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Biomass-derived porous carbons have been extensively investigated as potential electrode materials of
electrochemical energy storage devices. Herein, hierarchical porous carbons with high specific surface
area and large mesoporosity are successfully prepared from leftover rice, a common meal surplus,
benefiting from its unique swelled structure and the activation effect of potassium hydroxide. The hi-
erarchical porous carbons exhibit outstanding electrochemical energy storage performances in 1M
TEABF4/PC (propylene carbonate) electrolyte, including a high specific capacitance of 153.2Fg !at
0.2 Ag ! based on the active material, a high specific energy density of 22.6 Wh kg~ at a power density
of 21,503 W kg~ ! based on the cells and over 87% capacitance retentions after 10,000 cycles at 1Ag™.
Such excellent electrochemical performances demonstrate that leftover rice can be potentially applied as
bioresource for high property porous carbon electrode materials of supercapacitors.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical energy storage devices, including rechargeable
batteries and supercapacitors, are the major power sources of
portable electronic devices and electric vehicles in nowadays.
Comparing to rechargeable batteries such as Li-ion batteries and
lead-acid batteries, supercapacitors are advantageous in terms of
excellent high power density and ultralong cycle life [1—4]. However,
as far as energy density is concerned, applications of supercapacitors
are restricted. According to the formula of specific energy density,
E = 0.5CV? (where Cand V represent the specific cell capacitance and
working voltage of the supercapacitors, respectively), increasing the
voltage window and specific capacitance of electrode materials are
the two major strategies to improve the energy density of super-
capacitors [5]. Concerning to the former strategy, exploring novel
electrolytes with wider voltage window or higher stability has been
frequently investigated [6,7]. As for the latter, exploration of novel
electrode materials with high specific capacitance has been the
dominant research topic in recent years [8].

The dominant electrode materials for commercially available
supercapacitors are still activated carbons produced majorly from
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coconut shells [9]. However, the quality of activated carbons de-
pends greatly on the selected coconut shells. In addition, because of
the dedicated activation procedure required for controlling the
specific surface area, pore volume and pore size distribution
desired for high performance supercapacitors, high quality acti-
vated carbons are still too expensive for scale applications. Under
this circumstance, producing high quality yet low cost activated
carbons has been the ongoing research interest of many groups
[10]. Thanks to the fruitful natural structures, agricultural wastes
such as rice husk [11,12], peanut shell [13], corncob [14], and
bagasse [15], etc., have been successfully employed as alternative
biomass resources for preparation of porous carbons with diverse
texture properties. Another family of abundant raw materials, the
so-called meal surplus, have also been used for porous carbon
preparation. For examples, crab shells [16], shrimp shells [17] and
animal bones [18] have been proven of good resources for hierar-
chical porous carbons. However, as one popular meal surplus,
leftover rice has not yet been used as carbon resource. It is known
that rice contains about 75wt% starch and cellulose, 7—8 wt%
protein, and 1.3—1.8 wt% aliphatics, which can all be converted to
carbon by pyrolysis. In addition, similar to popcorn [19], the cooked
rice possesses a swelled structure, which is beneficial for fabrica-
tion of hierarchical porous carbons. Herein, leftover rice was used
to prepare porous carbons for potential electrode materials of
supercapacitors by integrating freeze drying and KOH activation
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processes. It will be shown that benefiting from the unique swelled
structure and activation effect of KOH, hierarchical porous carbons
(HPCs) with high specific surface area (over 2000 m? g~ ') and large
pore volume (>1.8 cm®g~!) could be facilely prepared. The elec-
trochemical tests in organic electrolyte indicated that the porous
carbon electrodes could deliver a high specific capacitance of
153.2Fg~'at 0.2A g™, and a high energy density of 22.6 Wh kg~!
even at a power density of 21,503 W kg~ ! (based on the active mass
of both electrodes). The detailed preparation, characterizations and
electrochemical performances of the hierarchical porous carbons
derived from leftover rice are reported.

2. Experimental details
2.1. Preparation and characterizations of HPCs

Hierarchical porous carbons were prepared from the leftover
rice collected from the dining hall of Xiamen University of Tech-
nology. The preparation process included freeze drying, pre-
carbonization and KOH chemical activation steps in sequence, as
shown in Scheme 1. In detail, the leftover rice was frozen-dried at -
50 °C for more than 20 h and pre-carbonized in air at 300 °C for 2 h.
After manual grinding, the precursors were mixed with KOH in the
mass ratios of 1-3 in an appropriate amount of water. The activa-
tions were carried out at 850 °C for 4 h in a tube furnace protected
by flowing nitrogen. After washing by diluted HCI solution (1 M)
and de-ionized water and drying at 80 °C for 12 h, HPCs were ob-
tained. According to the mass ratio of KOH used, the porous carbons
were marked as HPCs-1, HPCs-2 and HPCs-3, respectively.

