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characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, element analysis (EA), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/discharge test. The results obtained from SEM,
TEM, XRD, FTIR, and EA indicate that the prepared sample has a well-interconnected pore structure witha

Ilflei‘é/x(r)gﬁsiéal porous carbon pore size of 170 nm and has an oxygen content of 3.3 + 0.2 wt.%. The low oxygen content of the prepared

Anode sample can be ascribed to the low decomposition temperature of the template that was determined

Rate performance by thermal analysis. EIS shows that the prepared sample has lower electrochemical impedance for the

Lithium ion battery lithium insertion/de-insertion than commercial natural graphite and charge/discharge tests show that
the battery using the prepared sample as anode exhibits better rate performance than that using the
graphite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction lithium ion diffusion in carbon matrix, which are the main fac-
tors that determine the rate performance of lithium ion batteries

To meet the demand for the reduction of carbon emission, elec- (1 1,1_2]. ) ) )
tric vehicles (EVs) need to be developed. The successful application Different hlerarchlcal _porous car.bon materials  have
of EVs depends to a great extent on the power and energy densi- ~ been synthesized by using inorganic or polymer tem-
ties of power sources. Lithium ion battery (LIB) is believed to be ~ Plates, such as aluminophosphate [13], aluminosilicate [14],
the best power source for EVs in near further, because it has the ~ Poly(methylmethacrylate) (PMMA) [15]. In the synthesis of hierar-
largest energy density among all the commercial secondary batter- chical porous carbop by using imnorganic templates, the preparation
ies [1-8]. Present commercial lithium ion batteries use graphite as and the remqval ofm.o.rgamc templates are complex: For examplg,
anode materials, which have many advantages including cheapcost ~ the preparation of silica templates needs calcination and their
and eco-friendliness. However, the poor rate performance of LIBs ~ 'émoval needs etching by NaOH. Comparatively, the application
using graphite materials yields low power density. Therefore, many of polymer templates is simple. The preparation aqd the re{n.oval
researches are focused on the development of new carbon mate- of polymer templates proceed usually under mild conditions.
rials that have fast kinetics of lithium ion insertion/de-insertion ~ Most importantly, the polymer templates can serve as the part of
[9-12]. Among these carbon materials, hierarchical porous car- carbon sources .m the .bulldup of the hierarchical porou; carbon.
bon is effective for the improvement in kinetics of lithium ion However, the h1erarc.h1cal porous carbon prepared bY using poly-
insertion/de-insertion because it provides large surface as well as mer'templaFes contains large amount of oxygen, Whld} Increases
uniform pore structure. The hierarchical pores provide carbon with the irreversible capacity loss of carbon electrodes in lithium ion

large surface for the electron transfer reaction and short way for ~ battery due to the formation of inactive lithium oxide [15-18]. It
has been reported that monolithic macroporous carbon prepared

using close-packed PMMA spheres as template has an oxygen
T Comesmond N ool of Ch q o ch content of 8.0+ 0.6 wt.% [15].
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exhibits excellent rate and cycle performance when used as anode
of lithium ion battery.

2. Experimental
2.1. Preparation of hierarchical porous carbon

Noncross-linked and monodisperse PS spheres were synthe-
sized according to the reported procedure [19]. The corresponding
reaction is:

H H
O
M)

Styrene was purified with 0.1 M NaOH three times and then
with deionised water three times. The purified styrene (26 mL) and
1.25 wt.% sodium persulfate solution (40 mL) were added succes-
sively into a mixed solution of 200 mL deionised water and 1.8 g
polyvinylpyrrolidone (PVP) at 70 °C and under stirring in N, atmo-
sphere. The reaction proceeded at 70°C for 24 h and PS spheres
were obtained by centrifugalizing the resulting mixture.

Porous carbon was prepared as follows: 12 mmol resorcinol and
24 mmol formaldehyde were mixed with 1.92 mL water, 0.06 mmol
sodium carbonate (as catalyst) and 2 g PS spheres at room temper-
ature under gentle stirring for 30 min. Then the PS spheres were
separated from the mixture by filtration and dried at 85°C in vac-
uum for three days, resulting in a close-packed structure with its
space full of resorcinol-formaldehyde (RF) gel. The resulting gel was
carbonized at 900°C for 2 h under an Ar atmosphere. The involved
reactions are:

HO OH

OH
n h2
+ NHCHO ———> —+
n
HO

OH

Carbonization

H2
T,

Y

Ar flow
HO

All the chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd. and used without further purification except for
styrene.

