Pure Appl. Chem., Vol. 82, No. 11, pp. 2157-2165, 2010.
doi:10.1351/PAC-CON-09-11-35
© 2010 IUPAC, Publication date (Web): 3 August 2010

Pyrolytic carbons from acid/base-treated rice
husk as lithium-insertion anode materials*

George Ting-Kuo Fey'#, Yung-Da Cho', Chung-Lai Chen?,
Yu-Yen Lin', T. Prem Kumar2, and Shih-Hung Chan3

Department of Chemical and Materials Engineering, National Central University,
Chung-Li 32054, Taiwan; 2Central Electrochemical Research Institute, Karaikudi
630 006, Tamil Nadu, India; 3Fuel Cell Center, Yuan Ze University, No. 135,
Yuandong Road, Chung-Li, Taoyuan 32003, Taiwan

Abstract: The effects of hydrochloric acid and sodium hydroxide as leachants on the lithium-
insertion properties of pyrolytic carbons prepared from rice husk are presented. All the dis-
ordered carbonaceous products had interlayer spacings (dyyy,) of more than 3.7 A, with val-
ues decreasing with an increase in the concentration of the leachant. The values of the H/C
ratio and the R-parameter, the reciprocal of which is a measure of the number of non-paral-
lel single layers of carbon, also diminished with an increase in the concentration of NaOH.
An increase in the alkali concentration was found to improve the porosity of the carbons, as
evidenced by the Brunauer—-Emmett—Teller (BET) surface area data. An interaction of these
factors determines the observed capacities of the carbon products. The highest insertion and
deinsertion capacities were observed with the carbon obtained from rice husk treated with
0.3 M NaOH, the values being 819 and 463 mAh/g, respectively.

Keywords: anode materials; carbon; lithium-ion batteries; rice husk leaching; rice husk pyrol-
ysis.

INTRODUCTION

Buoyed by successive improvements in the safety and performance of carbon anode-based lithium-ion
batteries, more attention is being focused worldwide on developing novel carbonaceous materials and
other nanostructured anode materials [1-3] with superior characteristics. Of particular interest are dis-
ordered carbons, prepared by the pyrolysis of organic precursors that are able to store large amounts of
lithium, typically more than 400 mAh g! [4-8]. The high lithium capacities of these carbons have been
attributed to crystallographic disorder and hydrogen content. Such carbonaceous materials are gener-
ally obtained by the pyrolysis of organic precursors at temperatures between 600 and 1000 °C. Natural
biomass materials such as rice husk [9], cotton [10], wood [11], peanut kernel [12], walnut and almond
shells [13], and sugar [14—17] have been exploited as precursors for the production of pyrolytic carbons.
Pyrolytic carbons with different electrochemical characteristics can be obtained by varying the nature
of the precursor and the pyrolysis conditions. The resulting macromolecular structure of these dis-
ordered carbons is maintained during heat treatment and only loses small molecules by degradation and
develops even more cross-linking so that fusion cannot take place. The loss of small molecules and the
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retention of the complex macromolecular structure lead to high microporosity, with surface areas in the
order of 1000 m2 g1,

Carbon prepared at low temperatures is amorphous or disordered, consisting of graphitic crystal-
lites and disordered areas with large internal pore volume and surface area. Several models have been
proposed to describe its structure [18-21]. The mechanisms of lithium storage in these carbons have
been reviewed [22]. The graphitic crystallite areas are a few orderly stacked graphene molecules that
can store lithium like graphite, while the disordered areas include micropores, tetrahedral carbon atoms,
carbon chains, etc., which are also a part of graphene molecules. As a result, the greater the graphitic
crystallite areas, the higher the discharge capacity. Around the micropores, there are imperfect carbon
structures, including carbon radicals that present an electron paramagnetic resonance (EPR) response
[22-25]. When lithium intercalates into graphite or crystallites, the intensity of the EPR signal will
increase due to the spin-orbit interaction between G-spin of the intercalated lithium and m-electrons in
the grapheme molecule [22]. The complicated macromolecular structures of disordered carbons with
high surface area, high microporosity, and hydrogen content result in high lithium capacities of these
carbons.

