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Activated carbon derived from glutinous rice via
gamma radiolysis for lithium–sulfur
battery cathodes

Suranan Anantachaisilp,a Passavorn Limmeechokchai,†a Kanok Sirilapyanonth,†a

Sukpawat Moungsombat,†a Surasak Kaenket,b Teerawat Utapongc and
Tanagorn Kwamman *c

Although lithium-sulfur batteries (LSBs) have high theoretical capacities (1675 mA h g�1), an irreversible

charge/discharge process (shuttle effect) due to polysulfide and insulating lithium sulfide (Li2S) formation

causes the death of battery cells. This study aims to solve the shuttle effect by anchoring polysulfide

onto porous carbon/sulfur cathodes via chemical interactions. The porous activated carbons were

derived from glutinous rice (RAC) and were modified through water (RAC-W) or ammonia radiolysis

(RAC-N) using a gamma source (25 kGy). The specific capacities of LSBs obtained from RAC-W and

RAC-N are 4900 mA h g�1 and they are stable for more than 150 cycles, which is significantly higher

than that of unmodified RAC. Furthermore, carbonyl and pyridinic nitrogen moieties formed in RAC-W

and RAC-N from gamma radiolysis result in enhanced interactions between polysulfide and the cathode

framework.

Introduction

Utilization of renewable energy (solar, wind, and hydro) can
minimize greenhouse gas emission.1,2 Nevertheless, fluctua-
tions in weather (e.g., seasonal variations) are a main obstacle
to obtaining reliable power output from such sources.3–5 Effi-
cient energy storage systems are thus an essential part of energy
transportation and supply.3–5 Hannan et al. claimed that the
battery energy storage system would lead to a 30% reduction of
carbon emission worldwide.6 The global demand for high-
performance batteries is thus expected to increase dramatically
to meet the need of electronic devices and electronic vehicles.
Lithium-sulfur batteries (LSBs) are promising storage materials
having high theoretical energy densities (2567 W h kg�1)
and long cycle-life when compared with conventional nickel
(80 W h kg�1), or lithium batteries (150–250 W h kg�1).7–12

However, in practice, the energy density of commercial LSBs
(350 W h kg�1) is limited, due to the polysulfide shuttle effect,
formation of insulating lithium sulfide (Li2S), high volume

changes of sulfur and lithium sulfide, and non-uniformity of
lithium dendrites.7–13 Among these issues, the shuttle effect is
of the most concern as it causes poor cycling stability and
severe anode corrosion in LSBs.12,13 The shuttle effect can be
suppressed by (1) preventing the formation of long-chain poly-
sulfides and (2) inhibiting the dissolution of polysulfide into
electrolytes.12,13 Immobilization of lithium polysulfide (LPS) in
highly conductive porous cathodes could be a strategy to solve
the shuttle effect.12,14

Activated carbon, carbon nanotubes (CNTs) and graphene
are suitable cathode materials for polysulfide anchoring.12,15 Of
these, activated carbons (ACs) are most attractive in terms of
cost, and exhibit large specific surface areas (50–2000 m2 g�1),
high total pore volumes, and good electrical conductivity. Their
physical and chemical surface properties can be modified to
enable polysulfide retainment, with the pore size distribution,
structure, and volume being tuned though selection of the
carbon source, and activation protocol. Micropores were
reported to have the efficiency in hosting polysulfide and
mesopore suitable for Li+ transportation.9,16,17 Introducing
heteroatoms such as N, P, S, and B into the AC surface provides
scope for attractive polysulfide–surface polar interactions to
occur.7,8,18–21

Glutinous rice, grown commonly in Laos, Thailand, Cambo-
dia, and Vietnam, contains a high amount of amylopectin
(carbohydrate). Amylopectin, being a polysaccharide, is highly
oxygenated,19 and ACs derived from glutinous rice exhibit high
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degrees of oxygenation and are suitable for supercapacitor and
adsorption applications.22,23 The physicochemical properties of
the AC are dependent on the activation process. Activating
agents (phosphoric acid,24,25 potassium hydroxide,26 and zinc
chloride) dictate the surface and chemical properties of ACs
through impregnation, which is followed by heat treatment
(400–800 1C). Heating ACs in an atmosphere of ammonia at
600–1000 1C can result in nitrogen doping,27 as ammonia is
decomposed into active nitrogen radicals during the process.