The phase and microstructures of the obtained HPCs were
characterized by X-ray diffraction (XRD, Rigaku MiniFlex600),
scanning electron microscope (SEM, Zeiss Sigma 500), and trans-
mission electronic microscope (TEM, FEI Talos F200s), respectively.
The texture properties of the porous carbons including specific
surface area (Brunauer—Emmert—Teller, BET), total pore volume
(V¢), micropore volume (Vpic), and pore size distributions were
analyzed based on the N, adsorption/desorption isotherms
measured by a porosimetry analyzer (Micromeritics, ASAP 2020
Plus) at 77 K.

2.2. Electrochemical characterizations

The energy storage performances of the prepared HPCs were
evaluated by means of symmetric electrical double layer capacitors
(EDLCs) in 1 M TEABF, dissolved in propylene carbonate (PC). The
detailed electrode preparation and electrochemical tests were
similar to that of our previous publications [20,21]. The active mass
in each electrode was about 1.5—1.8 mg cm 2.

3. Results and discussion
Rice is an assembly of hydrocarbons, such as starch, protein, and

aliphatics, etc. It is the staple food of more than half the world's
population. Also because of its popular, the amount of leftover rice
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Leftover rice Freeze drying HPCs
Scheme 1. Schematic illustration of the preparation process of the hierarchical porous

carbons from leftover rice.

produced every day is enormous, which is usually discarded as
valueless garbage. In fact, benefiting from the high carbon content
and swelled structure of the cooked rice, hierarchical porous car-
bons can be fabricated by integration of freeze-drying, pre-
carbonization and KOH chemical activation treatments, as illus-
trated in Scheme 1.

The microstructures of the obtained HPCs were examined by
SEM at first, as shown in Fig. 1a and b for HPCs-1, Fig. 1c and d for
HPCs-2, Fig. 1e and f for HPCs-3, respectively. As seen from Fig. 1a, at
a KOH mass ratio of 1:1, the carbon sample appears as irregular
granulates of about ten to several tenths of micrometers in size.
Seeing more closely to the surface of the carbon granulates, a highly
porous structure can be clearly observed (Fig. 1b), although the
carbon granulates shown in Fig. 1a look quite dense. When the KOH
mass ratio was increased to 2:1, some of the carbon granulates were
converted to foam-like structures (see Fig. 1c and d). Further
increasing the KOH mass ratio to 3:1, almost all the carbon gran-
ulates became foam-like (Fig. 1e). Three-dimensional inter-
connected carbon foams with sheet-like thin struts and open pores
of a few hundreds of nanometers in diameters were clearly
observed (Fig. 1f). This meant that the amount of KOH activating
reagent was very crucial to the foam structure of the carbon sam-
ples. A higher mass ratio of KOH had resulted in more severe
etching of the carbon matrix, leading to sufficient pore widening,
and finally hierarchical porous structure. The effect of freeze drying
on the porous structure of the leftover rice-derived carbon samples
was also investigated. Fig. S1 in the supplementary document
shows the SEM images of the carbon samples directly pyrolized
from the frozen-dried (a and b) and conventionally dried (c and d)
leftover rice. As can be seen, the freeze-drying treatment preserved
the swelled structure of the cooked rice. Instead, conventional
drying resulted in less porous structure in the pyrolized carbon. In
both cases, the samples show dense carbon matrix at high resolu-
tion, which inversely proved that the highly porous structure of the
HPCs were introduced by KOH activation.