Despite the advantage of high lithium capacity, the disordered carbons suffer from a significant
loss in initial capacity. The irreversible capacity of graphitic carbons is mainly due to passivation and
exfoliation [26]. The passivation of graphitic carbons related to the electrochemically active surface
area is derived from electrolyte instability, which causes a layer of lithium compounds to form at a low
potential (about 0.8 V vs. Li*/Li), with an irreversible capacity loss of less than 50 mAh g~! [26]. The
exfoliation of graphitic carbons related to the rhombohedral phase content is attributed to the intercala-
tion of solvated lithium ions between graphene sheets before passivating layer formation is complete,
resulting in an irreversible capacity loss up to 1000 mAh g~! [26]. The loss of irreversible capacity in
the low-voltage plateau region is related to water adsorption on the surface of the carbon, as evidenced
by the ethylene surface treatment [27] and dewatering temperature experiments [28]. Lithium insertion
in carbons prepared from organic precursors heated from 500 to 1100 °C often showed large hysteresis
[29,30]. This phenomenon was the result of interaction between the inserted lithium atoms with neigh-
boring hydrogen-terminated edges of hexagonal carbon fragments, causing a change in the bond from
sp? to sp3. The level of hysteresis seemed to be proportional to the hydrogen content of the carbon sam-
ples [31]. Carbons pyrolyzed below 800 °C contained substantial hydrogen (H/C atomic ratio > 0.1),
whereas carbons heat-treated to near 1000 °C contained much less hydrogen (H/C atomic ratio < 0.05)
[29].

The surface and structural characteristics of carbon electrodes affect the kinetics and reversibility
of the electrochemical processes. Taking this into consideration, carbon materials have been subjected
to a variety of physical and chemical treatments, effecting changes in the surface functional groups,
morphology, and even crystallographic parameters. Chemical activation is a well-known method for
preparing activated carbons because it can use lower temperatures for pyrolysis, obtain very high sur-
face area and micropore volume particles, and produce a much higher yield than physical activation.
The generation of pores in these materials is dictated by the nature of the precursor and the chemical
etching agent. The etching process removes carbon atoms to open up closed pores and enlarge existing
ones. In an earlier communication [9], we presented our results on the lithium-insertion properties of
rice husk-derived carbons. We showed that these disordered carbons maintained good reversibility upon
repeated cycling, the first- and fifth-cycle deinsertion capacities being 1055 and 1051 mAh g~!, respec-
tively [9]. In this paper, we report the structural and lithium-insertion properties of carbons derived by
the carbonization of HCI/NaOH-treated rice husk.

EXPERIMENTAL

Rice husk from a local source was thoroughly washed and dried. The dried husk was refluxed with an
excess of 1.0, 3.0, or 6.0 M HCl for 1 h, cooled to room temperature, washed free of acid with distilled
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water, and dried. A known weight of the refluxed and dried husk was heated in a quartz tube reactor in
flowing argon at 150 °C for 1 h (heating rate: 10 °C/min), followed by a 1-h calcination at 700 °C (heat-
ing rate: 5 °C/min). The carbon product was ground to a fine powder. The yield of carbon obtained by
the HCI treatment was 44 %. The pyrolysis temperature was fixed at 700 °C based on our earlier stud-
ies [9]. Treatment with NaOH was carried out as follows. Cleaned and dried rice husk was refluxed with
an excess of NaOH (0.01, 0.1, 0.3, 4.0, and 9.0 M) for 1 h, after which it was treated with 3.0 M HCI
and carbonized according to the acid-treatment procedure described above. The carbon yield in this case
was 26 %. The carbons in this study are designated C-H-X or C-N-X, where H and N stand for HCI and
NaOH treatment, respectively, and the X for the molarity of the leachant solution.

