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A novel asymmetric supercapacitor (ASC) is assembled on the basis of an inerratic hexagonal-like WO3
nanorod bundle as a negative electrode and graphene-like alfalfa-derived porous activated carbon
(APAC) as the positive electrode in 1 M H,SO4 aqueous electrolyte. The WOz nanostructures prepared at
pH of 1.6, 1.8, 2.0, 2.5 and 3.0 display hexagonal disc-like, nanorod bundle, inerratic hexagonal-like,
sphere-like, and needle-shaped nanorod morphology. WOz-2.0, which was prepared at a pH of 2.0,
exhibits high specific capacitance (4153 F gt at 0.5 A g7%). APAC-2, which had the mass ratios of dried
alfalfa and ZnCl, as 1 : 2, showed a 3D porous structure, large surface area (1576.3 m? g~%), high specific
capacitance (262.1 F g~ at 0.5 A g™, good cycling stability with 96% of initial specific capacitance after
5000 consecutive cycles. The ASC assembled with WO3-2.0 and APAC-2 exhibits high energy density
(27.3 W h kg~ at a power density of 403.1 W kg™, as well as good electrochemical stability (82.6%
capacitance retention after 5000 cycles). Such outstanding electrochemical behavior implies that the
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1. Introduction

Due to the rapid development of the global economy, there is an
urgent need to develop clean and efficient renewable energy.
Certainly, sustainable energy storage devices, such as batteries
and supercapacitors, continue to maintain the guiding energy
model for world energy use, as in the past few decades.>® Unlike
batteries, supercapacitors have some advantages such as faster
charging, long indefinite lifespan, wide operating temperature
range, and nontoxicity in nature.®® In recent years, their
application in military equipment and urban rail transit has
attracted great attention. Supercapacitors are typically
composed of two electrodes (positive and negative), a current
collector, an electrolyte (aqueous or organic) and a separator
that permits the transfer of ions while keeping the electrodes
insulated from each other. Based on the mechanism of charge
storage, supercapacitors can be divided into two types: elec-
trochemical double-layer capacitors (EDLCs) and faradaic
supercapacitors (FSs). In EDLCs, the charges are stored because
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of the surface adsorption of the ions from the electrolyte as
a result of electrostatic attraction, thus forming two charged
layers (double layer). Faradaic pseudocapacitors store charges
through fast and reversible oxidation/reduction reactions
occurring at the electrode/electrolyte interfaces, as well as in the
bulk near the surface of the electrode. EDLCs have outstanding
cycle stability, making them widely used in commercial super-
capacitors. However, pseudocapacitors show higher capaci-
tance as compared to EDLCs due to the additional charges
transferred within the defined potential. However, due to the
degradation of the active material in the Faraday reaction, its
cycle stability is inferior.’®"* Furthermore, the electrode mate-
rial is the most important aspect of the composition for
supercapacitors.

Currently, pseudocapacitors based on transition metal (W,
Zn, Mn, Fe, Co, Mo, etc.) oxides possess high specific capaci-
tance and power density due to their fast and reversible electron
transfer redox reactions; for example, MoSe,,'? Co(OH),,"* ZnO**
and so on. Furthermore, WO; electrode material has attracted
considerable interest in the development of supercapacitors. Lu
et al. synthesized WO;_,@Au@MnO, core-shell nanowires
(NWs) on a flexible carbon fabric, which showed outstanding
electrochemical performance in supercapacitors.”” Jo et al.
synthesized ordered mesoporous WO;_,/carbon nano-
composites via a simple one-pot method using polystyrene-
block-poly (ethylene oxide) (PS-b-PEO) as a structure-directing
agent. It showed high capacitance and enhanced rate perfor-

mance. In addition, carbon materials prepared from
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agricultural by-product biomass wastes are widely used as
electrode materials for supercapacitors due to their large
specific surface area, good electrical conductivity and low cost.*®
Importantly, it is cheap, abundant, environmentally safe,
commercially available and a sustainable biological resource.
For instance, sorghum stalk,"” prawn shells,'® coconut shells,*
and fungus.” Gao et al. fabricated nitrogen-doped activated
carbons by simultaneous carbonization and KOH activation of
chitosan biomass regenerated from prawn shells at high
temperature. It exhibited high specific capacitance of 695 F g~
in 1 M H,S0, and 357 F g ' in 6 M KOH at a current density of
50 mA g . Sun et al. synthesized porous graphene-like
nanosheets (PGNSs) with a large surface area via an easy and
cost-effective simultaneous activation-graphitization route
from renewable biomass waste coconut shell. PGNSs exhibit
outstanding electrochemical performance.*

