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KEYWORDS Abstract Porous carbon nanosheets were prepared by the carbonization of paper flower via chem-
Porous carbon: ical and physical activation. The structural properties of the as-prepared carbons were characterized
Supercapacitor; using the techniques, such as X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
Adsorption; (FT-IR), Raman spectroscopy, N, sorption isotherms and X-ray photoelectron spectroscopy
Sunset yellow; (XPS), while the related morphological analyses were conducted using scanning/transmission elec-
Adsorption capacity tron microscopy (SEM/TEM). The obtained carbons exhibit a high specific surface area up to

1801 m> g~' with a robust porous graphitic carbon layer structure, which provides the merits for
potential application in energy storage and dye removal. We carried out potentiostatic and galvano-
static measurements using a three-electrode cell in 1.0 M H,SO,4 aqueous electrolyte and achieved a
specific capacitance of 118, 109.5, 101.7, 93.6, and 91.2 F gfl at1,2,4,8and 12 A gfl, respectively.
The stability at 12 A g~! was tested to reach 10,000 cycles with capacity retention of around 97.4%.
We have demonstrated that the paper flower-derived carbons at activation temperature 800 °C

* Corresponding authors.
E-mail addresses: spveerakumar(@gmail.com (P. Veerakumar), maiyalagan(@ gmail.com (T. Maiyalagan), kclin@ntu.edu.tw (K.-C. Lin).
Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2018.08.009
1878-5352 © 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2018.08.009&domain=pdf
mailto:spveerakumar@gmail.com
mailto:maiyalagan@gmail.com
mailto:kclin@ntu.edu.tw
https://doi.org/10.1016/j.arabjc.2018.08.009
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2018.08.009
http://creativecommons.org/licenses/by-nc-nd/4.0/

2996

P. Veerakumar et al.

(PFC-800) can be used as a promising electrode material in supercapacitor. PFC-800 can also serve
as an efficient sunset yellow dye removal, showing the maximum adsorption capacity for sunset yel-

low (Qo, 273.6 mg g~ ).

© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biomass resources have recently drawn much attention as car-
bon precursors to derive activated carbons (ACs), mainly due
to renewability and environmental friendliness (Peng et al.,
2013; Long et al., 2015) as compared with traditional bio-
sources such as protein (Li et al., 2013), wood (Guo et al.,
2017), and corncob (Wang et al., 2015). The essential require-
ment for the carbon precursor in the application of electro-
chemical energy storage is to generate carbons with large
surface areas and pore volumes (He et al., 2013). Therefore,
the activation process followed by carbonization treatment is
usually required to increase surface area and micro/meso-
porosities of ACs (Zhao et al., 2010). The common chemical
activating agents such as KOH, H3;PO,, ZnCl,, etc have been
used to enhance the textural properties like surface area
(>3000 m? g~ "), pore volume and tailorable pore size (Wang
and Kaskel, 2012). Due to such unique merits, ACs are suc-
cessfully utilized for hydrogen storage (Yu et al, 2017),
adsorption (Veerakumar et al., 2017), electrochemical sensors
(Yao et al., 2017) and supercapacitor (SC) applications
(Veerakumar et al., 2018).

Till now, SCs serves as one of most charming electrochem-
ical charge-storage devices; it offers many prospective
applications in the field of hybrid electric vehicles, telecommu-
nications, portable electronics, security alarm systems, uninter-
ruptible power supply (UPS), and solar power systems (Lu
et al., 2017; Zhang et al., 2017; Li et al., 2018). Numerous por-
ous carbon nanomaterials have been developed for SC applica-
tions, such as graphene (Yang et al., 2017), activated carbons
(Borenstein et al., 2017), carbon nanotube (Zheng et al.,
2017; Tian et al., 2018), carbon fibers (Chen et al., 2017), car-
bon aerogels (Han et al., 2017), and polymers (Shi et al., 2015).
Currently, graphene nanomaterials exhibit unique distinct fea-
tures and widely used to form supercapacitors, but the prepa-
ration of graphene or graphene oxide is an intricate procedure
that may lead to hazardous explosions (Zaaba et al., 2017). On
the other hand, despite carbon nanotubes and buckminster-
fullerene showing a moderate surface area and good conduc-
tivity, the as-prepared supercapacitors do not achieve good
capacitive performance; manufacturing difficulties and the cost
restrict their applications in energy storage devices (Zheng
et al., 2017; Tian et al., 2018). As reported, the specific surface
area of carbon fibers, carbon aerogels, and polymers ranges
from 500 t01000 m? g~', of which only a fraction can be used
for energy storage; the difficulty to tune the porous structure
further restricts their large-scale production and practical
applications (Li et al., 2017; Zhu et al., 2018).

