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Abstract Carbon material derived from waste biomass
for supercapacitor applications has been widely investi-
gated because of its low cost and environmental friendly.
In this paper, rotten potato was selected as the precursor to
prepare three-dimensional (3D) activated carbon (AC) after
hydrothermal treatment, carbonization and activation of
KOH. Benefiting from large specific surface area, 3D
interconnected macropore framework incorporating with
meso-/micropore and the intrinsic good conductivity, the
rotten potato-derived AC achieves a relatively high
capacitance of 269 Fg~' (1 A g"), desirable rate per-
formance and superior cycling stability. More importantly,
the assembled symmetric device delivers a high specific
capacitance (48 Fg~') and a high energy density
(4.27 Wh kg™ ") at a current density of 1 A g~'. The result
indicates a low-cost and facile approach for high-perfor-
mance AC based on waste biomass source implying com-
mercial potential in supercapacitor applications.
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Introduction

High-performance supercapacitors have been paid much
attention in recent years owing to its high power density,
high charge and discharge rate, excellent low temperature
operation performance as well as long cycle life, and been
widely applied to portable electronics, medical and mil-
itary devices, and hybrid electric vehicles [1-5]. Gener-
ally, supercapacitors are classified into two typical forms
according to the charge storage mechanism: one is elec-
tric double-layer capacitors (EDLCs), and the other is
pseudocapacitors. In comparison with pseudocapacitors,
EDLCs mainly based on carbon materials with large
specific surface, such as activated carbon (AC), carbon
nanotubes and graphene, which store charge or ions in the
double layer on the surface. EDLCs own high power
density and high reversibility for extraordinary cycle
stability. AC, a commercial product often produced by
petrochemical industry, has been widely used as the
electrode additive for supercapacitor application due to its
high specific surface area and good electric conductivity
[6-8]. However, with the depletion of the fossil source
and corresponding increased environmental pollution, to
find a replaced low-cost and abundant resource is an
important social and economic strategy. Waste biomass is
a promising candidate to produce AC with mass pro-
duction and low cost. Currently, some pioneering work
has been systematically investigated in waste biomass,
such as tea leaf, chicken eggshell, rice husk, straw and
coconut shell, showing promising prospect for AC pro-
duction [9-13].

Potato is one of the most important crops around the
world except the rice and wheat because of its high yield,
strong adaptability and low production cost [14], and
numerous tons of rotten potatoes produced in the
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manufacturing and selling process. A roughly estimated
22 % of potatoes (65 million tons) are lost the value of
food due to the deterioration by viral, bacterial or fungal
diseases and pests [15]. Rotten potatoes are normally
buried in the soil, burned or thrown away in somewhere
else, which not only causes serious environmental pollu-
tion but also a wasting of resource. Thus, to fabricate AC
derived from waste rotten potatoes is a significantly
environmental and economic friendly way due to the low
cost and high additional value. Potato starch was used as
raw material for high-performance electric double-layer
capacitor since 2012 [16], however, it is not suitable for
practice application.

In this work, we have fabricated porous AC derived
from waste rotten potatoes by hydrothermal reaction,
carbonization and activation process. The as-obtained AC
owns high specific area (960 m* g~'), and a pore size
distribution in both micropore and mesopore arranges.
The formed AC with large specific area shows good
specific capacitance as high as 269 F g~' at the current
density of 1 A g~', excellent rate performance (55.3 %
the capacitance was retained when current density is
increased from 1 to 100 A g~') and long cycle life (only
5 % capacitance loss after 7000 cycles). Furthermore, the
symmetric button cell devices fabricated based on the
rotten potatoe-derived AC present a high specific capac-
itance, considerable energy density as well as perfect
cycling stability. All above-mentioned results imply that
the rotten potatoes could be of a valuable and potential
precursor for high-performance AC wused as EDLCs
electrode materials.

Materials and Methods
Sample Preparation

Rotten potatoes gathered from local family were first
washed thoroughly and cut into pieces, followed by
hydrothermal process at 200 °C for 8 h. The hydrothermal
products were washed with deionized water for several
times and dried in vacuum furnace at 80 °C. After drying,
the samples were mixed with KOH at the mass ratio of 1:1
and heated to 750 °C at heating rate of 5 °C min~' and
kept for 1 h. The product was washed with 1 M HCI and
distilled water thoroughly for several times until the pH of
washing liquid was neutral, and then it was dried at 100 °C.
For comparison, the non-activated carbon (NAC) was
prepared in the similar procedures but without adding KOH
during the annealing process.

@ Springer

Sample Characterization

The morphology and structure of the samples were char-
acterized by field emission scanning electron microscopy
(FE-SEM, FEI Nova 430 Nano) using an accelerating
voltage of 20 kV and Raman spectra (HR RamLab) with
the 514.5 nm Ar" laser as the excitation source. The sur-
face area and pore size distribution were evaluated using
N, adsorption (Micromeritics, ASAP 2020 analyzer). The
specific surface area was calculated from the N, adsorption
isotherm based on the Brunauer—-Emmett—Teller (BET)
equation. The pore size distribution was calculated based
on the adsorption branches of the isotherms by Barrett—
Joyner—Halenda (BJH) analysis method.