To further explore the microstructural evolutions of the porous
carbons associated with the variations of KOH mass ratios, TEM

Fig. 1. SEM images of the leftover rice-derived HPCs-1 (a and b), HPCs-2 (c and d), and
HPCs-3 (e and f).
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Fig. 2. TEM characterization of the leftover rice-derived HPCs-1 (a—d) and HPCs-3 (e—h).

observations in both bright field and HADDF modes were carried
out. Fig. 2 shows the typical bright field TEM image (a), high res-
olution TEM (HRTEM) image (b), HADDF image (c), and the selected
area diffraction pattern of HPCs-1. As can be seen in Fig. 2a, the
HPCs-1 sample exhibits sheet-like structure consisting of a large
amount of nanosized pores. The HRTEM image (Fig. 2b) further
confirms that the pore sizes are in the level of several tens of
nanometers, which are connected by amorphous carbon walls of a
few nanometers in thickness. Such a porous structure within the
carbon matrix can be clearly seen from the HADDF image shown in
Fig. 2c. The amorphous nature of the carbon sample is further
identified by the selected area diffraction pattern (Fig. 2d). The
microstructures characterized by TEM observation are well
consistent to that of SEM images shown in Fig. 1a and b. That is,
although the carbon granulates look dense, the carbon matrix is
rich of mesopores and micropores. When the KOH mass ratio was
increased to 3, the microstructural morphology of the porous car-
bon changed a lot, as shown in Fig. 2e—h. A bright field TEM image
shown in Fig. 2e evidently confirmed the foam-like structure as
observed in Fig. 1e and f. Unlike the small pores in HPCs-1, the pore
sizes in HPCs-3 were much larger, attributing to the much severe
etching effect of KOH. As seen in Fig. 2f, the pore walls were also
composed of disordered amorphous structure, typical for porous
carbons obtained by KOH activation. The HADDF image shown in
Fig. 2g once again illustrated the hierarchical porous structure of
HPCs-3. The pores of about 100—200 nm in diameters were three-
dimensionally interconnected, forming highly porous carbon foam.
The element map in Fig. 2h demonstrates that the sample is almost
completely composed of carbon, although trace amounts of nitro-
gen and calcium are present in the original leftover rice.

Nitrogen adsorption/desorption isotherms were measured at
77 K on the HPCs to analyze the texture properties, as displayed in
Fig. 3a. The pore size distributions calculated using the quenched
solid state functional theory (QSDFT) are shown in Fig. 3b. The
corresponding texture properties are compared in Table 1. As can be
seen in Fig. 3a, the isotherms of all the carbon samples can be
treated as a mixture of the type I and type IV isotherms according to
the IUPAC classification [22]. The sharp increase of N, adsorption at
the low relative pressure indicates the presence of micropores. The
continuous increase of the N; adsorption along with the increase of
P/Pp, and the obvious hysteresis loops between the adsorption and
desorption branches, reveal the existence of high volumetric
mesopores. The specific surface areas (BET) of HPCs-1, HPCs-2 and
HPCs-3 are 1,922, 2,166, and 2,184 m? g*], with the corresponding

total pore volumes of 1.497, 1.730, and 1.839 cm> g™, respectively
(see Table 1). As determined by t-pot method, the ratios of micro-
pore volumes in the HPCs-1, HPCs-2 and HPCs-3 samples are
28.56%, 22.9% and 19.4%, respectively. HPCs-2 and HPCs-3 show
higher ratios of mesopores in the total pore volume than that of
HPCs-1. Also, the mean pore diameters of HPCs-2 and HPCs-3 are
3.19 and 3.36 nm, respectively, higher than that of HPCs-1, 3.11 nm.
This suggests that more adequate etching of the leftover rice-
derived carbon matrix has occurred at a higher KOH mass ratio.
The pore size distributions were determined from the Ny adsorp-
tion/desorption isotherms using the QSDFT equilibrium model
based on slit pores. As shown in Fig. 3b, HPCs-2 and HPCs-3 possess
higher volumetric portion of mesopores than HPCs-1. By contrast,
the portions of micropores in HPCs-1 is slightly higher. Such a
highly mesoporous structure can be expected to provide sufficient
channels for the diffusion of electrolyte ions, which may in turn
improve the power density of supercapacitors.

The XRD patterns and Raman spectra of the HPCs are shown in
Fig. 3c and d, respectively. Both characterizations indicate the
amorphous nature of the carbon samples. In XRD patterns, the (0
0 2) peak at about 20 = 26° is very weak in all samples, suggesting
their low degree of graphitization (Fig. 3c). There are two typical
peaks at 1,340 cm ™! and 1,590 cm ! in Raman spectra, which are
correlated to the defects and disorder (D band), and the graphitic
structure (G band) in the porous carbons, respectively [23]. The
intensity ratios of D band to G band (Ip/Ig, Ip and I are the inte-
grated areas of D and G peaks) indicate the degree of disorder,
which are 2.19, 2.68, and 2.95 for HPCs-1, HPCs-2, and HPCs-3,
respectively. This means that increasing the KOH mass ratio has
resulted in more amorphous structure of the leftover rice-derived
porous carbons, attributing to the more severe etching effect.

