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ABSTRACT: Nitrogen- and oxygen-containing carbon micro/nano-  ~3f; Micropore Mesopare CPOn SPHere L{
spheres (Cpay and Cpys) were prepared by direct pyrolysis of 2t : vg, S N
lignosulfonate/polyaniline and lignosulfonate/poly(N-ethylaniline) gz-: : 0::’ ;

. . Li" Intercalation
composite spheres at the temperature of 700 °C. The two type 2 b, 1 o
lignin-based composite spheres were prepared by an in situ polymer- 5’1 [~ c [ Deimercalation?;\.f?
ization of aniline and N-ethylaniline in the presence of lignosulfonate, ;’0_/’\\ — !:O %
respectively. The carbon spheres were investigated by thermal o \jn";‘;j?n’i’nyj:‘;‘x"y';e”n‘"”e"/"’“
gravimetric analysis, scanning electron microscopy, transmission ~ Specific capacity (mahg’)

electron microscopy, Fourier transform infrared spectroscopy, X-ray

diffraction, and X-ray photoelectron spectroscopy and were used as anodes for lithium ion batteries. The two carbon spheres
showed different electrochemical performances due to their different surface functional groups and structures. The Cpyy carbon
nanospheres had better electrochemical performance as anodes for lithium ion batteries than that of Cpy, carbon microspheres.
The first charge capacity and discharge capacity of the Cpyy nanospheres at a current density of 60, 100, and 200 mA g™
exhibited a discharge capacity of 1450, 1094, and 770 mAh g_l, respectively, and a charge capacity of 707, 698, and 446 mAh g_l,
respectively. Furthermore, it still owned a high discharge capacity at a current density of 60, 100, and 200 mA g~' of 526, 431,
and 338 mAh g, respectively, after 20 cycles.
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B INTRODUCTION effortlessly changed by controlling the structure of PANI as a
Lignin, a waste from the bioethanol and pulping processing precursor. In addition, the attachment of bulky alkyl groups to
industries, has drawn lots of attention due to the energy crisis PANI chains will lead to a decrease in the basicity of the amine
and environmental pollution. Yet, most are discharged or nitrogen and will result in significant changes in both the

consumed directly as fuel, which results in serious environ-
mental problems.' Therefore, it is meaningful to make full use
of lignin not only for saving renewable natural resources but
also for reducing pollution. Because of its abundance and low-
cost, lignin has been applied in many fields, such as carbon nate/polyaniline (LS/PANI) and lignosulfonate/poly(N-ethyl-
materials,”>~® adsorbents”® and biofuel” As carbon materials, aniline) (LS/PNA) composite spheres. The use of lignosulfo-
however, lignin-based carbon materials have rarely been applied nate not only cuts down the cost of preparation of composite
in anodes for lithium ion batteries. In fact, it is hard for these
lignin-based carbon materials to exhibit high electrochemical
performance because of their surface functional groups,

geometric and electronic structure of PANL!®
In this work, nitrogen- and oxygen-containing carbon micro/

nanospheres were prepared by direct pyrolysis of lignosulfo-

spheres but also reduces potential environment pollutions.

Although the preparation of LS/PANI and LS/PNA

structures, and morphologies composites and their carbon micro/nanospheres have been
, .

Polyaniline (PANI) has been used as a precursor to prepare investigated in our previous works,'”'® the effect of ethyl
nitrogen-containing carbon materials'®"'* due to the advan- substituent on the electrochemical performances of nitrogen-
tages of PANI, such as low cost, unique chemical properties,
and excellent thermal and environmental stability. For example,
nitrogen-containing carbon nanotubes were easily prepared by
the carbonization of PANI nanotubes,'®> and nitrogen-
containing activated carbon prepared from PANIs has been energy storage performances as anodes for lithium ion batteries.
used in supercapacitor electrodes.'® Moreover, carbon nano-

and oxygen-containing carbon micro/nanospheres have not
been investigated yet. These nitrogen- and oxygen-containing

carbon micro/nanospheres are expected to exhibit different

wires,"! carbon nanospheres,12 carbon analogues,13 and Received: October 14, 2012
granular carbon'* were also obtained from PANI by direct Revised:  January 21, 2013
pyrolysis. The structure of nitrogen-containing carbon could be Published: January 31, 2013
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B EXPERIMENTAL SECTION

Materials. Aniline and N-ethylaniline (NA) monomers were
purchased from Alfa Aesar and distilled under reduced pressure
prior to use. Sodium lignosulfonate (LS), ammonium persulfate
(APS), and other reagents were obtained from Sinopharm Chemical
Reagent Co. Ltd. and used without further treatment.