Despite the advantages of high power density and much
higher cycle life in pseudocapacitors and EDLCs, their intrin-
sically low energy density has limited their widespread
commercial applications.”*** Considering a win-win situation
where the fundamental principles behind batteries and super-
capacitors work together to reach the common goal of higher
energy density and power density. Asymmetric supercapacitors
(ASCs) have become prospective energy storage devices. These
consist of two different electrodes, i.e., a battery-type faradaic
electrode as an energy source and a capacitor-type electrode as
a power source, thereby obtaining a supercapacitor with high
energy density. The ASC can store a greater amount of energy
than the symmetric supercapacitor; most of the existing exam-
ples of this category, such as in the case of Zhao et al. who
assembled and installed a novel asymmetric supercapacitor
multicomponent MnCo,0,@Ni(OH), belt-based core-shell
nanoflowers as the anode and an activated-carbon film as the
cathode, which demonstrated excellent electrochemical
performance.* Pan et al. reported a facile method to construct
nanoporous Ni architecture on the surfaces of flexible carbon
cloth (Ni@CC) by electrodeposition of ultrathin MnO, nano-
sheets on the 3D Ni@CC nanoporous current collectors
(MnO,@Ni@CC). They employed 3D MnO,@Ni@CC as a posi-
tive electrode and a chemically converted graphene (CCG) as
a negative electrode and assembled asymmetric supercapacitor
(ASC) to achieve a superior energy density of 1.16 mW h cm ™ at
a current density of 1 mA cm 2.** Among the many active
materials, tungsten oxide is one kind of transition metal oxide,
which has advantages of low cost, very low toxicity and natural
abundance. In particular, tungsten oxides have abundant
resources in nature and possess multiple valence states, which
will enable various reversible redox reactions, resulting in high
electrochemical energy storage behavior for lithium-ion
batteries and supercapacitors.**’

In this study, we synthesized nanostructured electrode
materials (WO;-X) with different morphologies at different pH
by using a simple hydrothermal method. WO,-2.0 has higher
capacitance due to the low diffusion paths and easy
intercalation/de-intercalation of electrolyte ions, thereby
improving the electrochemically active surface area. In addi-
tion, we designed and synthesized alfalfa-based porous
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activated carbon (APACs) with a high Sggr value via an effective
simultaneous activation-graphitization (SAG) route. In the
synthesis, the graphitic catalyst precursor (FeCl;) and activating
agent (ZnCl,) were simultaneously introduced into the skeleton
of alfalfa through the coordination of the metal precursor with
functional groups in alfalfa, thus making the simultaneous
realization of activation and graphitization of the carbon source
under heat treatment. Notably, the iron catalyst in the frame-
work of the alfalfa can generate a carburized phase, which plays
a key role in the formation of a graphene-like structure during
the pyrolytic process.”® After that, we assembled an aqueous
electrolyte ASC with an excellent electrochemical performance
by using hexagon nanostructures pseudocapacitive materials
WO3-2.0 as the negative electrode and graphene-like nanosheets
APAC-2 based on alfalfa as the positive electrode in aqueous
H,S0, electrolyte.

2. Experimental

2.1. Materials

Solutions of sodium chloride (NaCl, Tianjing Chemical Co.,
China) and sodium tungstate dihydrate (Na,WO,-2H,0,
Aladdin Ltd. Shanghai China), alfalfa (collected from the local
environment, Lanzhou Gansu province, China), zinc chloride
(ZnCl,, Aladdin Ltd., Shanghai Chemical Works, China), ferric
chloride (FeCl;, Shanghai Chemical Works, China) were
prepared using deionized water. All the reagents used in
experiments were of analytical grade and used without further
purification.