2.2. Characterization

The crystal structure of the prepared sample was character-
ized by X-ray diffraction (XRD, Rigaku D/MAX-RC, Japan) with
CuKa radiation (k=1.54178A) at 30.0kV and 20 mA. The scat-
tering angle range used in the measurements was from 10° to
70°. The morphology of the prepared sample was observed with
scanning electron microscopy (SEM, JEOL, JSM-6380LV, Japan) and
transmission electron microscopy (TEM, JEOL, JEM-2010HR, Japan).
Elemental contents of the sample were analyzed on VarioEL III
(Germany). Fourier transform infrared (FTIR) spectra was obtained
with a PerkinElmer instrument (USA) using KBr pellet technique.
Thermal analysis (TG-DSC) was carried out on NETZSCH STA 409C
thermal analyzer (Germany), in which the sample was heated in
alumina crucible under N5 flow to 900°C at 4°Cmin~'. The N,-
sorption isotherm curve was recorded at 77K on Micromeritics

ASAP 2020 instrument (USA). Specific surface areas were calcu-
lated by the Brunauer-Emmett-Teller (BET) method, pore sizes
and volumes were estimated from pore size distribution from the
desorption branch of the isotherm.

2.3. Electrode preparation and performance determination

80wt.% prepared carbon sample as active material, 10 wt.%
acetylene black as conducting agent and 10 wt.% polyvinylidene
fluoride (PVDF) as binder were mixed using N-methylpyrrolidone
(NMP) as solvent. Electrode film was prepared by coating the mix-
ture on copper foil and dried successively inairat 85 °Cfor2 hand in
avacuumovenat 130 °Cfor 4 h. For acomparison, commercial natu-
ral graphite with the average diameter of 27 um (Superior Graphite
Company)was also used as active material to prepare electrode film
under the same conditions. The unit weights of active materials in
both electrode films were about 7 + 0.2 mgcm~2.

Electrochemical measurements were carried out by using a
coin-type test cell (CR2032), where carbon sample was used as
anode, Li metal foil was used as cathode, 1 M LiPFg in EC:DMC:EMC
(1:1:1 in volume) was used as electrolyte, and Celgard 2400
membrane was used as separator. The assembly of the cell was con-
ducted in an Ar-filled glove box (Mikrouna, Super 1220/750/900).
The assembled cells were aged overnight before test. Electrochem-
ical impedance spectroscopic (EIS) measurements were conducted
on PGSTAT 30 (Autolab) controlled by FRA software, the frequencies
were from 10 mHz to 100 kHz with an amplitude of 5 mV. Galvano-
static charge/discharge tests were performed on Land CT 2001A
(China) with different current densities at the potentials between
0.01 and 2V (vs. Li*/Li).

+nH20

(2)

4nC + nCH4 + 2nCO + nH,

3. Results and discussion

Fig. 1 presents the SEM and TEM images of the prepared carbon
sample. The SEM image (Fig. 1a) shows a porous structure with the
pore size of about 170 nm in diameter and small holes of 20-30 nm
on the pore. The TEM image (Fig. 1b) shows the different brightness
of circles and their overlapped shape. The circles have the same
diameter as the pore of 170 nm observed by SEM, confirming that
spherical pores in the sample were successfully formed. The differ-
ent brightness of the circles indicates that the pores in the sample
are in different layers and the overlapped shapes indicate that the
pores are interconnected with neighboring pores, which forms the
small holes of 20-30 nm. Therefore, the prepared sample is a hier-
archical porous carbon, which has ordered and interconnected pore
structure.

Element analysis was carried out to determine the composi-
tion of the prepared carbon sample. The obtained results are (in
wt.%): C (87.34+0.1), H (1.1+0.1), N (1.44+0.1), O (3.3+£0.2), S
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Fig. 1. SEM (a) and TEM (b) images of the prepared carbon sample.