Electrochemical Evaluation

AC or NAC derived from rotten potatoes, polytetrafluo-
roethylene (PTFE) binder and acetylene black were first
mixed with the mass ratio of 8:1:1 using ethanol as disper-
sant. The obtained mixed slurry was sprayed on Ni foam
plates (1 cm x 1 cm) by doctor-blade technique, followed
by fully drying in oven at 60 °C for 12 h. The mass loading of
the active material of electrode was about 2.00 mg cm 2.
The electrochemical performances of the working electrode
containing AC and NAC were measured on electrochemical
work station (CHI 660c) in three electrode systems, a satu-
rated calomel electrode (SCE) and a carbon plate as the
reference electrode and countering electrode, respectively.
The measurement was taken in a 6 M KOH solution. Cyclic
voltammetry (CV) was performed from —1 to —0.2 V (vs.
SCE) at different scan rates from 50 to 400 mV s~ '. Gal-
vanostatic charge/discharge (GCD) curves were measured at
different current densities from 1 to 100 A g~' under the
potential range from —1 to —0.2 V (vs. SCE). Furthermore,
the symmetric button capacitor was assembled with two
pieces of working electrodes separated by a layer of
polypropylene membrane. CV and GCD performance of the
AC-based symmetric device was collected at different scan
rates from 10 to 200 mV s~ ' and different current densities
from 1 to 100 A g~' within the potential range of 0-0.8 V.

Results and Discussion

Scheme 1 shows digital pictures about the fabrication
process of the AC. Firstly, brown product is obtained after
hydrothermal treatment of rotten potato at 200 °C for 8 h
(Scheme 1b). Then, the uniform black AC with a mass
yield of 8.7 % (Scheme lc) is obtained after KOH acti-
vation treatment of the hydrothermal product. Without
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Scheme 1 The preparation
process of porous AC. a Raw
rotten potato. b The product of
rotten potato after hydrothermal
treatment at 200 °C for 8 h.

c AC

Fig. 1 SEM images of NAC
(a) and AC (b). The N,
adsorption isotherm (c) and pore
size distribution profiles (d) of
NAC and AC. High-resolution
XPS spectra of Cls (e) and
Raman shift spectra (f) collected
for AC
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activation treatment, the product shows smooth surface, as
shown in Fig. la. Figure 1b shows the low- and high-
magnification (insert picture) SEM images of the AC
synthesized by hydrothermal reaction and the following
activation of KOH. It is obvious that large amounts of
macropore with about 1-3 pm in diameter were formed
continuously. The rough surface of AC is observed in the
high-resolution SEM image (insert in Fig. 1b) suggesting
the existence of mesopore. Specific surface area of AC is as
high as 960 m* g~' and much larger than that of NAC
(14 m* g7') (Fig. Ic). The corresponding pore size

2é5 280 400 800 1200 1600

2000
Raman Shift (cm™)

distribution is also performed to characterize the porosity
of AC and NAC, as shown in Fig. 1d. In comparison with
NAC, AC presents the mixed type I and IV isotherm
defined by the International Union of Pure and Applied
Chemistry (IUPAC), and the classification reveals the
coexistence of both microporous and mesoporous struc-
tures in AC [17, 18]. The insert in Fig. 1d depicts that AC
owns two narrow peaks centered at 2-5 and 1 nm con-
firming that the AC has amount of micropores and meso-
pores, which is promising structure for the high-
performance EDLC electrode materials. The fine X-ray
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photoelectron spectroscopy (XPS) spectrum of the carbon
element (Cls) collected for AC is investigated to determine
the chemical component and its electric state (Fig. le). It is
obvious that the original curve can be fitted by three dif-
ferent peaks located at 284.6, 285.2 and 289.0 eV which
can be attributed to graphitic carbon, aliphatic carbon and
carboxyl and/or ester groups [19]. Figure 1f presents the
Raman spectra of AC, and two representative peaks located
at 1598 and 1345 cm ™' can be assigned to the hexagonal
carbon plane (G band) and crystal defects or imperfections
indicating formation of carbon elementary substance with
high disordered structures [20].

Figure 2a presents the CV curves of AC and NAC
measured at the scanning rate of 50 mV s~' within the
potential range from —0.2 to —1 V in three electrode
systems. The shape of CV curve collected for AC is
approximatively rectangular, and the enclosed area is much
larger than that of NAC, indicating the excellent electro-
chemical performance of AC. GCD curves based on AC
and NAC are shown in Fig. 2b, indicating that the specific

capacitance of AC is as high as 269 F g~ at the current

density of 1 A g~' which is much larger than that of NAC
according to the following equation [21-23].