Among these carbon sources, ACs has recently attracted
wide attention because of low cost, environmental benignity,
and well-defined pore structures and topologies. The proce-
dure for fabrication of ACs from biomass precursors is simple
and renewable. Further, the resulting porous ACs can provide

a large specific surface area, high porosity, chemical, thermal,
and structural stability, natural presence of desirable surface
oxygen functional groups and favorite pathways for the ion
diffusion (Sevilla and Fuertes, 2014; Shi et al., 2017; Kang
et al., 2018). A large amount of natural plant and animal/insect
wastes are treated as renewable carbon sources which have
drawn increasing interest in both fundamental research and
industrial applications (Biswal et al., 2013; Gao et al., 2014;
Panmand et al., 2017).

Herein we report the preparation of porous carbon
nanosheets derived from Bougainvillea Spectabilis biowaste
for high-performance SCs. Bougainvillea Spectabilis is some-
times known as “paper flower (PF)” because the bracts are
thin and papery. PF is a fast-growing plant and reported to
have medicinal values including antidiabetic properties
(Khairy et al., 2016). It mainly consists of betanin (natural
dye), a saccharide (betanidin, betaxanthin) and lignocellulosic
fibers, etc., which should be beneficial to the synthesis of ACs
because of their high levels of a saccharide type cellulose, and
fine fibrous networks present in the paper flowers (Isah et al.,
2015). Therefore, paper flower carbons (PFC) are likely to
become the promising electrode materials for SC as well as
for removal of sunset yellow (SY) dye from aqueous solution.
The overall preparation procedure is illustrated in Scheme 1.

2. Experimental section

2.1. Materials

Paper flowers (Bougainvillea Spectabilis) were collected from
the campus of National Taiwan University. Vulcan XC-72,
polyvinylidene fluoride (PVDF), N-methyl-2-pyrrolidone
(NMP) and sunset yellow FCF (SY) were purchased from
Fluka and Merck, respectively. All chemicals were used after
purchase. All the solutions were prepared using ultrapure
water (MilliQ, 18.25 MQ cm).

2.2. Preparation of activated carbon

The mature paper flower (PF) was collected after they fell from
(Bougainvillea Spectabilis) plants. The pre-cleaned PFs were
ground to small particles (<2.0 mm) from which the PF-
derived carbons (PFC) products were generated while placed
in a tubular furnace through the carbonization and subsequent
activation process. Typically, ~2 g PFs were impregnated in
100 mL of ZnCl, aqueous solution corresponding to a ratio
of ZnCl,: PFs = 3:1 by weight. After 24 h of impregnation,
the PFs was placed under microwave (mw) irradiation (Mile-
stone’s START MW power: 300 W) at a rate of 10 °C min ™"
to reach 100 °C at which the treatment then lasted for 6 h.
The obtained slurry-like carbon materials were collected,
washed thoroughly with 3M HCI and deionized water
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(until a neutral pH), and then dried at 100 °C for 2 h. Subse-
quently, 0.5 g PFs carbon products were placed in a horizontal
transparent tube furnace (YO02PB, Thermacraft Inc., USA)
under N, atmosphere and heated to the different temperature
(700 or 800 °C) at a rate of 5 °C min~! for graphitization treat-
ment. Then, this maximum temperature (700 or 800 °C)
remained for 1 h prior to switching to CO, activation with a
flow rate 30 mL min~' at the same temperature for 30 min.
Finally, the resultant carbon powders, denoted as PFC-x
where x is the activation temperatures (400, 700 and 800 °C).

2.3. Material characterizations

X-ray diffraction (XRD) data were obtained on a PANalytical
X’Pert PRO diffractometer using Cu Ko radiation generator.
Scanning electron microscopy (SEM) images were obtained
using a field-emission scanning electron microscope (SEM;
JEOL JSM-6500F) and field-emission transmission electron
microscopy (FE-TEM) images were obtained using a field-
emission TEM (JEM2100F, JEOL) operated at 200 kV. The
structure was examined using Raman scattering spectroscopy
(Jobin Yvon T64000 spectrometer). X-ray photoelectron spec-
troscopy (XPS) data were obtained using ULVAC-PHI PHI
5000 VersaProb apparatus. N, adsorption/desorption iso-
therm was performed on the Autosorb-1 surface analyzer
and the evaluation of specific surface area of different samples
was based on Brunauer-Emmett-Teller analysis. The func-
tional groups of the as-prepared carbons were determined by
FT-IR analysis in a Bruker IFS28 spectrometer with a KBr
pellet. Thermo-gravimetric analyzer (TGA) was used to
account for the weight change of the samples when exposed
to high temperature recorded. The TGA data were measured
using Netzsch TG-209 at 25-900 °C with 10 °C min~' of heat-
ing rate under ambient condition.