Elemental analysis was carried out on a Perkin Elmer CHN 2400 elemental analyzer. Powder
X-ray diffractometry was performed (Siemens D 5000 MacScience MXP 18 X-ray diffractometer) with
nickel-filtered Cu K, radiation. The data were collected between scattering angles (26) of 5° and 80° in
steps of 0.05°. BET surface area measurements were carried out on a Micrometrics ASAP 2010 surface
area analyzer. Coin cells of the 2032 configuration were assembled as described earlier [9].
Galvanostatic charge—discharge profiles were recorded between 3.000 and 0.005 V at a 0.1 C-rate on a
Maccor Series 4000 multi-channel battery tester.

RESULTS AND DISCUSSION
Structural and elemental analyses

Effect of HCI treatment

Refluxing rice husk with HCI results in the reduction of cellulose, which forms the main body of the
husk [32]. Simultaneously, the proteins in the rice husk are broken into amino acids, and the cellulose
with large molecular weight is leached out as low-molecular-weight compounds [33]. The result is a
porous, high-purity product, which is carbonized after pyrolysis, with an attendant loss of H,O, CO,,
and CH,. The evolution of gases results in a further development of porosity. For example, the surface
area of the C-H-3.0 was 277 m?2 g‘1 [9].

The X-ray diffraction patterns recorded for the carbon materials prepared with different concen-
trations of HCI are shown in Fig. 1. The diffraction patterns show broad, but weak (002) reflections,
indicating their disordered nature. The (002) reflections indicate small islands of coherent and parallel
stacked graphene sheets. It is known that pyrolytic carbons prepared at temperatures below 1000 °C
have a high degree of turbostratic disorder, with a random stacking of hexagonal graphene layers and
unorganized carbons [34,35]. The unorganized carbons are comprised of tetrahedrally bonded carbons
or highly buckled graphene sheets placed between turbostratic structural regions. The average layer
spacing, d,, was found to be consistently higher than the 3.345 A observed in perfectly ggaphitic
structures (Table 1). The inter-layer spacing was found to be the greatest for C-H-3.0 (3.964 A). It is
suggested that a HCI concentration of 3.0 M was optimal for the leaching process.

Table 1 Crystallographic parameters, elemental analytical data, and surface areas of
carbons derived from HCI-derived rice husk.

HCI Conc. dyp R-parameter Composition (wt %) H/C Surface area
™) A) C H N (m?> g™
1.0 3.938 2.54 51.03 1.83 046 043 201

3.0 3.964 2.02 47.12 1.88 1.03 048 277

6.0 3.717 2.58 50.33 1.82 028 043 173
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Fig. 1 X-ray diffraction patterns of pyrolytic carbons derived from HCI-derived rice husk.

Rice husk is rich in Si0,, as can be seen from the high content (87-97 %) of silica in the ash
obtained after burn-off [36]. Krishnarao and Mahajan [32], who studied the effect of HCI treatment
prior to the pyrolysis of rice husk, reported that above 1300 °C, the formation of SiC whiskers was a
dominant process. Although the pyrolysis process is accompanied by graphitization of the carbon
matrix, crystallization of amorphous silica and generation of SiC [37], our pyrolysis temperature
(700 °C) was too low to generate crystalline SiO, or SiC detectable by X-ray diffraction.

Dahn et al. [38,39], who investigated the electrochemical insertion of lithium into disordered car-
bons, established a correlation between the electrochemical behavior and a derived parameter called the
R-parameter, defined as the ratio of the intensity of the (002) X-ray diffraction peak to that of the dif-
fuse background. The reciprocal of this parameter is a semi-quantitative measure of the number of car-
bon atoms present in unorganized graphene layers in the carbon sample. The R-parameters calculated
for the carbon samples derived from acid-leached rice husk are listed in Table 1. It can be seen that the
R-parameter is the lowest for C-H-3.0. The low value indicates that the number of unorganized
graphene layers was high for this product. In other words, this carbon had the smallest parallel stack-
ing of graphene sheets among the three carbons studied. Together with the fact that the d,, value for
this carbon was the highest, this indicates that the concentration of the leachant has a definite effect on
the product characteristics.