Preparation of Composite Spheres. The LS/PANI and LS/
PNA composite spheres were prepared by using an in situ
polymerization from aniline’” and N-ethylaniline,'® respectively. The
typical polymerization process for LS/PANI was as follows. Sodium
lignosulfonate (0.93 g) was dissolved in HCI (1.0 M, 70 mL) aqueous
solution in a glass flask. Then, aniline (0.91 mL) was added under
stirring to form a mixture of aniline-LS. APS (2.28 g) was added
separately in HCl (1.0 M, 30 mL) aqueous solution to prepare an
oxidant solution. The APS solution was then poured into the above
aniline—LS mixture solution at 25 °C, and the reaction was left at this
temperature for 24 h. After the reaction, LS/PANI precipitate was
thoroughly washed with an excess of deionized water several times to
remove the residual oxidant and LS and water-soluble oligomeric
products. A dark green product was left to dry in a vacuum at 60 °C
for one week to obtain LS/PANI powder.

Preparation of Carbon Spheres. Carbonization of the LS/PANI
and LS/PNA composite spheres was carried out under atmospheric
pressure. The definite procedures were reported as follows: a
corundum crucible containing a certain amount of the composite
sample was put into a temperature-controlled furnace and then was
heated to 700 °C with a heating rate of 3 °C min~' under an argon
flow and maintained at the desired temperature for 2 h, followed by
cooling to 25 °C under an argon flow. Finally, the carbon spheres were
obtained and labeled as Cpay and Cpya.

Characterization and Measurements. The bulk electrical
conductivity of a pressed pellet with a thickness of 20—30 mm for
the LS/PANI and LS/PNA composite sphere samples were measured
at 25 °C using a four-probe technique. Fourier transform infrared
spectroscopy (FTIR) spectra were recorded on a Nicolet FTIR 5700
spectrophotometer in KBr pellets. The carbon, hydrogen, and nitrogen
weight percentages of samples were determined by using a Vario EL
III elemental analyzer. Wide-angle X-ray diffraction (XRD) scans for
Cpan and Cpy, samples were obtained using an Ultima III X-ray
model diffractometer (Rigaku, Japan) with Cu Ka radiation at a
scanning rate of 10° min™" in a reflection mode over a 26 range from
5° to 70°. Morphological measurements were performed using
scanning electron microscopy (SEM, Philips XL30 FEG), field
emission scanning electron microscopy (FE-SEM, Carl Zeiss
ULTRA 55 FESEM), and transmission electron microscopy (TEM,
JEM-2010, Jeol). Pore structures of the samples were characterized by
physical adsorption of N, at 77 K in a Micromeritics ASAP 2020
apparatus. Prior to analysis, the samples were outgassed at 120 °C for
12 h under vacuum to clean the surface. The surface area was obtained
by the Brunauer—Emmett—Teller (BET) method. X-ray photo-
electron spectroscopy (XPS) measurement was performed on a
Thermo ESCALAB 250 high performance electron spectrometer using
a monochromatic Al Ka as the excitation source.

Electrochemical Measurements. The electrochemical perform-
ances of the carbon spheres were evaluated in CR202S coin cells. The
test electrodes were made of active materials (85 wt %), acetylene
black (10 wt %), and polyvinylidene fluoride (S wt %). This mixture
was coated on copper current collector. Lithium foil was served as a
counter electrode. The separator was Cellgard 2320, and the
electrolyte was 1 M LiPF4 in a blended ethylene carbonate and
dimethyl carbonate solution with volumetric ratio of 1:1. The batteries
were charged and discharged in the potential range of 0.001—3.0 V vs
Li/Li* at a constant current density of 60, 100, and 200 mA g~ on the
Land Battery Test System (Wuhan, China). All cells were assembled in
a glovebox filled with highly pure argon gas and tested at room
temperature.
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Bl RESULTS AND DISCUSSION

Morphology and Formation Mechanism of the
Composites. The SEM images of LS/PANI and LS/PNA
composite spheres are shown in Figure 1.