(0.7+£0.1). It can be known from the element analysis that the
prepared sample consists mainly of carbon with small amount of
oxygen, nitrogen, hydrogen, and sulfur. The sulfur might be the
residues from sodium persulfate used in polymerization prepara-
tion of PS sphere and the nitrogen might be from the adsorption
of N in air during the sample transfer. The estimated oxygen con-
tent in the hierarchical porous carbon is 3.3 +£0.2 wt.%, which is
much lower than that in other porous carbon materials [20]. Porous
carbon materials contain usually large amount of oxygen, which
comes from the precursor of carbon sources. For example, the car-
bon synthesized by using RF resin as carbon source contains an
oxygen content of 6.84 wt.% [20]. Especially, the hierarchical porous
carbon synthesized by using RF resin as carbon source and using
PMMA as template contains an oxygen content of 8.0+ 0.6 wt.%
[15]. Such a large oxygen content can be ascribed to the use of
PMMA ((C50,Hg),) template that contains oxygen and has a high
decomposition temperature. The template as the pore former of
porous carbon sample functions also as carbon source and its high
decomposition temperature affects the escaping of the oxygen in
itself and the precursor. The higher decomposition temperature
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Fig. 2. XRD patterns of the prepared hierarchical porous carbon.

will block the escaping of oxygen, resulting in the higher oxygen
content in the carbon sample. In this work, we used PS as template,
which does not contain any oxygen and has lower decomposition
temperature. Thus, we provide a method for the hierarchical porous
carbon with low content of oxygen. It has been reported that the
higher oxygen contentin carbon samples yields a larger irreversible
capacity loss as anode of lithium ion battery due to the formation of
inactive lithium oxide [16,17]. Furthermore, it can be understood
that the inactive lithium oxide will impede the charge transfer pro-
cess of the lithium insertion/de-insertion reaction and thus reduce
the rate performance of the sample. Therefore, it can be expected
that our hierarchical porous carbon has better rate performance as
anode of lithium ion battery.

Fig. 2 presents the XRD pattern of the prepared hierarchical
porous carbon. It can be seen from Fig. 2 that there are two broad
diffraction peaks at ca 22° and 44°, corresponding to the (002) and
(100) reflections of carbon, respectively, which suggests that the
sample is predominantly made up of single-layer carbon sheets that
are not stacked in a parallel fashion. Therefore, there must be small
pores or voids between the carbon sheets [15,21].

Fig. 3 presents the FTIR spectra of the precursor (PS spheres
with RF resin) and the prepared hierarchical porous carbon. As
shown in Fig. 3a, the absorption peak at 3228 cm~! of the precur-
sor corresponds to the stretching vibration of O-H, which can be
ascribed to the hydroxyl group in resorcinol. Four characteristic
peaks of the phenyl ring in PS template can be found from 1600
to 1450 cm~". Sharp peaks at 3021 cm~! and 754, 695 cm™~! corre-
spond to the stretching vibration and bending vibration of C-H in
the phenyl ring. The -CH;- bending vibration in PS can be found at
the peaks around 1470 cm~'. The absorption band at 1603 cm~! is
assigned to the stretching vibrations of aromatic ring. The peaks at
1093 cm~! and 1220 cm~! associated with C-O-C stretching vibra-
tions of methylene ether bridges between resorcinol molecules
[22,23]. Thus PS and RF resin exist in the precursor [24].

In the hierarchical porous carbon, as shown in Fig. 3b, there
are the bending vibrations of ester group at 1192cm~! in phe-
nolic materials, aliphatic C-H at 1380cm~!, and aromatic -CH at
1593 cm™!, but the typical peaks of PS cannot be observed. This
indicates that there is some residue of RF resin but all the PS is
pyrolyzed. The absorption peak at 3421 cm~! corresponds to the
stretching vibration of O-H in water molecules [25]. The water may
be adsorbed on the sample during transferring sample in the air for
the FTIR determination.

The conversion of PS and RF into carbon can be observed from
the weight losses of the precursor upon pyrolysis, as shown in Fig. 4.
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Fig.3. FTIRspectraofthe precursor (resorcinol-formaldehyde resin and polystyrene
spheres) (a) and the hierarchical porous carbon (b).