2.4. Electrochemical tests

The electrochemical impedance spectroscopy (EIS) from
100 KHz to 10 MHz controlled at 10 mV amplitude, cyclic
voltammetry (CV), galvanostatic charge/discharge measure-
ments (GCD), and cycling performance were evaluated using
a SP 300-EC-Lab testing system. The working electrode for
electrochemical tests was prepared by coating slurry (PFC),

Illustration of the preparation route for PFC carbon for supercapacitor and dye removal applications.

75 wt%, Vulcan XC-72 (20 wt%), PVDF (5 wt%)) onto a
grade-304 stainless steel (SS) plate as current collectors and
then dried at 65 °C under vacuum oven for 12 h. Electrochem-
ical properties of individual electrodes were evaluated using a
three-electrode cell with Pt foil as the counter electrode, PFC
coated SS plate as the working electrode and Ag/AgCl as the
reference electrode with 1 M H,SO, electrolyte. We then
selected a potential window from —0.1 to +0.9 V for the CV
and GCD measurements, in which CV was operated at differ-
ent scan rates of 10, 20, 40, 80,160 and 320 mV s~ , while GCD
was fixed at a current density of 0.5 mA cm™2

All the CV and GCD experiments were performed on an
electrochemical workstation. The specific capacitance (SC,
F g7!) of the sample electrodes was calculated using Eq. (1)
for CV measurements (Wahid et al., 2014).

0
SC = AV (1)
where Q is the average charge during the charge and discharge
process (C), m the mass (g), and AV the working potential (V).
The following equation is for the GCD measurements (Zhou
et al., 2015).
1At

SC = AV (2)
where 7 is the applied current density (A g "), 4t the discharge
time (s), and 4V the voltage window after iR drop.

3. Results and discussion

3.1. Physical characterization

During the physicochemical activation process, the functional
groups after carbonization at different temperature can be usu-
ally verified using FT-IR spectroscopy. Hence, we employed
FTIR spectrometer to analyze the cleaned and dried PFs prod-
ucts during the heating process of ZnCl,-impregnated PFs
from room temperature to 800 °C. Fig. 1a shows several char-
acteristic peaks for the pre-carbonized PFs at room tempera-
ture, indicating their complicated chemical structure. A
broad peak at 3433cm™' was ascribed to the hydroxyl
(—OH) stretching and the peak at 3011 cm ™' was assigned to
the stretching of C—H benzene rings. The three peaks at
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Fig. 1

1608, 1501 and 1452 cm™" were characteristic of the C—=C in
benzene rings (Dominguez et al, 2013). The peak at
752 cm™! was ascribed to disubstituted-1,2 in the aromatic
rings, while the peaks at 878 and 818 cm ™! corresponded to
1,2,4-substitutions and 1,4-substitutions, respectively. Mean-
while, the stretching of a phenolic hydroxyl group, C—0O—,
and a hydroxymethyl group was identified by inspecting the
peaks at 1357, 1219 and 1011 cm™', respectively (Yahya
et al., 2015). In addition, the peaks around 400-600 cm ™' con-
tain various bands related to aromatic, out of plane C—H
bending with different degrees of substitution (Zhang et al.,
2016). Fig. 1a also shows the precursor PFs spectrum activated
by ZnCl, at 400 °C for comparison. The peak at 3430 cm ™!
corresponding to hydroxyl groups became less intense and
shifted to a high wavenumber when the activation temperature
was raised to 400 °C. Meanwhile, the peak intensities of the
C—H stretching at 2920 and 2852 cm™' decreased. The peak
for the C=0 group at 1735 cm™! disappeared. These changes
in FT-IR spectra evidenced that the ZnCl, activation played
an importation role to cause catalytic dehydration and con-
densation reaction between the oxygen-containing functional
groups in precursor PFs during the heating process, which
diminished hydroxyl, methylene, phenolic hydroxyl and
methylol groups (Huang et al., 2016).

As the activation temperature was increased to 700 or
800 °C, the peak at 3430 cm ™! became weakly detected, indi-
cating consumption of —OH groups in dehydration reactions
(Fig. 1a). At the same time, the C—C vibrations in benzene
rings at 1608 and 1450 cm™' became weak, because large
amounts of aromatic rings were changed to multi-benzene
fused ring structures. The multi-benzene fused ring structure
was reported to be an intermediate state when the carbon
materials were changed towards a graphite structure in the
heating process (Yahya et al., 2015; Huang et al., 2016). There-

1000 1200 1400 1600 1800 2000
Raman shift (cm)

(a) FT-IR spectra, (b) TGA curves, (c) DTA curves, (d) XRD patterns and (¢) Raman spectra of the PFC.

fore, as the amount of multi benzene rings increase, the poly-
merization of carbon netlike structures and the subsequent
graphite-like structures may be enhanced to some extent
(Yu et al., 2018).