Figure 1. Figure 1. FESEM (a) and SEM (b) images of LS/PANI (a)
and LS/PNA (b) composite spheres.

It was found that the average diameters of the LS/PANI and
LS/PNA uniform spheres were about 180 and 1300 nm,
respectively. The surfaces of these two spheres were rough and
composed of a great many well-distributed nanoparticles. It
indicated that these two uniform spheres might be formed via
self-assembly of their nanoparticles. Moreover, there was an
obvious small hole on the surface of the larger LS/PANI
spheres (Figure la) that had been confirmed as hollow
spheres.'” Compared with the LS/PANI spheres, there were no
holes found on the surface of the LS/PNA spheres (Figure 1b).

A possible formation mechanism of the two lignin-based
uniform spheres is speculated in Scheme 1.

Scheme 1. Possible Formation Mechanism of the Two
Lignin-Based Spheres
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The detailed procedures were as follows. First, the negatively
charged LS dissolved in the solution formed micelles, and
protonated aniline was dispersed around micelles due to the
ionic bonds. Then, when the ammonium persulfate was added,
oligomers were obtained on the surface of micelles”*' and
grew into nanosphere seeds. Last, these nanosphere seeds were
self-assembled into hollow spheres with a hole. Of course, these
hollow spheres might continue to grow into thick-shell hollow
spheres or solid spheres via self-assembly with abundant
nanosphere seeds.

It is also shown in Figure 1 that these two spheres had
different diameters, which was due to the ethyl substituent
effect on the structure of LS/PNA composite spheres. The bulk
electrical conductivities of the LS/PANI and LS/PNA
composite sphere samples were 2.63 and 0.12 S cm™,
respectively. It could be found that the bulk electrical
conductivity of the LS/PNA composite spheres was much
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Figure 2. SEM (a,d), FESEM (b), and TEM (c,e) images of the Cpay (a,b,c) and Cpy, (dse) carbon spheres.

less than that of LS/PANI composite spheres. This was because
the level of the nitrogen lone pair-7 overlap between the ring
orbitals and the lone pair decreased due to the ethyl
substitution.”> Compared with aniline, N-ethylaniline tends to
form smaller nanosphere seeds than that of aniline owing to the
steric hinerance and configuration of oligomers. Besides, N-
ethylaniline monomers exhibit different polymerization rates
compared with aniline monomers. Owing to the push
electronic effect of N-ethyl, the nitrogen lone pair of N-
ethylaniline monomer possessed more negative electrons than
that of aniline monomer. As a result, the nitrogen lone pair with
more negative electrons more easily reacted with the radical
cations. Therefore, the N-ethylaniline monomer had higher
reaction activity than aniline. Because of the different
polymerization rates of aniline and N-ethylaniline, nanosphere
seeds with different sizes could be found on the surface of the
LS/PANI and LS/PNA composite spheres (Figure 1a)b). The
nanosphere seed sizes of LS/PNA composite spheres were
bigger than that of LS/PANI composite spheres, which was
exactly in agreement with the reaction activity of monomers.
Consequently, nanosphere seeds with different sizes were
assembled into spheres with different sizes (Figure 1). In
addition, the LS/PANI composite nanospheres with holes can
be found in Figure la, whereas holes could hardly be found in
the LS/PNA composite spheres (Figure 1b). Compared with
LS/PANI composite nanospheres, LS/PNA composite spheres
continued to assemble into solid spheres because of high
reaction activity (Scheme 1). In short, the self-assembly process
had much to do with the sizes of nanosphere seeds and the
reaction activity of monomers.

Morphology and Structures of the Carbon Spheres.
Figure 2 displays the SEM, FESEM, and TEM images of the
Cpan and Cpya carbon spheres.

It is shown in Figure 2ab that uniform Cp,y carbon
nanospheres with the average diameter of 135 nm were
obtained, while the surface of these carbon nanospheres was
rough (Figure 2¢). In addition, the average diameter of Cpy,
carbon microspheres (700 nm) was much less than that of LS/
PNA composite microspheres (1.3 ym), and some fragments of
the Cpya carbon microspheres were also observed (Figure 2d).
These results showed the great shrinkage of LS/PNA
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composite microspheres and also indicated the destruction of
LS/PNA spheres happened in the carbonization process.