2.2. Synthesis of WO; microstructures at different pH values

In a typical process, 2.0 g of sodium tungstate dihydrate and
0.5 g sodium chloride were dissolved in 60 mL deionized water,
and 3 M HCI aqueous solution was used to adjust different pH
values (1.6, 1.8, 2.0, 2.5 and 3.0) under violent stirring. After
stirring for 2 h, the solution was transferred into a 100 mL
Teflon-lined stainless-steel autoclave and heated at 180 °C for
24 h. After being cooled to room temperature naturally, the
resulting precipitates of WO; were collected by filtration,
washed with distilled water and absolute ethanol several times,
and dried in a vacuum at 60 °C. The obtained samples with
different pH values were designated as WO;-X (WO3-1.6, WO;-
1.8, WO;-2.0, WO;-2.5 and WO;-3.0).

2.3. Preparation of alfalfa-based porous activated carbon
(APAC)

APAC materials with a large surface area were synthesized via an
effective simultaneous activation-graphitization route, using
ZnCl,, FeCl; and alfalfa as the activating agent, graphitic cata-
lyst precursor and carbon source, respectively. The carboniza-
tion, graphitization and activation processes
simultaneously carried out in a tubular furnace. In a typical
synthesis, 1.0 g of the dried alfalfa powder was mixed with ZnCl,
(in variable mass ratiosof 1: 0,1:1,1:2and 1: 3) and 1.0 g of
FeCl; was ground to form an evenly dispersed mixture. Then,
the mixture was placed in a porcelain boat and carbonized in

were
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a tubular furnace at 800 °C for 2 hours (heating rate of
5 °C min~ ") in a nitrogen atmosphere. After being cooled to
room temperature naturally, the products were thoroughly
washed with 2 M HCI to remove iron species, inorganic salts
and other impurities thoroughly then dried at 60 °C for 24 h.
The obtained samples with different contents of ZnCl, were
designated as APAC-0, APAC-1, APAC-2 and APAC-3.

Structural characterization and electrochemical perfor-
mance testing are presented in the ESL

3. Results and discussion

3.1. Characterizations of WO;-2.0 nanorod bundle negative
electrode materials

The morphologies of the synthesized WO,-X were investigated
using SEM. From Fig. 1, it can be clearly observed that the size
and shape of WO;-X architectures generally depend on the
different values of pH employed, as pH is the most important
process parameter in the precipitation process, and it directly
affects the formation and growth of crystal particles. Control-
ling the pH value can effectively control the morphology of the
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particles. As the pH value of the precipitation increases, the
primary particles are gradually refined, the sphericity of the
particles becomes better, and the tap density of the precursor
samples gradually increases, so the obtained morphologies are
different.” Fig. 1a displays hexagonal disc-like material with
protruding surfaces that was prepared using 3 M HCI to adjust
the pH value to 1.6 for WO;-1.6. WO;-1.8 products are formed at
a reaction pH of 1.8 (Fig. 1b), which exhibits truss shape and
bundled feature of nanorod bundles morphology and makes up
of many highly ordered nanorods with a length of 200-500 nm.
As shown in Fig. 1c and d, it can be clearly seen that the WO;-2.0
sample synthesized at pH 2.0 is an irregular hexagon with
a diameter of 5-15 um composed of many highly ordered
nanorod bundles. The unique architecture of the WO;-2.0
irregular hexagon was further confirmed using transmission
electron microscopy (TEM) and the results are shown in
Fig. S1.T The WO;-2.5 samples synthesized at a pH of 2.5
(Fig. 1d) have sphere-like morphology and approximately 1 mm
diameter with intertwined sheet-like subunits. When the pH
value was 3.0 (Fig. 1f), WO;-3.0 was composed of some well-
aligned thinner one-dimensional (1D) needle-shaped

Fig.1 The SEM images of WOz-X prepared at different pH (a) 1.6; (b) 1.8;
the various morphologies.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(c) 2.0; (d) high magnification SEM images at 2.0 pH; (e) 2.5 and (f) 3.0 of
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nanorods. The growth mechanism of the different morphol-
ogies WO;-X can be explained according to the following
reactions:*