In addition, the weight loss and carbon content of ZnCl,-
impregnated PFs and pre-carbonized (400 °C) samples were
measured through thermogravimetric analysis (TGA) in the
O, atmosphere with a heating rate of 10 °C min~' (Fig. 1b).
In the first step, the thermal decomposition of ZnCl,-
impregnated and pre-carbonized (400 °C) PFs sample with
amorphous carbon structure resulted in the weight loss
8.5 wt% from 45 to 105 °C due to the moisture release; then,
a significant weight loss from 257 to 470 °C is caused by the
complete combustion of non-graphitic carbons and volatiles
release which shows two peaks of DTA curve in this range.
However, a trace amount of remnant ZnO oxides was found.
The last stage from 470 to 900 °C may result in dehydration
and dehydrogenation which occurred persistently in the aro-
matic ring to form net-like structures of hexatomic rings
(Fig. 1c). The decomposition of oxygen-containing groups at
high temperatures can still lead to weight loss, but the main
reason was due to gasification of ZnCl, (b.p ~732°C) (Hu
et al., 2001). In brief, chemically adsorbed water molecules
were evaporated below 100 °C. Then, a stable formation was
observed up to 400 °C, and finally, an extreme weight loss
between 400 and 700 °C was owing to the decomposition of
carbon structure. These results demonstrated that a more
stable carbon structure was formed after physicochemical acti-
vation process of the PFs.

X-ray diffraction (XRD) data for the PFs derived carbon
products at 400, 700 and 800 °C are displayed in Fig. 1d.
The peak at 24.2 is broad with a small intensity, suggesting
the amorphous feature of the pre-carbonized carbon at
400 °C. When carbonization temperature increases, two major
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diffraction peaks observed at around 22° and 43° correspond
to the graphitic (0 0 2) and (1 0 0) planes, respectively, reveal-
ing the presence of more graphitic and less disordered carbon,
as expected after CO, activation (Zickler et al., 2006). No sig-
nificant peaks assignable to ZnCl, or ZnO reveal their high
purities of carbon derived from PFs.

Next, Raman spectroscopy was employed to inspect the
structures of the PFC samples and to characterize the different
types of sp® carbon nanostructures. As shown in Fig. le, the
Raman spectra of pre-carbonized (at 400 °C) sample exhibit
two broad peaks at 1559 and 2699 cm ™! which can be assigned
to D (4, symmetry) and G band (E,, symmetry) of the disor-
dered and ideal graphitic lattice, respectively (Wei et al., 2011).
The intensity ratio (Ip/Ig) observed for both samples (PFC-
700 and 800) are 0.98 and 0.99 respectively, indicating the sim-
ilarity with the graphitic structure. It is worthwhile to note that
the Ip/Ig values observed at the same graphitization tempera-
ture for commercial activated carbons (Knight and White,
1989) and ordered carbon nanosheets (Wang et al., 2013) are
0.52 and 0.90, respectively. The chemical and physical activa-
tion treatment does enhance the property for the graphitic
structure. Notably, the Ip/Ig value of the as-obtained PFC
was estimated as ~0.99, which should be responsible for the
desirable electronic conductivity for the SC applications.

Brunauer—Emmett-Teller (BET) nitrogen adsorption/des-
orption isotherms were acquired to evaluate the porosity and
surface area of the activated samples (Fig. 2a). According to

the BET isotherm, a very low surface area of 290.1 m” g~ with

—~ 800
Broo] e @ |
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a pore volume of 0.067 cm® g~! was evaluated for low temper-
ature activated sample (PFC-400) and the curve shows a type-
II isotherm with mesoporous in nature. The BET surface area
was determined to be 1700 and 1801 m? g~ for PFC-700 and
PFC-800 samples, respectively, indicating the type I isotherms
with hysteresis loops characteristic of micro/mesoporous struc-
tures (Karnan et al., 2016). The pore size distribution on the
basis of BJH analysis (inset of Fig. 2b) is mainly centered at
approximately 2-3 nm.

Table 1 presents a summary of the porous structure for the
prepared carbons (surface area, pore volume, and pore size), of
which PFC-800 sample shows the largest surface area
(Sger = 1800m>g™") and the largest pore volume
(V1o = 1.16 cm® g 1). The suitable pore size and pore volume
may supply micro/mesopore channels penetrable for the
migration of electrolyte ions, and meanwhile shorten the path-
way for the ion motion to facilitate the ion diffusion kinetics.
Furthermore, the elemental composition of PFC-400, PFC-
700, and PFC-800 was examined by Thermo Flash 2000
CHNS/O Analyzer. Typically, the PFC-400 sample contains
carbon (41.01 wt%), hydrogen (5.33 wt%), and oxygen
(52.02 w%). During the pyrolysis process, some volatile matter
decomposed into vapors, hence showing a reduced amount of
C, H and O elemental composition in the PFC-800. The effect
of pyrolysis temperature on product composition is given in
Table 1. PFC-800 yielded C amount only with 40.08 wt% at
the pyrolysis temperature of 800 °C. The H and O contents
increased dramatically at the price of decrease of the carbon

0.12
12 (b) —— PFC-800
0.1041® = PFC-700
! ‘l, —— PFC-400
0.084 ‘
1o
0.064 |
19
0.044 |®
0.024 &
0.004

0 5 10 15 20 25 30
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(a) N, adsorption/desorption isotherms, and (b) pore-size distribution of as-prepared PFC.