FTIR spectra of the Cpay and Cpy, carbon spheres were
shown in Figure Sla of the Supporting Information. The peaks
at about 3450 cm™' might be assigned to adsorbed water
because the —OH group and the presence of nitrogen in carbon
spheres would increase the hydrophilicity.">'* The peaks at
1600 cm™! were attributed to the stretching of quinoid."
However, the intensity of the peak at 1600 cm™" of the Cpuy
nanospheres was much stronger than that of the Cpy, carbon
microspheres, which was possibly strengthened by weak oxygen
containing functional groups (e.g., quinone groups). Moreover,
peaks with slight intensity at 1036 cm™" should be assigned to
S=O symmetric stretching of the sulfonic group on the
lignosulfonate chains, which would disappear with the carbon-
ization temperature increasing.18

Wide-angle X-ray diffractograms of the Cpyy and Cpyy
carbon spheres were investigated in Figure S1b of the
Supporting Information. There were two broad diffraction
peaks at around 25.4° and 43.5°, corresponding to (002) and
(100) planes of micrographites, respectively.”> The (002)
planes of two carbon spheres show similar intensity of
diffraction peaks. However, the intensity of the (100) plane
was varied. The intensity of the (100) plane of the Cpyy
nanospheres was higher than that of the Cpy, microspheres,
which signified that the crystallite growth of the Cpuy
nanospheres had a preferred orientation along the (100)
plane comparing to the Cpy, microspheres. In addition, the
(002) plane of the Cpy, microspheres had a trend moving
toward a bigger bragg angle. The distance between the (002)
planes, do,, was calculated using the Bragg equation (4 =
2dysinfyg,). The dygy of the Cpyy and Cpya carbon spheres
was 0.356 and 0.337 nm, respectively. These results revealed
that the crystallite growth of the Cpy, carbon microspheres was
much more than that of the Cp,y carbon nanospheres in the
carbonization process. This indicated the access for Li* ions
intercalation and deintercalation of the Cp,y carbon nano-
spheres was much bigger than that of Cpy, carbon micro-
spheres, which also signified that the electrochemical perform-
ance of Cpyy carbon nanospheres might be better than that of
Cpna carbon microspheres.
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Table 1 lists the elemental analysis data of the Cpay and Cpya
carbon spheres. It could be found that the content of carbon

Table 1. Elemental Analysis Data of Cpay and Cpy, Carbon
Spheres

element mass (%)

samples carbon nitrogen hydrogen
Coan 81.59 8.78 1.90
Cona 73.07 7.60 1.38

element of Cppy and Cpy, was of 81.59% and 73.07%,
respectively, while that in monomer was 77.42% and 79.34%,
respectively. This indicated that the Cp,y nanospheres probably
had more stable structures and thermal properties, whereas the
content of carbon element of the Cpy, microspheres had a
minor reduction.

In addition, the content of the nitrogen element of the Cp,y
and Cpy, carbon spheres was of 8.78% and 7.60%, respectively,
which was lower than the original nitrogen content in their
monomers. The loss of nitrogen content of the carbon spheres
was due to the release of nitrogen-containing small molecules
and remaining nitrogen formed as the functional groups on the
surface of carbon spheres. Therefore, it could be speculated that
the Cppy carbon nanospheres with the higher content of
nitrogen might possess better performance as the anode of
lithium ion batteries."®

Surface areas of the Cpyy and Cpya carbon spheres were
291.6 and 37.86 m> g™, respectively, which were investigated
using the Bruauer—Emmett—Teller (BET) equation. It was
found that the surface areas depended on the surface roughness
and diameters of the carbon spheres (Table 2).

Table 2. Characteristics of Pore Structures of the Cp,y and
Cpna Carbon Spheres

SQETH Dab icmc v, esod Vte
samples  (m*g™') (nm) (cm’ g71) (em’ g (eam’g™h)
Coan 291.6 4.48 0.13 0.19 0.32
Cona 37.86 2.79 0.0085 0.0175 0.026

“Specific surface area determined according to the BET equation.
bAdsorption average pore diameter (4 V/A by BET). “Volume of
micropores. “Volume of mesopores. “Total pore volume.