Active reducing agents (H� or eaq
�) and oxidizing agents

(HO�, H2O2, O2) can be produced at room temperature from
gamma radiolysis.28–31 Radiolysis could be an alternative strat-
egy for modification of ACs structure avoiding the use of toxic
reagents or solvents, thereby generating less waste.28–31 This
research aims to modify the structure of ACs derived from
glutinous rice using gamma radiolysis (25 kGy) for LSB elec-
trode applications, and probe the effects of media (distilled
water and ammonia solution) used in the irradiation process
on the physical, chemical, and electrical properties of the
materials.

Materials and methods
Chemical and materials

Sulfuric acid (conc. H2SO4) and potassium hydroxide (KOH)
were purchased from Sigma Aldrich. Ammonia solution
(NH4OH, 30%) was purchased from Panreac. Glutinous rice
(Raitip brand) was purchased from THANYA FARM Co., Ltd.
Polyvinylidene fluoride (PVDF, Mw B 534 000, Sigma-Aldrich),
sulfur (Merck), ethanol (99.9%, QRec), N-methyl-2-pyrrolidone
(NMP, 99.5%, QRec), lithium nitrate (anhydrous, 99% crystal-
line, Alfa Aesar), lithium bis(trifluoromethane)sulfonimide
(LiTFSI, Sigma-Aldrich), 1,3-dioxolane (DOL, 99.5%, Alfa Aesar),
and 1,2-dimethoxyethane (DME, anhydrous, 99.5%, Sigma-
Aldrich) were of analytical grade and used without further
purification. Carbon fibre paper (CFP, SGL CARBON SE,
Germany) was used as a substrate. Deionized water was
obtained from a Milli-Q system (DI water, 18.2 MO, Millipore)
prior to use.

Fabrication of activated carbon

Glutinous rice grains were washed with hot water (80 1C) and
dried overnight before ball-milling to afford fine particles.
Then, the powder was soaked in dilute H2SO4 (1.5%) for
30 minutes and heated at 100 1C for 3 hours, and then
160 1C for 3 hours. The as-received dark powder from the
previous step was activated by KOH in a ratio of 1 : 2 (w/w).
Next, the mixture was transferred to alumina crucibles and kept
in an oven at 80 1C for three days, before carbonization at
800 1C for 5 hours (heating rate 5 1C minute�1) under nitrogen
gas. The as-received powder was washed sequentially with DI
water and 0.1 M H2SO4, and dried at 80 1C. The resultant ACs
are referred to as RAC in this paper.

Modification of activated carbon by gamma irradiation

The RAC was irradiated in two media types: (1) NH4OH and (2)
DI water. In the first case, RAC (200 mg) was mixed with
NH4OH (15 ml, 2 M) and sonicated for 30 minutes. Then, the
mixture was deoxygenated by purging with nitrogen gas for
30 minutes. After that, the mixture was irradiated with gamma
radiation (cobalt-60) at 25 kGy (dose rate of 1.99 kGy h�1). The
irradiated sample was filtered and washed with DI water before
drying at 80 1C overnight. The obtained sample was denoted as
RAC-N. In the second case, RAC was mixed with DI water and
treated using the same procedure as for RAC-N. The as-received
sample in this case was named RAC-W.

Characterization of activated carbons

The surface morphologies of ACs were investigated using
scanning electron microscopy (SEM, Tescan Vega 3). Total
surface area and pore volumes were obtained using the Bru-
nauer–Emmett–Teller (BET) method and Barrett–Joyner–
Halenda (BJH) analysis, respectively. Surface chemistry was
evaluated by Fourier Transform Infrared Spectroscopy (FTIR
Tensor 27, BRUKER), X-ray photoelectron spectroscopy (XPS,
Axis Ultra DLD, Kratos Analytical Ltd, with Al-Ka radiation,
hn = 14 866 eV). Sample crystallinity was investigated using
Raman spectroscopy (XploRA PLUS Raman, HARIBA) per-
formed using a laser wavelength of 523 nm, and X-ray powder
diffraction (XRD, PANalytical, Cu Ka radiation, l = 1.54 Å).