Table 1 Physical properties of the various as-synthesized samples.

Samples Surface area® (m> g~ ") Pore volume® (cm?® g ) Dp(nm) Elemental analysis (wt%) I/l
S%ot anicro V"}ol V’;‘nicro Vm C H 0

PFC-400 290.1 72.16 0.088 0.011 0.077 2.83 41.01 5.33 52.02 1.01

PFC-700 1700 275.2 0.862 0.227 0.635 3.12 40.27 5.81 52. 87 0.98

PFC-800 1801 348.8 1.161 0.553 0.509 3.28 40.08 5.94 52.95 0.99

“Brunauer—Emmet-Teller (BET) surface areas.
Total pore volume derived from the N, uptake at P/Py = 0.99.

“Microporous surface area and pore volume obtained from r-plot analysis.

dMesoporous volume (Mpyeso = Vot — VMmicro)-
°Pore size determined by BJH method.
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contents after the treatment of chemical and physical activa-
tion, thus indicating successful surface area and pore volume
enhancement. The involvement of heteroatoms such as O
and H may enhance the electrochemical properties of PFC-
800.

The morphology of the PFC-400, PFC-700, and PFC-800
samples were examined using FE-SEM micrographs (Fig. 3),
showing the porous nature of carbon which appears like thin
sheets and folds on the surface.

The field-emission transmission electron microscopy (FE-
TEM) images for the as-prepared PFC-700 and PFC-800 with
different magnifications were illustrated in Fig. 4a,b and c—e,
respectively. The figures show that the activated PFC have
an extensive number of micro/mesopores with interconnected
porous carbon matrix, which should facilitate electrolyte
exchange. Apparently, the PFC is very thin with lattice fringes
like graphene and its SAED spectrum is displayed in Fig. 4f. In
addition, typical FE-TEM images of PFC-400 sample (Fig. S3,
SI) show the interconnected carbon framework with small

micropores which mostly contain amorphous nature (see
Fig. 1d).

The XPS result (Fig. 5a) reveals that the sample contains O
and C elements within the range of 0-1000 eV. In Fig. 5b, the
XPS pattern for C 1s comprises a major peak at 283.1eV
attributed to the C—C bonds in conjugation with three other
less intense peaks with the binding energies (B.E) at 284.3,
285.4 and 287.9 eV, which are assigned to the C—0O, C—C=0
and m-n* shake-up satellite bonding, respectively. The O 1s
broad spectrum (Fig. 5¢) was deconvoluted into three peaks
with B.E ca. 529.8¢eV (C=0), 531.9¢V (C—0), and
532.8eV (C—O—C/C—OH). Oxygen-containing functional
groups after the activation can be successfully formed from
the binding energies of C 1s and O 1s for the PFC-800 as
observed in Fig. 5¢c. XPS study further reveals that chemical/
physical activation of porous carbon essentially leads to the
formation of large micro/mesopores (Zhang et al., 2018).
According to the above results, the PFCs thus prepared are
expected to achieve satisfactory electrochemical performance.

1000 10pm WD 10.1me

Fig. 3 FE-SEM images of as-prepared (a, b) PFC-400, (c, d) PFC-700, and (e, f) PFC-800 samples.



Paper flower-derived porous carbons

3001

Fig. 4

FE-TEM images of (a, b) PFC-700, (c-e) PFC-800 samples and (e) show the corresponding SAED pattern of PFC-800.
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3.2. Electrochemical behavior of the PFC electrode

In recent years, electrochemical capacitors (ECs) have become
a new hot spot in the field of energy storage due to their high
levels of electrical power, large specific energy density, fast
charging—discharging rates and environmental protection
(Ratha and Rout, 2013). According to the working mecha-
nisms, supercapacitors can be divided into two types. One is
pseudocapacitors, which store energy through physical adsorp-
tion; for instance, the pseudocapacitive materials (Jayalakshmi
and Balasubramanian, 2008) store energy through a faradaic
process, which involves fast and reversible redox reactions
between the electrolyte and electroactive materials on the elec-
trode surface (Jiang et al., 2018). In principle, the electroactive
species, which possess various valence/oxidation states, have
pseudo charge storage abilities. The most widely explored elec-
troactive materials include (i) transition-metal oxides (Zhang
and Zhao, 2009), hydroxides, or nitrides (Choi et al., 2000),
(if) conducting polymers (CPs) (Rudge et al., 1994) such as