According to the morphologies of the Cpsy and Cpyy carbon
spheres in Figure 2, the carbon spheres with rougher surfaces
and smaller diameters had bigger surface areas. The total pore
volume was estimated from the amount adsorbed at a relative
pressure of 0.98. The average pore diameters of the Cpyy and
Cpna carbon spheres were 4.48 and 2.79 nm, respectively.
However, the micropores and mesopores of the Cpya
microspheres were significantly less than that of the Cpyy
carbon nanospheres. On the one hand, this was due to the
fewer surface areas of the Cpy, carbon microspheres. On the
other hand, the LS/PNA composite spheres would shrink
gradually in the carbonization process, and some micropores
and mesopores might disappear with the carbonization
temperature increasing.

The XPS spectra of the Cp,y and Cpy, carbon spheres were
demonstrated in Figure 3. The Cls spectrum of the Cpuy
carbon nanospheres had three distinct component peaks at
binding energy of 284.7, 286.3, and 288 eV, corresponding to
graphitic carbon, C—O and C—OH groups, and the carbonyl
group, respectively.”* However, the Cls spectra of the Cpya
carbon microspheres were lacking the peak at binding energy of
288 eV, indicating that there were few C=0 group in the Cpy,
carbon microspheres. This was most possibly because the
places for the formation of quinone oxygen were held or
prevented by the ethyl substituent in the N-position of poly(N-
ethylaniline). The Ols spectra of the Cpyy and Cpy, carbon
spheres had the same peak at the binding of 532.3 eV, which
was assisgned to hydroxyl (C—OH) and ether (C—O-C)
groups.” In addition, the Ols spectrum of the Cpay carbon
nanospheres showed a peak at the binding energy of 531.1 eV,
representing carbonyl and/or quinone groups (O-I) corre-
sponding to the Cls spectrum of the Cpay carbon nanospheres,
whereas the Ols spectra of the Cpy, carbon microspheres had
the peak at the binding of 534 eV, representing chemisorbed
oxygen and/or water (O—IV).>

As for N1s spectra, there were two equal peaks of the Cpyy
and Cpy, carbon spheres, including N-6 (pyridinic nitrogen,
398.7 + 0.3 eV) and N-Q_(quaternary nitrogen, 401.4 + 0.5
eV).”” The pyridinic nitrogen along with quinone oxygen were
reported as the most important functional groups affecting
energy storage performance.”® However, there was only the
Cpan carbon nanospheres possessing both such functional
groups, implying the Cp,y carbon nanospheres as the anodes
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Figure 3. X-ray photoelectron spectra of the Cpyy and Cpyp carbon spheres.
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for lithium ion batteries would have better performance than
that of the Cpy, carbon microspheres.

Electrochemical Performances. The charge/discharge
characteristics of the first cycle of the Cpay and Cpy, carbon
spheres at a current density of 100 mA g™' are illustrated in
Figure 4a.
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Figure 4. First cycle of charge/discharge profiles (a) and cycling
performances (b) of the Cp,y and Cpy, carbon spheres at a constant
current density of 100 mA g™. First cycle of charge/discharge profiles
(c) and cycling performances (d) of the Cpyy carbon spheres at a
constant current density of 60 and 200 mA g™'.

The first charge/discharge cycle curves of the Cp,y and Cpya
carbon spheres exhibited a discharge capacity of 1094 and 846
mAh g, respectively, and a charge capacity of 698 and 434
mAh g, respectively. The discharge capacity and Coulombic
efficiency of these carbon spheres at a current density of 100
mA ¢! in 20 cycles are displayed in Figure 4b. The first
Coulombic efficiency of the two samples was of 63.8% and
51.3%, respectively. From the second cycle, however, the
Coulombic efficiency went up to 94.1% and 94.3%, respectively.
With the cycling, the Coulombic efficiency almost reached
100%. After 20 cycles, the discharge capacity of the Cpyy and
Cpna carbon spheres was 431 and 271 mAh g™', respectively.
This indicated that the ethyl substituent had a profound effect
on the structures of the Cpy, carbon microspheres and
furthermore affected their discharge capacity after 20 cycles.