I x At
7 1
mx AV (1)

where C (F g™ ') stands for specific capacitance, I is the
current of charge and discharge process, m is the mass of
the active material, At (s) is the discharge time, and
AV (V) is the potential range.

Figure 2c depicts the CV curves of the AC at different
scan rates from 5 to 400 mV s~' within the voltage range
from —1 to —0.2 V (vs. SCE). All CV curves exhibit
nearly rectangular shape even at a high scanning rate of
400 mV s ', indicating good capacitive performance.
GCD plots (Fig. 2d) show symmetric triangle shapes
without any obvious voltage drop at current density from 1
to 20 A g, revealing excellent EDLC capacitive behav-
ior. The specific capacitance was calculated to be 269, 255,
239,231 and 215 F g7l at current density of 1, 2, 5, 10 and
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20 A g™, respectively. It is obvious that the capacitance
retention is 85 % (215 F g~") when the current density is
increased 20 times. When increased to 100 A g~' (Fig. 2e),
the capacitance still remains 55.7 % (152 F gfl). The rate
performance of rotten potato is better than recent results,
such as AC derived from loofah sponge (60.2 % capaci-
tance retention at a current density of 50 A g~') and waste
tobacco recycled carbon (the capacitance keeps approxi-
mately 54 % when the current density is increased 20
times) [24, 25], indicating the high rate performance of the
rotten potato-based AC. Cycling stability of AC electrode
is also tested at a scanning rate of 100 mV s~ in 6 M
KOH solution within the potential range from —1 to
—0.2 V (vs. SCE) (Fig. 2f). The capacitance retains more
than 95 % initial capacitance after 7000 cycles indicating
excellent long-term life performance. The outstanding
supercapacitive performance of the AC can be attributed to

0 1500 3000 4500 6000 7500 9000
Power Density (W kg™)

PUN A NAHNECCANMOVORIEr R C-ZOMMOEOE >

the continuously interconnected 3D micro-/meso-/macro-
porous structure as well as considerable conductivity.

The symmetric capacitor is assembled with two same
pieces of active electrode and a layer of polypropylene
membrane as separator and sealed in button coin cell. The
electrochemical performance of the symmetric device is
measured within the potential range from O to 0.8 V. Fig-
ure 3a presents the CV curves of the button cell at different
scan rates from 10 to 200 mV s~'. The highly regular
rectangle shapes at different scan rates of 10 to
200 mV s~ ' are observed which indicates the excellent
capacitance of the device. GCD curves measured at dif-
ferent current densities from 1 to 20 A g~' under the
potential range of 0-0.8 V are shown in Fig. 3b. The
specific capacitance of the device is calculated by Eq. (1),
which reaches up to 48, 46, 43, 41 and 36 F g71 at a
current density of 1, 2, 5, 10 and 20 A gfl, respectively.
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And the specific capacitance of the symmetric device
retains about 53 % when the current density is increased
from 1 to 100 A g~' (Fig. 3c), which is larger than that
fabricated symmetric device based on carbon materials
derived from human hair [26], enteromorpha prolifera [27],
orange peel [28] and seaweed [29]. Figure 3d shows the
cycling performance of fabricated symmetric device mea-
sured at the scanning rate of 100 mV s~' under the
potential range from 0 to 0.8 V. Without visible decay can
be observed after 7000 cycles demonstrating the extraor-
dinary long-term cycling life of the symmetric device
based on the rotten potatoe-derived carbon. Ragone plot
related to energy density and the power density is an effi-
cient way to evaluate the capacitive performance of
supercapacitors. The energy density (E) and the power
density (P) can be calculated by the following equations:

E =0.5CV? (2)

P== ()
t

The assembled symmetric supercapacitor delivers a
maximum energy density of 4.27 Whkg™' and power
density of 405.60 W kg™ at the current density of 1 A g~'
(Fig. 3e). The red light emitting diode (LED) with
threshold voltage of 1.8 V can be driven for at least 10 s
(Fig. 3f) by three button coin cells in series, indicating the
good feasibility of the rotten potatoe-derived carbon
materials in EDLC supercapacitive device.

Conclusions

In summary, high electrochemical performance of AC with
specific area of 960 m* g~' and micro-/meso-/macropore
structure has been successfully synthesized by environ-
mentally hydrothermal treatment of rotten potatoes at
200 °C and KOH activation in 750 °C in succession. The
obtained AC exhibits high specific capacitance of
269 F ¢! at a current density of 1 A g™, excellent rate
performance with a capacitance retention of 55.7 % when
the current density is increased 100 times and good sta-
bility with only capacitance decay of 5 % after 7000
cycles. In addition, the assembled symmetric capacitor
based on the rotten potatoes-derived AC shows high
specific capacitance of 48 F g~ and considerable energy
density of 4.27 Wh Kg~' at a current density of 1 A g~ ".
The result offers a facile, low-cost and environmentally
friendly approach to fabricate high-capacitive carbon
materials for commercial EDLC-related applications.
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