284 286
Binding energy (eV)

528 531 534 537 540
Binding energy (eV)

288 290 525

(a) XPS survey spectra of the PFC-400, PFC-700 and PFC-800 samples, (b) C 1s and (c), O 1s core-level spectra of the PFC-800

polyaniline (PANI), polypyrrole (PPy), and polythiophene
(PT), and (iii)) materials possessing oxygen-and nitrogen-
containing surface functional groups (Li et al., 2007; Jeong
et al 2011). The other type is electric double layer capacitors
(EDLCGCs) or non-faradaic supercapacitors, which store energy
using the adsorption of both anions and cations. Currently,
most of state-of-the-art EDLCs devices are based on high-
surface-area carbons such as porous activated carbon (ACs),
carbon spheres (CSs), carbon nanotubes (CNTs), graphene
(Gr) and so forth owing to the charge separation at the elec-
trolyte interface (Gu et al., 2015). Thus, the as-prepared PFC
materials possess the unique structural and textural properties
showing a potential application in high-performance EDLCs.
The electrochemical application of the PFC materials is then
performed to evaluate supercapacitors in a three-electrode cell
configuration. In this study, the PFC-400 sample with the lim-
ited surface area and the pore volume restricts the electrolyte
ions to enter the micropores and thus leading to a decrease
of the specific capacitance (Hwang et al., 2017). Besides, the
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PFC-400 has a low degree of crystallinity and poor surface
area, which impedes the charge transfer and suffers an energy
loss in an SCs device (Kinoshita, 1988). Thus, it is necessary to
increase surface area or add conductive materials into the car-
bon to form a composite electrode to increase its conductivity.
Hence, the surface structure plays a very crucial role in energy
storage systems (Hsieh and Teng, 2002). Thus far, PFC
become popular in the device manufacture, by taking advan-
tage of such as their large surface area, relatively high chemical
stability, reasonable cost, abundance, biocompatibility, and
scalable synthesis (Halama et al., 2010). An activated carbon
redox reaction has been proposed for pseudocapacitance in a
1.0 M H,SO, aqueous electrolyte by the following reaction
(Egs. (3) and (4):

>C,—O0O+H" =>C,0//H" (3)

where the symbol > represents the surface of the PFC-800
material, and the symbol // denotes the adsorption interface
between H™ and the oxygen functional groups present in the
PFC-800. The electron transfer process is expressed by
(Zhang et al., 2014).

>CO+H +e¢ =>C,0OH 4)

This reaction formula indicates that the proton H™ is not
only adsorbed on the oxygen functional groups, but also
involved in the electron transfer. In performance of the electro-

chemical behavior, cyclic voltammetry (CV) of PFC at a
potential window of —0.1 to +0.9 V with 20 mV s~ ' is demon-
strated in Fig. 6a. The CV measurements for both samples
appear to have rectangular-like shape with mirror image char-
acteristics but without showing any redox peaks. From the
results, an effective EDLC behavior can be inferred for the
as-prepared samples. Generally, the total area under CV curve
is directly related to specific capacitance. The CV curve area
for PFC-800 is found to be larger than PFC-700. This indicates
that the former sample has relatively larger capacitance,
because of enhancement of surface area and the porosity of
the material.

Fig. 6b shows the CV for PFC-800 at a scan rate from 10 to
320 mV s~ in the same potential range vs. Ag/AgCl. Notably,
the voltammetric current is found to vary linearly with the scan
rate, suggesting its direct dependence on the scan rate (Raj
et al., 2015a,b). At a reduced scan rate, H* ions may fill up
most of the active sites on the surface as well as interior regions
of PFC electrode. This may be due to the fact that the electro-
chemical adsorption-desorption process at lower scan rate has
sufficient time for ion diffusion. In contrast, at higher scan
rate, the ions are unable to acquire sufficient time for their effi-
cient diffusion into the active sites due to their high mobility
rate (Das et al., 2017). The rectangular shape remains similar
even when the scan rate is increased to 320 mV s™', suggesting
a good efficiency for electrochemical performance and low
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(a) CV curves of PFC-800 and (b) PFC-700-modified electrodes at various scan rates in the potential range of —0.1 to +0.9 V vs.

Ag/AgCl in aqueous media (1.0 M H,SOy solution as an electrolyte), and (c) CV curves of PFC-700 and PFC-800 modified electrode with

a scan rate 20 mV s~ .
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equivalent series resistance of the electrode. As shown in
Fig. 6¢, nearly perfect rectangular-shaped loop was obtained
at 20mVs™! from —0.1 to +0.9 V range without any redox
peaks, indicating that the PFC-800 electrode tends to work
as a typical EDLC formation.