There is a loss of about 80% mass when the pyrolysis tempera-
ture is higher than 800°C. Three major weight losses of different
extent in the temperature range of 25-900 °C can be observed. The
first weight loss at 25-375°C is mainly due to the desorption of
physisorbed water and evolution of byproducts from cross-linking
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Fig. 4. TG/DSC curves of the precursor (resorcinol-formaldehyde resin and
polystyrene spheres) for the synthesis of hierarchical porous carbon. The arrows
show the corresponding coordinate axes of the curves.
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Fig. 5. Nitrogen adsorption isotherm and BJH pore size distribution (inset) for the
hierarchical porous carbon. The arrows show the change directions of pressure.

reactions of RF resin preparation, showing the endothermic peak at
65°C and the exothermic peak at 375°C in DSC curve. The second
weight loss at 375-450°C can be attributed to the decomposi-
tion of PS, which is accompanied by a large endothermic peak of
at 440°C in DSC curve [26], which indicates that the decomposi-
tion temperature of PS is lower than 450 °C. The third weight loss
at 450-900°C can be attributed to the decomposition of RF resin
and the formation of gas CH4, Hy, and CO, corresponding to the
endothermic peak of at 600°C and exothermic peak of at 800°C
in DSC curve [20], which suggests that the decomposition of RF
resin involves a slow reaction process and confirms the residue
of the RF observed in Fig. 3b. It is clear that PS can be converted
into carbon more easily than the RF resin and the PMMA whose
decomposition temperature is 625°C [27]. The lower decomposi-
tion temperature of template favors the escaping of the oxygen in
RF, because the RF is covered by the template. The effect of the
template explains why the hierarchical porous carbon prepared by
using PS as template has lower oxygen content than those pre-
pared by using other templates. Therefore, PS is a good template
for the preparation of hierarchical porous carbon with low oxygen
content.

Fig. 5 presents the adsorption/desorption isotherm of the hier-
archical porous carbon along with its pore size distribution derived
from the desorption branch of the isotherm. The adsorption belongs
to a type-II isotherm that is characteristic of macroporous solid
materials. This is consistent with the pore size (170nm) of the
hierarchical porous carbon. From the BJH curve, it can be seen that
there are two kinds of mesopores in the hierarchical porous carbon,
3nm and 20nm in average, respectively. The mesopores of 3 nm
can be ascribed to the randomly arranged carbon sheets that are
not stacked in parallel, as indicated in XRD pattern of Fig. 2. While
the mesopores of 20 nm can be ascribed to the holes (20-30nm)
resulted from the overlapping of the neighboring pores in the hier-
archical porous carbon, as shown in Fig. 1. The surface area that the
mesopores contribute to, determined from the (s plot, is about
62m2g-' [28,29]. However, the Brunauer-Emmett-Teller (BET)
specific surface area, calculated from the Nj-adsorption data, is
254m?2 g1, Therefore, the specific surface area of the hierarchical
porous carbon mainly results from its macropores (170 nm) that
are formed by PS spheres.

Fig. 6 presents the charge/discharge profiles of the hierarchical
porous carbon at a current density of 18.6 mAg~1, with a compari-
son of commercial natural graphite. In the first cycle, the charge and
discharge capacity is 716 and 277.9mAhg-! for the hierarchical
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Fig. 6. Charge/discharge profiles of the hierarchical porous carbon (a) and the com-
mercial natural graphite (b) at a current density of 18.6 mAg-'.