Fabrication of lithium-sulfur batteries and electrochemical
evaluation

RAC/sulphur composites were prepared by mixing RAC: sul-
phur with the ratio of 1 : 1 by weight. The composites were then
mixed with carbon black and PVDF in the ratio of 8 : 1 : 1 by
weight. NMP was added to the mixture (0.01 ml of NMP:1 mg of
RAC) before stirring for 3 days. For fabricating LSB cathodes,
the mixture was coated onto a CFP substrate (approximately
10 mg of material on the surface). All samples then were dried
under vacuum at 60 1C. LSB battery components were
assembled in coin-cell type battery cases (model CR-2032). A
lithium chip was used as the anode. The electrolyte employed
was 1 M LiTFSI dissolved in a mixture of DOL and DME
(1 : 1 v/v), with LiNO3 (0.1 M) as additive. The ratio of electrolyte
to sulfur was 15 ml to 1 mg. Graphene-coated polyethylene was
used as a separator. All assembly steps were undertaken in an
argon-filled glove box (MBraun, O2 and H2O o 1 ppm). Electro-
chemical evaluations of battery performance utilized the galva-
nostatic charge/discharge (GCD) technique (NEWARE battery
tester) with C rates from 0.1 C to 2 C over a potential range 1.6–
3.0 V (vs. Li/Li+).

Results and discussion
Physiochemical properties of ACs

Fig. 1 shows SEM images of unirradiated ACs (RAC), and ACs
irradiated in NH4OH (RAC-N), and in DI water (RAC-W). RAC,
RAC-W and RAC-N contain networks of pores (2–20 nm
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diameter). Further investigations into the porosity of these
materials were undertaken through N2 adsorption-desorption mea-
surements at 77 K, with total surface area being calculated using the
BET model and pore volume/size distributions being estimated
through the BJH method as shown in Table 1. As shown in
Fig. 2(a), RAC exhibits the adsorption isotherm type I (micropore
structure, o2 nm), whereas RAC-W and RAC-N show type IV
(mesopore structure, 2–50 nm) isotherms.32 However, hysteresis
loops of type IV are found in RAC-W and RAC-N. These are due to
capillary condensation resulting in narrow slit-like mesopores and
internal voids of irregular shape, which implies that gamma
irradiation at 25 kGy promotes destruction of part of the RAC
microporous network. Notably, while surface areas increase slightly
after gamma irradiation, pore size distributions are essentially
unchanged from those of RAC (Fig. 2b).

Fig. 3a shows the XRD patterns of RAC, RAC-W and RAC-N.
Each pattern shows two broad peaks at 2y E 231 and 2y E 431
which correspond to the (002) and (100) planes of graphite,
respectively. Notably, the (100) intensities of RAC-W and RAC-N
are significantly greater than that of RAC which indicates that a
higher degree of crystallinity occurs after gamma irradiation.
The calculated d-spacings (002) of RAC, RAC-W and RAC-N are
0.3830, 0.3796 and 0.3770 nm, respectively.

As shown in Fig. 3b–d, Raman spectra of RAC samples
exhibit two distinct bands, a graphite band (G) at
B1600 cm�1 and a disorder-induced band (D) at B1350 cm�1.
Notably, the intensity of the G band is lower than that of the D band
after irradiation, as a result of structural changes. Also, an increase
in ID/IG (Table 2) on irradiation indicates the induction of defects or
disorder in the material structure,33,34 such as a change in the ratio
of sp3/sp2 centres in the carbon domain.

La ¼ 4:4� ID1

IG1

� ��1
(1)

Gaussian peak fitting of Raman spectra enables more
detailed structural information to be obtained. As indicated

in Fig. 3b–d, four peaks (G1, G2, D1 and D2) were fitted to each
spectrum. A shift of the G1 band to higher wavenumber in RAC-
W (B1604 cm�1) and RAC-N (B1603 cm�1) relative to RAC
(1585 cm�1) could be attributed to contraction of the basal
plane. The crystallite sizes (La) in RAC materials were calculated
using eqn (1) and are listed in Table 2. These results agree with
the shifting of G1 peaks on irradiation, as the crystallite sizes of
RAC-W and RAC-N decrease significantly relative to those of
RAC. The ID1/IG1 ratio is related to the amount of amorphous
carbon, and as such an increase in ID1/IG1 on irradiation reflects
a loss of carbon crystallinity. Furthermore, the IG2/IG1 ratio is
indicative of the number of carbon clusters in the sample, and
results after irradiation suggest that RAC-W and RAC-N contain
significantly greater amounts of carbon clusters than RAC.
Gamma irradiation at 25 kGy in media (DI water and NH4OH)
thus causes microcrystalline structural changes in RAC, with
disordered carbon was reported previously that can facilitate
electrolyte ion penetration and therefore increase the storage
properties of the batteries.24,35