Na,WO,-2H,0 — 2Na* + WO,>~ + 2H,0 1)
2Na" + WO,*~ + 2HCl — H,WO, + 2NaCl (2)
H,WO, — WOs; (crystal nucleus) + H,O (3)

WO3; (crystal nucleus) — WOj; (different morphologies)  (4)

A certain amount of water was added to Na,WO, salt to form
2Na* and WO,”” ions and then HCl was added dropwise (pH =
3) resulting in the formation of H,WO,. H,WO, (yellowish
transparent tungstic acid) was transferred to the reactor and
heated until 180 °C for 24 h. Nucleation was started and WO;
crystal nuclei were obtained when the reaction temperature
exceeded the decomposition temperature of H,WO,, and then
different pH solutions resulted in the formation of different
morphologies of WO;.

The phase structures of WO;-X samples were examined using
XRD (Fig. 2a). All the diffraction peaks were well indexed to the
pure hexagonal phase structure of WO; (JCPDS card no. 33-
1387) and no characteristic peaks from impurities can be
detected. The strong diffraction peaks at 26 angle of 13.9, 22.7,
28.2 and 36.6° can be clearly assigned to the (100), (001), (200)
and (201) planes of WOj3, respectively. The average crystallite
size of the material was calculated using the Scherrer equation:

D = K2 cos 0 (5)
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where A is the X-ray wavelength, § is the full width at half
maximum, and @ is the diffraction angle. The average crystallite
size was found to be 117.3 nm. These sharp and intense peaks
in XRD patterns imply some differences in crystallite size and
microstructure of WO; samples and display good crystallinity of
WO; synthesized at different pH. The chemical composition
and valence state of the WO;-2.0 was analysed using the XPS
technique and the peaks at the binding energy corresponding to
tungsten and oxygen were detected (Fig. 2b). The curves of
tungsten can be fitted to four spin-orbit doublets as exhibited
in Fig. 2c, the W 4f photoelectron core-level spectra can be
assigned to W 4f;, and W 4f,, with the interval of 2.13 eV.** The
curves were divided into four peaks attributed to W*" and W**
states, implying the existence of W** and W>* in W0;-2.0. The
peaks located at binding energies of 35.73 eV and 37.86 eV are
attributed to W°" state, while the peaks at 36.01 eV and 38.26 eV
are attributed to W>*. The intensity of W°* is stronger than that
of the W**, indicating that WO;-2.0 is mainly in the form of
W°*.32 The energy-dispersive X-ray spectroscopy (EDS) and cor-
responding mapping images were further analyzed to obtain
the elemental distribution characteristics that are shown in
Fig. 2d. The homogeneous distribution of tungsten and oxygen
in nanomaterials can be unambiguously confirmed from the
corresponding mapping images.

The obtained different morphologies and structures WOz-X
nanosheets were firstly investigated as electrodes for super-
capacitors in a three-electrode cell using 1 M H,SO, as the
aqueous electrolyte. Fig. 3a exhibits the GCD curves of the WO;-
X nanosheets as the electrode at 0.5 A g~ ' in the potential
window of —0.65-0.2 V. Obviously, the WO;-2.0 nanosheets
exhibit a high specific capacitance of 98.1 mA h g ", the value
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corresponding element mapping images (selected from the square region) for the tungsten and oxygen.
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Fig.3 (a) GCD curves of WO3-X different sample at the current density of 0.5 A g~%; (b) CV curves of WO3-2 at various scan rates; (c) GCD curves
of WO3-2 at different current densities; (d) cycling performances of WOs-2.0 negative electrode material at the current density of 2 A g~ 1.