The examinations of the rate capability and cycling perfor-
mance further highlight the significant role of the PFC acting
for the high-performance supercapacitors. To get further
insight into the capacitive behavior, the charge/discharge and
cycling abilities were studied. Fig. 7a and Fig. 7b illustrates
the GCD patterns of PFC-800 and PFC-700 modified elec-
trode at 1,2, 4, 8 and 12 A g~ ' in 1.0 M H,SOy in the voltage
window of —0.1 to 0.9V (vs. Ag/AgCl). The potential was
found to be directly proportional to the time during charg-
ing/discharging, which can be another indication for the capac-
itor. The adsorption—desorption at the electrode/electrolyte
interface mainly accounts for the capacitive performance.
Obviously, a longer discharge time possessed by PFC-800 indi-
cates that the higher capacitance of the PFC-800 with respect
to PFC-700 electrode. The specific capacitance was estimated
utilizing the above-mentioned mathematical identity (see Eqn
(2); Huang et al., 2012).

Fig. 7c shows the comparison of GCD patterns between
PFC-800 and PFC-700 at a high current density of 12 A g~ '.
The specific capacitances of PFC-700 and PFC-800 electrodes
were calculated to be 449F g=! and 912F g~ ! at 12A g™ '.
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Since the capacitance stability with increasing charge-
discharge cycles is the prerequisite for an effective capacitive
performance, an analysis highlighting specific capacitance val-
ues with respect to the charge/discharge cycle numbers is car-
ried out as presented in Fig. 7d. At the 5400th cycle, there was
only slight fading of about 1.3% from its starting capacitance
value. Even after consecutive charge/discharge operations up
to 10,000 cycles, a high stability in cycling performance can
be predicted with fading of only 8.6% in the specific capaci-
tance. After 10,000 cycles a capacitance of 88.8F g~ 'is
achieved showing a stable retention value of 97.4%. The
results reveal that the prepared electrode using porous carbon
PFC-800 presented an excellent capacitive behavior.
Furthermore, electrochemical impedance spectroscopy
(EIS) measurements were conducted to understand the PFC
capacitive behavior from 100 KHz to 10 MHz alternating cur-
rent frequency range with an open-circuit condition (Fig. 8).
Fig. 8a shows the Nyquist plots for PFC-700 and PFC-800
electrodes with an amplitude of 10 mV. At high-frequency
range, a semicircle is observed for both electrodes, while a ver-
tical region can be visualized at low-frequency range which
indicates pure capacitive performance for both the electrodes.
The charge transfers resistance (R.) which mainly occurs at
electrode/electrolyte interface at high frequency is represented
by the semicircle diameter (Huang et al., 2012). The smaller
semicircle in PFC-800 indicates a massive decrement in R,
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Fig. 7 GCD curves of (a) PFC-800 and (b) PFC-700-modified electrodes with different current density, (c) comparison of GCD curves
of PFC-700 and PFC-800-modified electrodes at higher current density of 12 A g~', and (d) cyclic performance and capacitance retention
of PFC-800 electrode. All the cycling performance measured by using a three-electrode system in 1.0 M H,SO,4 and potential range from

—0.1to +09V.
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Fig. 8 (a) EIS spectra of PFC-700 and PFC-800 modified electrode, and (b) EIS of PFC-800 electrode before and after 1000 cycles.

with respect to PFC-700 electrode. It can be attributed to the
enhancement in size of mesopores which in turn leads to
increase of useable specific surface area and the decrease of dif-
fusion resistance. Low R, value indicates a high rate of ions
diffusion in active sites of an electrode. When charge transfer
resistance is lowed, the electrolyte ions can readily diffuse into
the pores of the electrode material and access the surface of
active electrode material.

Fig. 8b presents Nyquist plots for PFC-800 before and after
10,000 cycles. Due to the decrease of specific capacitance at
increased cycles, the R, value rises from 6 to 18 Q cm®. The
PFC-800 carbon material was found to be better for the super-
capacitor performance while compared with other bio-waste
derived carbons (Wang et al., 2015). This is because the chem-
ical activation treatment can generate more amount of micro/
mesopores, which leads to a larger specific surface area result-
ing in a significantly increased reaction area, and allowing for
much better electrolyte penetration during the electrochemical
reaction process. In addition, the CO, activation provides
more functional groups on the carbon surface, thus leading
to significant changes in the electron/donor characteristics
and improvement of the wet ability of the carbon surface
(Huang et al., 2012). These properties of the PFC electrode
materials enhance the electrical conductivity, which would be
beneficial for high-rate supercapacitor applications.