Pyrolytic carbons prepared at temperatures below 1000 °C are known to retain small amounts of
heteroatoms such as hydrogen, oxygen, and nitrogen present in the precursor molecule [40]. The H/C
ratio of the C-H-3.0 carbon was 0.48, which is rather large (Table 1). The hydrogen content has a direct
impact on the lithium-insertion behavior of the carbon. The unaccounted part of the pyrolysis products
is ascribed to oxygen, present in carbons as oxygen-containing functional groups.

Effect of NaOH treatment
NaOH as a chemical agent for pore generation in carbonaceous materials is scarcely found in the liter-
ature [41-44] despite its apparent advantages over the commonly employed KOH, which is expensive
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and more corrosive. In this study, NaOH was used for the treatment of the husk prior to carbonization,
so that the precursor material was already porous. The NaOH treatment should result in leaching away
silica from the husk, with the production of sodium silicate. In the subsequent calcination step, the
evolving gases develop the carbonization product into a porous matrix. From Table 2, it can be seen that
the surface areas of C-N-0.01 and C-N-0.1 were 253 and 267 m? g~!, which are comparable to the areas
of the products obtained by HCI treatment alone. However, there was a remarkable increase in the sur-
face area when the NaOH concentration was increased to 0.3, 4.0, and 9.0 M (Table 2). The increased

porosity in the latter cases can be attributed to the vigorous leaching reaction at the higher alkali con-
centrations.

Table 2 Crystallographic parameters, elemental analytical data, and surface areas of
carbons derived from NaOH-derived rice husk.

NaOH Conc.  dy, R-parameter Composition (wt %) H/C Surface area
™) A) C H N (m* g™
0.01 3.982 2.46 5325 203 082 046 253

0.1 3.855 1.96 54.16 207 088 046 267

0.3 3.813 1.88 8756 250 1.18 0.34 371

4.0 3.803 1.86 8695 222 074 032 404

9.0 3.786 1.96 86.45 230 074 031 426

Figure 2 shows the X-ray diffraction patterns of carbons prepared by the pyrolysis of NaOH-
treated rice husk. The diffraction patterns show weak (002) reflections that indicate their disordered
nature, although the intensities are lower than those for carbons derived from HCI-treated rice husk. The
reduced intensities may be the result of the finely divided nature of the former carbons, as well as the
large number of single layers of carbon in them. The larger number of single-layer carbons is reflected
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Fig. 2 X-ray diffraction patterns of pyrolytic carbons derived from NaOH-derived rice husk.
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in the lower values for the R-parameter (Table 2) compared to those for the carbons derived from acid-
treated rice husk (Table 1). It can also be seen that the R-parameter decreased with NaOH concentra-
tion, although it slightly increased when the concentration was raised to 9.0 M. Thus, in general, the
number of unparallel single layers of carbon increases with the alkali concentration.

The average layer spacing decreased with an increase in alkali concentration (Table 2). Although
the decrease in the inter-layer spacing with NaOH concentration indicated the formation of a more
graphitic material, the R-parameter values indicated a more disordered nature. It is possible that the
increased ordering of the layers is partially camouflaged by the increased porosity of the carbons, as
reflected in their surface areas. The enhanced graphitization of the products was also seen in the
increased amount of carbon in the products and lower H/C ratio as NaOH concentration was increased.

