is
ellulose, CMC-Na, CMC-H or CMC-Li.

The CMC-Li powder was characterized by 1H NMR  (Fig. 3). The
ifferent carbons of CMC-Li have been identified with numbers in
ig. 3. The 1H NMR  spectrum shows peaks at ı 0.7–1.6 (H from the

lucose ring), ı 1.6–2.2 (H from CH2COO that is attached to C3,
2-�, C2-�, and C6 from the low-field to high-field, respectively),
nd ı 2.2–3.1 (H from C1). The 1H NMR  spectrum illustrated that the
olecular structure of cellulose had not been destroyed during the

ig. 4. SEM photos of AQ/CMC-Li composite fibers before and after modified. (A and B)
igh-temperature carbonization modified AQ/CNF/Li coated nanocomposites.
ers 102 (2014) 986– 992 989

preparation process of CMC-Li. All of the above characterizations
confirm that CMC-Li has been successfully synthesized.

3.2. SEM photos of composite fibers

Fig. 4 showed four SEM photographs before and after carbon-
ation of AQ/CMC-Li nano-composite material. It can be seen that
AQ particles were equably dispersed throughout the fiber matrix
after carbonization, and then formed compound coating material of
AQ/CNF/Li. Uniform distribution of AQ/CNF/Li composite material
was  ascribed to the fact that the particle in the spinning solution
was  continuing to keep down by fiber template. This provided a
good solution to the problem of poor conductivity and the decline
of battery performance, which was  because of the nonuniform dis-
tribution of graphite in the lithium-ion battery.

3.3. The curves analysis of CV with different materials

From Fig. 5, the positions of the oxidation reduction peak of
the different electrodes are distinctive. The difference in voltage
between the two oxidation reduction peaks of AQ electrode coated
with CMC-Li by electrospinning should be less than that of unmo-
dified AQ. The CV curves of modified AQ electrodes are sharper
than those of unmodified AQ. The distance between the discharge
and charge curves of AQ/CNF/Li is smaller than that of AQ, which
shows that the polarization of the former is weaker than the latter,
and the difference of AQ/CNF/Li-4 and AQ electrode materials are
0.42 and 0.66 V, respectively. This may  be because the AQ/CNF/Li
particles were coated with the increase content of freely moving
lithium ion, and unmodified AQ hindered the diffusion for lithium
in the charge and discharge process of a cell.

The active material was coated with CNF/Li to form an effective
ionic-conductivity layer, which provided a diffusion pathway for Li+
to reach the active particle surface, and it enhanced the activity of
electrochemical reactions. CMC-Li with the high DS was superior to
that with the low DS, and the lowest redox peak of the difference is
0.42 V, the AQ/CNF/Li-4 electrode material polarization is weaker.

 before; (C and D) after. Preparation AQ/CMC-Li nanometer composite fiber, and
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ig. 5. The CV curves for different electrode materials. The difference of voltage 

eduction reaction peaks appeared between 1.5 and 1.7 V, and the AQ/CNF/Li-4 elec

rom Fig. 5A, it was seen that the irreversible reduction reaction
eaks appeared between 1.5 and 1.7 V, it shows that the cathode

ithium was reacted with the CH2COOH and OH groups of CMC-
i to form the CH2COOLi and OLi, respectively, which reduced
he initial coulomb efficiency.

.4. The curve analysis of charge and discharge with different
aterials

Fig. 6 showed that the first discharge specific capacity of the

Q/CNF/Li electrode was higher than that of an AQ electrode at

 current density of 0.2 mA  cm−2. These results indicated a taller
tilization ratio and electrode cycle performance of modified AQ
ith CMC-Li. Thus, the first discharge capacity of the AQ/CNF/Li

ig. 6. The charge–discharge curve of different electrode materials (2C). These results ind
odified. AQ/CNF/Li-4 has higher capacity than other electrode materials, because it has 
oxidation reduction peak of electrode materials, it was seen that the irreversible
 material polarization is weaker.

electrode was  higher than that of AQ electrode. The increase of con-
tent on CH2COOLi equates to improve the DS of CMC-Li. And the
electrode layer formed at the surface will be more stable. In addi-
tion, the increase of CNF also favored the transport of Li+. After the
same cycle, the specific capacity of AQ/CNF/Li electrode was higher
than that of AQ, and AQ/CNF/Li-4 has higher capacity than other
electrode materials because of its higher DS.