The surface chemical properties of the hierarchical porous car-
bons were characterized by XPS. Fig. 3e and f show the survey scan
and C1s core scan of the relevant XPS spectra, respectively. As seen
from Fig. 3e, except the O1s and C1s peaks, no other evident peaks
are detected, indicating that the materials are majorly composed of
carbon element, together with some oxygen-containing surface
functional groups. The C1s peak can be deconvoluted into three
peaks localized at 284.6, 286.2, and 289.2 eV, respectively, which
are normally ascribed to the sp? C=C, C=0, and 0—C=0 bonding
[23,24]. This again confirms that the porous carbons are mainly
composed of carbon element, but with some oxygen-rich func-
tional groups.

The electrochemical performances of HPCs were evaluated by
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Fig. 3. N, adsorption/desorption isotherms (a), pore size distributions (b), XRD patterns (c), Raman spectra (d), XPS survey scan (e) and C1s core scan (f) of the HPCs.

Table 1
Texture properties of the leftover rice-derived HPCs.

Sample SBET (1'1'12 gil) Smic (1’1’12 gi‘l) Ve (Cm3 gil) Vmic (cm3 gil) Vmir/vt Dmean (l’ll’l’l)
HPCs-1 1922 883 1.497 0.426 0.285 3.11
HPCs-2 2166 863 1.730 0.396 0.229 3.19
HPCs-3 2184 731 1.839 0.356 0.194 3.36

symmetric electrical double layer capacitors (EDLCs) using 1M
TEABF4/PC as the electrolyte. At first, cyclic voltammetry (CV)
measurements were performed at various scan rates ranging from
10 to 300 mV s~ . Fig. 4a and b show the CV curves of the cells
measured at 10 and 300mVs~, respectively. All the cells show
quite good rectangular CV curves at both 10 and 300mVs~,
demonstrating their excellent capacitive energy storage behavior.
As shown in both Fig. 4a and b, the specific capacitances of the HPCs
as estimated from the areas of CV curves increase with their specific
surface areas. Moreover, cells HPCs-2 and HPCs-3 show better

preserved rectangular CV curves than cell HPCs-1at 300 mV s,
suggesting that the larger mesopore volumes in these samples have
played an important role on the fast charge storage. The galvano-
static charge and discharge (GCD) curves of the three cells
measured at constant current densities of 0.2 and 5 A g~ ! are shown
in Fig. 4c and d, respectively. The GCD curves of the cells at other
current densities can be found in the supplementary document. All
the cells show well-preserved triangle shape GCD curves at
0.2 Ag~!, again illustrating their good electrical double layer charge
storage behavior. The specific discharge capacitances of cells HPCs-
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1, HPCs-2 and HPCs-3 at this current density are 31.2, 35.4 and
38.3Fg~ |, respectively. When the current density increases to
5Ag! the GCD curves remain good triangle shape, but with
diverse capacity retentions. The specific discharge capacitances of
the corresponding cells become 25.3, 29.4, and 37.2Fg~!, being
about 81%, 83%, and 97% of those measured at 0.2 A g™, respec-
tively. This clearly indicates that the supercapacitors assembled
from the hierarchical porous carbons possess excellent energy
storage performance at high power densities. As further identified
in Fig. 4e, the specific capacitances of HPCs-1, HPCs-2 and HPCs-3 at
02Ag ! are 1248, 1415 and 153.2Fg~!, whereas the corre-
sponding values at 20 Ag~! drop to 64.88%, 73.43% and 91.83% of
those at 0.2 Ag~!, respectively. That means that cell HPCs-3 owns
obvious better rate capability than the other two samples. The rapid
capacitance degradation of HPCs-1 and HPCs-2 can be correlated to
their smaller pore sizes, which may restrict the motion of large
organic electrolyte ions [25]. By contrast, the hierarchical porous

structure of HPCs-3 together with the thin pore walls can expose
more accessible surface to the electrolyte, leading to higher
capacitance even at short charge-discharge time. The excellent
energy storage properties of the hierarchical porous carbons are
further demonstrated by the ragone plots, as shown in Fig. 4f. At a
low power density of about 259 W kg~!, cells HPCs-1, HPCs-2 and
HPCs-3 show energy densities of about 29.2, 33.2 and 35.8 Wh kg,
respectively. At a high power density of 21,503 W kg™, cell HPCs-3
still exhibits an energy density of 22.6 Wh kg~ !, much higher than
those of cells HPCs-1 (14 Wh kg~' at 22,299 W kg~!) and HPCs-2
(179 Wh kg~ at 22,296 W kg™!). The energy storage performance
of cell HPCs-3 is among the best data achieved on biomass-derived
porous carbon electrodes in similar electrolyte, as listed in Table 2.
This indicates that the leftover rice-derived hierarchical porous
carbons can be promising electrode materials for high energy and
high power supercapacitors.