Chemical compositions of RAC samples were obtained using
XPS. As indicated in Table 3, nitrogen and oxygen content are
profoundly lower in irradiated samples compared with those of
RAC. The devolution C1s peak of RAC (Fig. 4a), RAC-W (Fig. 4d),
and RAC-N (Fig. 4d) appears as four components. The fitted
peaks at 284.5, 285.2, 286.9, and 289.2 eV relate to contribu-
tions from C–C (sp2), C–(C, H) (sp3), C–(O, N) (alcohol), and
CQO (carbonyl, quinones aldehyde and ketones) centres.36–39

The fitted O 1s of RAC (Fig. 4b), RAC-W (Fig. 4e) and RAC-N
(Fig. 4h) has two components, at 531–532 eV and 533–534 eV.
These can be attributed to arising from C–O and CQO,
respectively.36–39 Additionally, the devolution N 1s peak of
RAC, Fig. 4c, shows two prominent peaks from the presence
of pyrrolic (400.2 eV, C–(NH)–C) and graphitic nitrogen
(401.9 eV) centres.36–39 After gamma irradiation, RAC-W (Fig. 4f)
and RAC-N (Fig. 4h) show two nitrogen components: those of
pyrrolic (B400 eV) and pyridinic (B399 eV) centres.36–39 Notably,
no graphitic nitrogen was found in RAC-W and RAC-N. Graphitic
nitrogen (sp2 hybridization) arises from the presence of these
atoms in aromatic rings within graphene layers. Gamma irradia-
tion at 25 kGy promotes rupturing of graphitic N structures and
rearrangement to form pyrrolic and pyridinic nitrogen centres.40 In
addition, a decrease in nitrogen content may be due to release of
nitrogen and nitrogen oxides, which also occurs in pyrolysis and
carbonization processes.37–39

Fig. 1 SEM images of (a) RAC (b) RAC-W and (c) RAC-N.

Table 1 Surface properties of RAC, RAC-W and RAC-N investigated by
BET and BJH methods

Samples
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Average pore
diameter (nm)

RAC 1749 1.00 2.7
RAC-W 1909 1.09 2.6
RAC-N 1856 1.04 2.6

Fig. 2 (a) Nitrogen adsorption-desorption isotherm and (b) Pore size
distribution plots for RAC, RAC-W and RAC-N.
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Electrochemical properties of LSBs

Electrochemical performances of as-fabricated LSBs were
further tested by galvanostatic charge-discharge (GCD).
Fig. 5a shows the GCD scan of RAC-W and RAN-N compared
with that of RAC. Three plateaus were observed in all scans
during charge-discharge processes due to the multi-electron
redox reaction at the sulfur/carbon cathode. The first plateau is
due to reduction of S8 to Li2S4, at B2.3 V.8,41 The produced
lithium polysulfides dissolve in the organic electrolyte.42 The
second plateau takes place at B2.1 V. which polysulfides are
reduced to low order polysulfides (Li2Sn, 2 o n o 4) and Li2S.
The final plateau corresponds to further reduction of Li2S2 to
Li2S (sharp slope) at the voltage less than 2.1 V. The specific
capacities of RAC, RAC-W and RAC-N are 861, 1137 and
998 mA h g�1 at 0.1 C, respectively (Fig. 5a), which indicates
that modification of RAC by gamma irradiation in water (RAC-
W) and ammonia solution (RAC-N) can improve the LSBs
performance.

An effect of C-rates (0.1–2) on cathode performance was also
investigated, with the results shown in Fig. 5b. Although at
0.1 C the specific capacitance of RAC-W is the highest, this
material shows lower performance than RAC at high C-rates
(0.5–2 C). The data suggests that insufficient binding sites of
RAC cause capacity drop.19 Fig. 5c shows stability tests of RAC,
RAC-W and RAC-N at 0.1 C. The LBSs capacities using RAC-W
as cathodes are approximately 100 mA h g�1 after 350 cycles.