porous carbon, while 413.4 and 329.5mAhg-! for the commer-
cial natural graphite, respectively. The hierarchical porous carbon
shows a larger irreversible capacity loss than the commercial nat-
ural graphite, as reported by other researchers [16,17,20]. The
hierarchical porous carbon has a large surface area due to its porous
structure, which needs a large amount of electrical quantity to
form the solid state interphase during charge, and the existence of
oxygen needs electrical quantity for the formation of the inactive
lithium oxdie, resulting in the larger irreversible capacity loss of the
hierarchical porous carbon than the commercial natural graphite.
Fig. 7 presents the rate and cycle performance of the hierar-
chical porous carbon in comparison with the commercial natural
graphite. The specific currents used were 18.6 mAg-1,37.2mAg !,
74.4mAg-1, and 167.4mAg-1. The specific current densities were
based on the same mass for the electrode preparation. When a spe-
cific current of 18.6 mAg-! is applied to the hierarchical porous
carbon electrode, a specific discharge capacity of 277.9 mAhg!
is obtained. The specific capacity decreases with increasing the
charge/discharge current. At 167.4mAg-1, the specific capacity
decreases to 50% of the capacity at 18.6 mA g~'. Compared with the
commercial natural graphite, the hierarchical porous carbon shows
a better rate performance. It can be noted that the capacity loss of
the hierarchical porous carbon can be neglected when cycling at
different rates. For example, the capacity is 193.7 mAhg~! for the
firstcycleand remains 191.9 mAh g1 after 20 cyclesat 74.4mAg-1,
as shown in Fig. 8a. Additionally, after 20 cycles at each rate the
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Fig.7. Cyclic performance of hierarchical porous carbon and the commercial natural
graphite at different charge/discharge current densities.

capacity of the hierarchical porous carbon can be restored to about
273mAhg-! at 18.6mAg-! (data not shown). This indicates that
the hierarchical porous carbon also has good cycle performance.
The large surface area and low oxygen content of the hierarchical
porous carbon contribute to its good rate performance and its good
structure with the pores distributing uniformly contributes to its
good cycle performance.

The interconnected pores of the hierarchical porous carbon pro-
vide fast paths for lithium ion transportation in materials and large
surface for the charge transfer of lithium insertion/de-insertion
reaction, which are the important factors for rate performance. The
fast kinetics of lithium ion insertion/de-insertion can be confirmed
by the results obtained from electrochemical impedance measure-
ments. Fig. 8 presents the Nyquist plots of the cells at open-circuit
voltage and the equivalent circuit representing the lithium ion
insertion/de-insertion process. In the equivalent circuit, Rs is the
ohmic resistance of the electrolyte and the current collector, Qq is
the surface film capacitance (C¢), Ry is the resistance for Li* migra-
tion through the surface film, Q, is the double-layer capacitance
(Ca1), Ret is the charge-transfer resistance at the bulk-electrolyte
interface. Zyy is related to Li* diffusion in the inserted materials, and
Cine is related to insertion capacitance reflecting the occupation of
Li* into the inserted sites [30-32]. It can be seen from Fig. 8 that the
experimental data (dots) can be well fitted by the equivalent circuit
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Fig. 8. Nyquist plots of the hierarchical porous carbon and the commercial natural
graphite electrodes at open-circuit voltage.
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(the solid lines represent the fitted results). The resistance (Rct + Rf)
obtained from fitting by the equivalent circuit, which determines
the charge transfer process of lithium ion insertion/de-insertion
reaction, is 346 and 546 €2 for the hierarchical porous carbon and
the commercial nature graphite, respectively. The lower resistance
(Rct + Rf) confirms that the hierarchical porous carbon has a faster
charge transfer process. As shown in Fig. 8, the hierarchical porous
carbon has far lower diffusion impedance (Z,y) than the commercial
natural graphite, which is certainly ascribed to the porous structure
of the hierarchical porous carbon. The pore-interconnected frame-
work of the hierarchical porous carbon provides the paths for the
easy accessibility of electrolytes and the fast diffusion of lithium
ions. The faster charge transfer process of lithium insertion/de-
insertion reaction and the faster diffusion of lithium ions contribute
to the better rate performance of the hierarchical porous carbon
than the commercial natural graphite as anode of lithium ion bat-
tery.

4. Conclusions

We reported a new method for the preparation of hierarchi-
cal porous carbon with low oxygen content. With polystyrene
spheres used as template for the pore formation, the pre-
pared hierarchical carbon with low oxygen content can be
obtained because polystyrene does not contain any oxygen and
has low decomposition temperature. The prepared hierarchical
porous carbon has low electrochemical impedance for lithium
insertion/de-insertion and thus exhibits better rate performances
than commercial natural graphite as anode material for lithium ion
battery.
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