The cycle performances of the supercapacitors were tested at
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Table 2

Comparison of biomass-derived carbon electrode materials for supercapacitors in organic electrolyte.

Carbon samples Electrolyte Power density (kW kg™1) Energy density (Wh kg™ ') Ref.
Silkworm cocoon 1 M TEABF4/AN 3.12 344 [26]
Pomelo peels 1M TEABF4/PC 21.5 253 [27]
Peanut shell 1M Et4NBF,4/PC 1.0 19.3 [28]
Hemp stem 1.8 M TEABF,/PC 21 19.8 [29]
Leonardite fulvic acid 1M TEABF4/PC 5.89 233 [30]
Paper pulp 1M TEABF4/AN 20 5.45 [31]
Cinnamon sticks 1 M NaClO4/(EC + DMEC) 6 28 [32]
Kapok fibers 1 M TEABF,4/PC 24 24 [20]
Leftover rice 1M TEABF,/PC 215 22.6 This work

1Ag! for 10,000 cycles, as shown in Fig. 5a. The capacity re-
tentions of cells HPCs-1, HPCs-2 and HPCs-3 after 10,000 cycles
were about 88.7%, 87.2% and 87.6%, respectively, demonstrating
quite good cycle stability. This stable cycle performance can be
correlated to the hierarchical structure of the leftover rice-derived
porous carbon electrode materials, which might have facilitated the
ion transport. The electrochemical impedance spectra of the test
cells were measured after the cycling tests, see Fig. 5b. The Nyquist
plots show a straight line in low-frequency range and a half circle in
high-frequency range. The straight line in the low-frequency range
represents the ion diffusion resistance in the bulk electrode. In
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Fig. 5. The cycle performances of cells HPCs-1, HPCs-2 and HPCs-3 tested at 1A g~ (a),
and the Nyquist plots for the electrochemical impedance spectra measurements (b).
The Fig. 5b insets are the expanded EIS spectra and the equivalent circuit.

general, the slop of the straight line is proportional to the diffusion
rate. From Fig. 5b one can easily distinguish that the ion diffusions
in electrodes HPCs-2 and HPCs-3 are much faster than that in HPCS-
1, which is in good agreement with their better capacitive behavior.
The equivalent series resistances (Rs) can be obtained from the
intersections of the half circles in the high-frequency range on X-
axis. The diameters of the half circles represent the transport re-
sistances (R.t) across the electrode/electrolyte interface. As fitted by
the ZView software, the equivalent series resistances of cells HPCs-
1, HPCs-2 and HPCs-3 are 1.69, 1.36 and 1.60 Q, while the corre-
sponding charge transfer resistances are 3.39, 3.31 and 2.93Q,
respectively. This demonstrates that the charge transfer within the
more porous electrodes has been improved. These electrochemical
performances strongly suggest that the hierarchical porous carbons
derived from leftover rice can be ideal electrode materials of high
power supercapacitors.

4. Conclusions

In this work, a common meal surplus, leftover rice, was used as
raw material for hierarchical porous carbon electrode materials of
supercapacitors. Thanks to the unique swelled structure of the
cooked rice and the activation effect of KOH, hierarchical porous
carbons with high specific surface area over 2000 m? g~ ! and large
pore volume larger than 1.8 cm? g~! were prepared. When tested as
electrode materials of supercapacitors in 1M TEABF4/PC electro-
lyte, the hierarchical porous carbons electrode exhibited high
specific capacitance (153.2 Fg~'at 0.2 Ag~"), excellent high power
energy storage performance (22.6 Wh kg™! at 21,503 W kg™ ') and
stable cycle performance (over 87% capacitance retentions after
10,000 cycles at 1Ag~"). These excellent electrochemical perfor-
mances demonstrated that leftover rice can be potential bio-
resource for high property porous carbon electrode materials of
supercapacitors.
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