However, in RAC and RAC-N, the capacity drops to 100 mA h g�1

after 250 cycles.14 The better LSBs performance of RAC-W could
be attributed to more effective chemical anchoring of polysul-
fides, which retards their dissolution in the electrolyte.43

In addition, the better LSB performance of RAC-W and RAC-N
may correlate with the higher degree of disordered carbon in
these cathode materials, which enhances electrolyte ion
penetration.

The evidence from this study indicates that gamma irradia-
tion at 25 kGy can be used to modify the surface chemical
properties of RAC and increasing the capacity of LSBs. Reactive
oxidizing agents (HO�, H2O2, O2) generated during water radi-
olysis (eqn (2)) can oxidize the C–OH moieties on RAC-W
surfaces to carbonyls (CQO)44,45 which results in sulfur

Fig. 3 (a) XRD patterns of RAC, RAC-W and RAC-N as well as Raman spectra of (b) RAC, (c) RAC-W, and (d) RAC-N.

Table 2 Elemental content (data from XPS) and structural data (data from
Raman spectroscopy) for RAC, RAC-W and RAC-N

Samples ID/IG ID1/IG1 ID2/IG2 IG2/IG1 La (nm)

RAC 0.84 0.58 1.52 0.34 7.53
RAC-W 1.07 0.81 1.34 0.53 5.41
RAC-N 1.17 1.07 0.92 0.72 4.11

Table 3 Chemical composition of RAC, RAC-W and RAC-N investigated by XPS

Sample
Total
% C

% Components

Total
% O

% Components

Total
% N

% Components

C1
(C sp2)
(B284 eV)

C2
(C sp3)
(B285 eV)

C3
(C–O,N)
(B287 eV)

C4
(CQO)
(B289 eV)

O1
(C–O)
(B532 eV)

O2
(CQO)
(B534 eV)

Graphitic
(B402 eV)

Pyrrolic
(B400 eV)

Pyridinic
(B399 eV)

RAC 90.24 34.18 24.95 17.43 13.69 8.27 4.63 3.64 1.48 1.12 0.37 —
RAC-W 92.51 32.93 28.23 14.37 16.98 6.83 6.14 0.69 0.66 — 0.38 0.44
RAC-N 93.40 32.93 33.62 19.18 7.67 5.85 3.04 2.81 0.75 — 0.39 0.36

Fig. 4 High-resolution XPS spectra of (a–c) RAC, (d–f) RAC-W, and (g–h)
RAC-N.
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anchoring and reduced shuttle effect rates. In the case of RAC-
N the �NH2 oxidizing agent is generated from radiolysis in
ammonium solution, as shown in eqn (3) and (4).46 The �NH2

thus reacts with RAC to form various nitrogen functional
groups.47 The XPS results confirm that only pyrrolic and
pyridinic N-centres form LiSnLi+� � �N bonds after irradiation,
with other quaternary N atoms being ineffective for this
purpose.8 It is in good agreement with higher specific capacity
and stability of RAC-W which contain greater amount of
pyrrolic an pyridinic nitrogen than that of RAC and RAC-N.

H2O !
g ðe�Þaq þ �OHþ �HþH2O2 þH2 þHO2=O

�
2 (2)

H3N !
g �Hþ �NH2 þH2 þH4N2 (3)

NH3 þOH� ! �NH2 þH2O (4)

Conclusions

The surface, chemical, and electrical properties of activated
carbon derived from glutinous rice grains (RAC) were
successfully modified by gamma radiolysis in water (RAC-W)
and ammonia solution (RAC-N). The as-fabricated lithium-
sulfur batteries (LSBs), using RAC-W and RAC-N as active
materials in cathodes, show higher specific capacity
(1137 and 998 mA h g�1, respectively) and stability (4150
cycles) than unirradiated RAC (861 mA h g�1). Although the
surface areas and pore volumes of RAC did not change signifi-
cantly after radiolysis, carbonyl groups (CQO) and pyridinic
nitrogen centres were created which play a crucial role in the
anchoring of polysulfides, and thus reducing the shuttle effect.
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