Charge—discharge studies

The charge—discharge behavior of the carbons derived from HCl-treated rice husk over the first 10
cycles is presented in Fig. 3. The first-cycle lithium-insertion and -deinsertion capacities were, respec-
tively, 524 and 291 mAh g~! (C-H-1.0); 691 and 320 mAh g~! (C-H-3.0); and 428 and 168 mAh g!
(C-H-6.0). The corresponding irreversible capacities were 58, 54, and 61 %. However, the capacities
fell drastically as the cycling continued. For example, the 10t-cycle deinsertion capacities of C-H-1.0,
C-H-3.0, and C-H-6.0 were 183, 279, and 128 mAh g‘l, respectively. However, it must be noted that
the coulombic efficiencies for the respective carbons improved from 42, 46, and 39 % in the first cycle
to 98, 97, and 98 % in the 10t cycle. A comparison of the first-cycle capacities with the values of the
R-parameter shows that they have an inverse linear relationship: the lower the R value, the higher the
capacity.
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Fig. 3 Cycling behavior of carbons derived from HCl-treated rice husk.
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The cycling behavior of the carbons derived from rice husk treated with NaOH is depicted in
Fig. 4. The first-cycle insertion and deinsertion capacities of these carbons were, respectively, 314 and
131 mAh g1 (C-N-0.01); 444 and 165 mAh g~ (C-N-0.1); 819 and 463 mAh g~! (C-N-0.3); 571 and
354 mAh g‘1 (C-N-4.0); and 390 and 169 mAh g~! (C-N-9.0). With the intermediate concentrations
(0.3 and 4.0 M), the capacities and the coulombic efficiencies were higher. Similar to the C-H-X series
carbons, the deliverable capacities of the C-N-X series carbons fell drastically with cycling. Similarly,
the columbic efficiencies increased with cycling, registering 100 % in the 10t cycle for the C-N-0.3
carbon. It can be seen that the capacities were roughly inversely proportional to the values of the R-para-
meter. In other words, the enhanced capacities are commensurate with the number of disoriented single
layers of carbon in the materials, which provide additional sites for lithium accommodation. Obviously,
an escalation in the disorderliness of the layers should effectively enhance not only the number of dou-
ble surfaces available for lithium accommodation, but also the number of micropores as well. Both con-
tribute to greater insertion and deinsertion capacities.
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Fig. 4 Cycling behavior of carbons derived from NaOH-treated rice husk.

In general, the C-H-X and C-N-X series carbons showed initial lithium-insertion capacities of
more than 372 mAh g~1. It must be noted that in addition to the single-layer carbons, the hydrogen con-
tent of disordered carbons can influence their lithium-insertion capacities [45]. Incidentally, all the
above carbons displayed large hysteresis in their charge—discharge curves, as observed with other
hydrogen-containing carbons [4,5,45]. In the case of hydrogen-containing carbons, lithium forms a
bridge with the hydrogen-containing edge carbons through an (H-C)-Li bonding [5,45]. However,
Table 2 shows that as the NaOH concentration was increased, the H/C ratio of the carbons fell.
Simultaneously, there was a general decrease in the R-parameter value and an increase in the surface
area of the carbons. It appears that the cumulative effect of all these factors determined the observed
capacities of the products.
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CONCLUSIONS

Direct refluxing of hydrochloric acid and sodium hydroxide with rice husk and heat treatment up to
700 °C was shown to be a very good activation procedure for obtaining activated carbons with high sur-
face areas and high micropore volume. Pyrolytic carbons obtained from rice husk treated with different
concentrations of HCI or NaOH were investigated for their lithium-insertion properties. X-ray diffrac-
tion data revealed a general decrease in the interlayer spacing (d;,) and R-parameter with an increase
in the concentration of the leachant. The alkali-treated rice husk yielded carbons whose H/C ratios
decreased with an increase in the concentration of the alkali. An increase in the alkali concentration also
led to an increase in the surface area of the carbon. The highest insertion and deinsertion capacities were
observed with the carbon obtained from rice husk treated with 0.3 M NaOH, at 819 and 463 mAh g‘l,
respectively. The capacities of all the carbons fell with cycling, although their coulombic efficiencies
were as high as 100 % in the 10t cycle.
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