A list for comparing specific capacitance values among dif-
ferent electrodes is summarized in Table SI in the Supporting
Information along with their BET specific surface areas.

3.3. Removal of sunset yellow

In recent years, the development of industrialization accompa-
nied by water pollution has attracted intensive concern
(Aliabadi and Mahmoodi, 2018). Sunset yellow FCF (SY)
has been popularly used in industries such as food, beverage,
paper, leather, cosmetic, and textile (Sa et al., 2013; Gao
et al., 2013a,b). Its chemical structure and physicochemical
properties were displayed in Table S2 in the Supporting Infor-
mation. It can cause allergy, dermatitis, diarrhea, and skin irri-
tation, also provoke cancer, mutation and carcinogenic side
effects in human (Mekkawy et al., 1998; Zandipak and
Sobhanardakani, 2016). However, its complex chemical struc-
ture may resist against light and oxidizing agents. Thus easily

causing contamination of environment and food chains.
Therefore, azo dyes have been banned as food additives in
food industry and carefully removed from the environment.
However, the technologies such as coagulation/flocculation,
chemical oxidation, filtration, chemical reduction, and photo-
degradation were found to reach limited success in the treat-
ment of dye-containing wastewaters (Ghoneim et al., 2011;
Chanderia et al., 2017; Huang et al., 2018a—c). In contrast,
adsorption is considered to be the most effective technique
for wastewater treatment, due to its simplicity, low cost, and
high efficiency (Vasques et al., 2014; Huang et al., 2018a—).
To effectively remove organic dye pollutants from water, we
adopt the PFC as an adsorbent for the adsorption perfor-
mance for SY. Its high surface area, large pore size and pore
volume should favor the adsorption process.

Accordingly, the Langmuir adsorption isotherms of PFC-
700 and PFC-800 were given in details Supporting Informa-
tion. Note that the PFC-800 yielded the largest adsorption
capacity (Qo = 273.6mgg~') in examination of SY among
those reported carbon-based adsorbents (Table S3 in the Sup-
porting Information) such as MOFs/GO (Q, = 81.28 mgg™';
Li et al., 2016), MPMWCNT (Q, = 85.47 mg g~ '; Gao et al.,
2013a,b), lady finger stem (Qp = 15.92 mg g~ '; Abbas et al.,
2012) and mangrove barks (Qp = 12.72mgg™'; Seey and
Kassim, 2012). Fig. SI in the Supporting Information shows
the optical photographs of the PFC-800 adsorbent for SY
before and after adsorption; the SY became colorless com-
pared to the original solution. This could be attributed to its
ultrahigh surface area, large pore volume, and oxygen-
containing functional groups, such as —COOH and —OH on
the pore channels and edges of PFC-800. Meanwhile, PFC-
800 has a huge surface area and graphitized pore structure
allowing strong m—m interactions with the aromatic moieties
present in the dye molecules (Veerakumar et al., 2017), thereby
increasing the adsorption capacity of SY dyes. The BET iso-
therm of the SY dye adsorbed on PFC-800 was shown in
Fig. S2, in the Supporting Information. It is noticed that the
BET surface area of PFC-800 decreased with an increase of
the dye adsorption. Some micropores could be blocked by
the adsorbed pollutants, which caused the reduction of surface
area and the corresponding textural properties for PFC-800
sample was depicted in Table S4, Supporting Information.
These results make the PFC-800 a promising adsorbent
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candidate for the treatment of wastewater containing organic
food dyes.

4. Conclusions

We have prepared porous carbon materials from paper flower
via a facile chemical and physical activation process and
exploited its applications as electrode material for SC and
dye removal. The morphology, structure, and textural proper-
ties of the as-prepared PFC were inspected by a variety of
physicochemical techniques, revealing that PFC are in the
form of thin sheets, which are folded showing an ultrathin
sheet-like morphology with an area size in the range of few
hundred nanometers. The CV curve of PFC is characteristic
of a typical rectangular shape in agreement with its electric
double-layer capacitive behavior. The porous carbon electrode
(PFC-800) was found to have a high specific capacitance of
118F g~ " at current density of 1 A g~' and 91.2F g~' at higher
current density of 12 A g~'. In particular, the PFC-800 sample
shows a long cycling life with excellent capacitance retention at
97.4% after 10,000 charge—discharge cycles. This may be due
to the extraordinary micro/mesoporous nature with a high sur-
face area (Sger = 1801 m? g '); this porous nature leads to
the formation of efficient EDLCs, indicating that it can be
made a promising electrode material for electrochemical super-
capacitors. Moreover, the maximum adsorption capacity for
SY was calculated to be 273.6 mg g~ ', which is due the large
surface area, hydrogen bonding, n-n electron, and electrostatic
interactions.
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