3.5. The curve analysis of the cycle life with different materials
It was found that the specific capacity decays of AQ and
AQ/CNF/Li electrode was severe in the previous cycles from Fig. 7.
However, capacity decay of AQ/CNF/Li electrode became slower
after 10 cycles, and the capacity decay of AQ was faster than that

icated a higher utilization ratio of AQ and electrode cycle performance with CMC-Li
higher DS.
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Fig. 8. Impedance responses of electrodes with different CMC-Lis. Compared with
ig. 7. The cycle life curves the AQ electrode with different modified materials.
he modification way  had an important effect on the cycling stability. With CMC-Li
odified AQ electrode material showed improved performance by electrospinning.

f AQ/CNF/Li. After 50 cycles, the specific capacity of the AQ elec-
rode was maintained at 33 mAh  g−1, while the specific capacity
f the AQ/CNF/Li-4 electrode was maintained at 71 mAh  g−1, and
pecific capacity of other modified electrode materials was much
igher than that of the unmodified AQ electrode. These results
onfirmed that the modification way had an important effect on
he cycling stability. Modified AQ electrode material with CMC-Li
howed improved performance by electrospinning, and the cycle
tabilities of various CMC-Li were different.

After 50 cycles, the discharge capacity of AQ/CNF/Li-3 with high
S was still higher than that of AQ/CNF/Li-1 with low DS. After 10
ycles, the curve of CMC-Li-1 was more stable, the curve of CMC-Li-

 faded rapidly, and it was not so stable. It may  be because CMC-Li
as synthesized by the same raw material of M100 purified cot-

on, the higher the DS of CMC-Li-3, the severer the degradation
f cellulose molecular chain in the reaction process. So molecular
eight was lower, the corresponding viscosity was  smaller. Once

he viscosity decreased, and it could affect the stability of the whole
tructure of the electrode, so it would affect electrochemical stabil-
ty of the electrode in the circulation process.

.6. The analysis of EIS with different materials

Fig. 8 showed the electrochemical impedance spectroscopy
f electrode materials in the open state. Diameter size of the
igh-frequency semicircle reflected the size of the charge trans-

er resistance of a cell. Obviously, the diameters of the semicircles
n the high-frequency electrodes with AQ electrode material were
igger than those for the electrodes with AQ/CNF/Li material.
ompared with AQ, the charge-transfer resistance of a cell with
Q/CNF/Li electrode was much lower. These results indicated that

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

eaction and dynamic performance. CNF/Li had played a positive
ole in the charge transfer process, which once again confirmed
hat the discharge approach of reaction between Lithium-ions on
he molecular chain of CMC-Li itself adjacent to the active center
nd active substances in mechanism research provided a new trans-
er pathway for lithium-ion. For CMC-Li with different DS, the polar

roup numbers carried by unit mass of CMC-Li with high DS were
ore than those carried by CMC-Li with low DS. The repellency of

MC-Li with high DS was better, and the AQ/CNF/Li layer formed
n the active grain surface was more stable. The charge-transfer
AQ,  the charge-transfer resistance of a cell with AQ/CNF/Li electrode was much
lower. The charge-transfer resistance of the cell by CMC-Li with high DS was
obviously lower than that with low DS.

resistance of the cell using CMC-Li with high DS was obviously
lower than that with low DS.

4. Conclusions

Ionic cellulose derivative CMC-Li was  successfully synthesized,
and nanometer CMC-Li, AQ/CMC-Li, AQ/CNF/Li fiber materials were
fortunately obtained by the method of electrospinning for the first
time. The specific capacity, cycle performance and the decay of
the same cycles of battery with AQ/CNF/Li modified electrode was
better than those of unmodified AQ electrode. The electrochemi-
cal performance of modified active electrode materials by CMC-Li
nanometer with the high DS was better than that with the low
DS. That is, the higher the DS of CMC-Li, the better the battery
electrochemical performance.
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