that is higher than that of other WO3;-X nanomaterials. As can
be displayed in Fig. 3b, the characteristic redox peaks of the
electrode are observed, indicating that it has typical faradaic
pseudocapacitance behavior. The redox peak in the electro-
chemical performance measurement is attributed to sulfuric
acid as the electrolyte, which occurs in the WO; block and the
reversible intercalation/deintercalation of H' ions at the inter-
face between WO; and the electrolyte. The electrochemical
mechanism of WO; in H,SO, electrolyte can be expressed as:
WO; + xe~ + xH" « H,WO0,.3* Moreover, with the increase in
sweep speed, the shape of CV curves remains linear without any
change, showing excellent electrochemical behavior. Fig. 3c
shows GCD curves of WO;-2.0 electrodes at various current
densities from 0.5 to 10 A g~'. The specific capacitance of the
electrodes can be calculated using the above-mentioned
formula. The gravimetric capacitances of WO;-2.0 at different
current densities 0.5 to 10 A g~ are found to be 98.1, 85.8, 77.7,
73.2, 67.8, 63.8, 61.1 and 56.7 mA h g~ ', respectively, showing
excellent electrochemical performance.** In order to further
evaluate the cycle stability of the WO;-2.0 electrode was sub-
jected to a GCD cycle at 2 A g~ . The electrochemical impedance
spectroscopy (EIS) measurements of all electrodes recorded in
the open circuit potential are shown in Fig. S2.1 By comparison,
it is found that the WO;-2.0 electrode has the smallest resis-
tance (Rs = 3.227 Q, R, = 3.923 Q), which indicates that the
WO;-2.0 electrode has efficient charge transfer. As presented in
Fig. 3d, it can be seen that the specific capacitance increases
clearly before the initial 1000 cycles, which may be due to the
improvement of the electrode surface wettability during the
initial charge/discharge process. Subsequently, the specific

© 2021 The Author(s). Published by the Royal Society of Chemistry

capacitance decreases slightly and remained at about 93.3% of
the maximum capacitance after 5000 cycles, indicating that the
WO;-2.0 electrode material has outstanding electrochemical
reversibility and stability in aqueous H,SO, electrolyte.

3.2. Characterizations of APAC-2-positive electrode
materials

The synergistic effect between the large surface area and good
electrical conductivity of the electrode material may have
a major effect on improving the capacitance of the super-
capacitor. Via an effective simultaneous activation-
graphitization (SAG) route from alfalfa, we can easily obtain
high yield and inexpensive graphite-like porous carbon mate-
rials. The shape and size characteristics of the carbon were
analyzed using FE-SEM. Fig. 4 shows an SEM image with
different degrees of carbonation. The carbon only added FeCl;
as graphitized precursor after carbonization shows a pleated
smooth surface (Fig. 4a). However, when ZnCl, was used as the
activation agent with FeCl; at the same temperature (Fig. 4b),
some irregular pores on the macroscopic scale could be
observed on the rough surface. As shown in Fig. 4c, with an
increase of ZnCl, content, APAC-2 has a number of irregular
pores on the rough surface and also appears loose with less
agglomeration than APAC-1. The shape and size of APAC-2
might make ionic diffusion from the electrolyte into the inner
space of carbon materials easier. When alfalfa and ZnCl, mass
rations reached 1 : 3 (Fig. 4d), the surface of APAC-3 became
smooth and the original macroscopic pores disappeared,
possibly due to cracking of the pores during pyrolysis.

RSC Adv, 2021, N, 37631-37642 | 37635
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Fig. 4 SEM of the samples: (a) APAC-0;
APAC-3.

(b) APAC-1; (c) APAC-2; (d)

X-ray diffraction (XRD) analysis was used to survey the APAC-
2 structure as shown in Fig. 5a. The diffraction peak at a 20 value
of 23.7° can be assigned as the (002) reflection of ordered
graphite sheets, and sharp peaks at 42.5° are indexed to the
(100) plane of standard graphene. Both diffraction peaks are
present in width and low intensity in the height of the 100 and
002 planes, suggesting high crystallinity of the APAC-2 sample.
The graphite property of APAC-2 was further demonstrated by
Raman spectroscopy as presented in Fig. 5b. The peaks at
1343 cm™ ' and 1592 cm™ " corresponding to the D band are
related to the defects (or disorder structures) and the G band is
related to the first-order scattering of the E,; mode observed for

~~
&
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sp’-carbon domains of the carbon material, respectively.’*3¢
Moreover, the relative intensity of the D to G band (Ip/lg) is
proportional to the number of carbon defect sites and is used to
study the degree of disorder in the graphitic structure. In other
words, the higher the proportion, the lower the degree of
graphitization. For APAC-2, the I,/I; ratio was 0.95, it is indi-
cated that the APAC-2 carbon materials have a higher graphi-
tization degree and less disordered structure.’” These XRD and
Raman analyses further suggest that APAC-2 possesses
a portion of the graphitized structure that may lead to its good
electronic conductivity.