In order to investigate various charge/discharge rates of the
Cpan carbon nanospheres, the first cycle at a current density of
60 and 200 mA g~ ' are illustrated in Figure 4c, respectively.
Compared with a current density of 100 mA g™, the first
charge/discharge cycle curves of the Cpay carbon spheres at a
current density of 60 and 200 mA g~ exhibited a discharge

capacity of 1450 and 770 mAh g™/, respectively, and a charge
capacity of 707 and 446 mAh g~', respectively. The discharge
capacity and Coulombic efficiency of the Cp,y carbon spheres
at a current density of 60 and 200 mA g~ in 20 cycles are
displayed in Figure 4d. The first Coulombic efliciency of the
Cpan carbon spheres at a current density of 60 and 200 mA g™*
was of 61.9% and 66.6%, respectively. From the second cycle,
however, the Coulombic efficiency went up to 93.1% and 100%,
respectively. After 20 cycles, the discharge capacity of the Cpyy
carbon spheres at a current density of 60 and 200 mA g™ was
526 and 338 mAh g/, respectively. This indicated that charge/
discharge rates would significantly influence the charge/
discharge capacity of the Cp,y carbon spheres.

A possible mechanism of Li* intercalation and deintercalation
in the two carbon spheres with different amounts of micropores
and mesopores is discussed in Scheme 2. The procedure was as
follows. First, Li* ions intercalated into the micropores through
mesopores, for the micropores in the carbon spheres might act
as reservoirs for lithium storage, while the mesopores provided
an access to the transportation and diffusion of lithium ions.
Second, the most important functional groups, such as pyridinic
nitrogen and quinone oxygen, played important roles in
improving the specific capacity of anode materials.”®

The specific capacity of the Cpay and Cpyu carbon spheres as
anodes for lithium ion batteries depended on two main factors:
the structure of carbon spheres and surface functional groups.
The differences between the structures of the two types of
carbon spheres had much to do with that of their composite
spheres, which was due to the ethyl substituent effect.'®
Moreover, an ethyl substituent in the N-position of LS/PNA
composite spheres would hinder the acid/base reaction.”

Therefore, the intercalation/deintercalation of the lithium
ions in the Cpya carbon microspheres could be affected.
Between the two types carbon spheres, the Cp,y nanospheres
with larger surface areas possessed better electrochemical
performance, for a large surface area was beneficial to improve
capacity.®® Furthermore, the Cpyy carbon nanospheres had
different types of Cls and O1s comparing with the Cpy, carbon
microspheres according to the XPS analysis. It revealed that the
Cpan nanospheres contained more pyridinic nitrogen and
quinone oxygen functional groups, which was beneficial to
improve their electrochemical performance. In conclusion, the
Cpan carbon nanospheres had a better electrochemical
performance as anodes for lithium jon batteries than did
Cpna carbon microspheres.

15

B CONCLUSIONS

Nitrogen- and oxygen-containing Cpay and Cpy, carbon
micro/nanospheres were obtained by pyrolysis from two
lignin-based composite spheres at temperature of 700 °C.
The ethyl substituent had a significant effect on the structures
of LS/PNA composite and their carbon spheres because of the
steric and electronic effects of the alkyl substituents. The Cpyy

Scheme 2. Possible Mechanism of Li* Intercalation and Deintercalation for the Cp,y and Cpy, Carbon Spheres
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nanospheres possessed higher surface areas, more micropores
and mesopores, and more nitrogen- and oxygen-containing
functional groups. Therefore, the Cpsy carbon nanospheres
displayed better electrochemical performance in lithium ion
batteries than the Cpy, carbon microspheres. The first charge
capacity and discharge capacity of the Cpay nanospheres at a
current density of 60, 100, and 200 mA g_1 exhibited a
discharge capacity of 1450, 1094, and 770 mAh g,
respectively, and a charge capacity of 707, 698, and 446 mAh
g~!, respectively. Furthermore, they still owned a high discharge
capacity at a current density of 60, 100, and 200 mA g~ of 526,
431, and 338 mAh g, respectively, after 20 cycles, having a
trend to keep constant specific capacitance. These results
showed the low-cost Cp,y carbon nanospheres prepared from
lignin-based composite spheres have a potential application as
an anode material for high performance lithium ion batteries.
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