In order to investigate the development of porosity via ZnCl,
and FeCl; activation, the specific surface area and the pore
structure of the activated carbon samples were measured by N,
adsorption-desorption technique. According to the isotherm of
the samples (Fig. 5c¢), APAC-0 has a typical I-type curve with
nonporous characteristics, but APAC-1, APAC-2 and APAC-3
show typical type IV curves with clear H,-type hysteresis loop,
which are characteristic of mesoporous materials based on the
IUPAC classification. On the other hand, with the increased
mass ratio of alfalfa to ZnCl,, the sharply increased adsorption
volumes show a much more developed porous structure. It is
implied that the activated carbon samples (APAC-1, APAC-2, and
APAC-3) contain the coexistence of micropores and mesopores
at relative pressures from 0 to 0.9. The pore size distribution
(Fig. 5d) is calculated by the nonlocal density functional theory
(NLDFT) method based on the adsorption branch of the
isotherm. Table 1 summarizes the specific surface area, pore
volume and average pore size of APACs obtained from BET

(b)
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Fig. 5 (a) XRD patterns; (b) Raman spectrum; (c) nitrogen adsorption—desorption isotherms and (d) pore size distributions of the as-prepared
carbons.
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Table 1 BET surface area and pore structure characterization
parameters of APACs

Samples Sper” (m® g ™) Viotal” (cm® g7%) D (nm)
APAC-0 381.2 0.265 2.322
APAC-1 1322.5 0.542 2.863
APAC-2 1576.3 0.755 3.336
APAC-3 2037.6 0.832 3.552

“ Specific surface area determined according to BET (Brunauer—
Emmett-Teller) method. ” Total pore volume at P/P, = 0.99.
¢ Adsorption average pore diameter.

measurements. The results reveal that the porosity of the
samples mainly results from micropores (<2 nm) and meso-
pores (2-5 nm), the NLDFT pore size distribution indicates that
APAC-2 exhibits a porous structure that is mainly made up of
micropores (1.3 nm) and mesopores (2.3 nm). The high specific
surface area and a large number of pores of APAC-2 provide
plentiful ions adsorption sites and a high density of inter-
connected ions-diffusion channels, which facilitate electrolyte
ions transport in APAC-2 electrode materials.

XPS analysis was used to further study the chemical
composition in APAC-2. As shown in Fig. 6a. It shows
a predominant C 1s peak at around 298.2 eV, weak O 1s peak
near 544.8 eV, and N 1s peak at about 412.2 eV. In addition,
other impurities were not detected in the range of 200-800 eV,
suggesting a high purity of the prepared carbon APAC-2.

View Article Online
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Obviously, the C 1s spectrum of APAC-2 can be fitted by four
different binding states: C=C (284.5 eV), C-N/C-O-R (285.5 eV),
and apparent C=N/C=0 (286.4 eV) bonds,*® which clearly
reveal that the nitrogen and oxygen atoms have been doped in
the structure. The peak deconvolution of the N 1s spectrum
reveals the presence of N-6 pyridinic (398.4 eV), N-5 pyrrolic/
pyridone (400.5 eV), N-Q quaternary (401.5 eV) and pyridine
N-oxide (402.7 eV),*®** as shown in Fig. 6c. According to
previous reports, N-Q can significantly increase the electrical
conductivity of carbon materials, and N-5 and N-6 may produce
a large number of external defects and active sites, which are
facilitating the rapid diffusion of transport ions and produce
pseudocapacitance.” The O 1s core-level spectrum (Fig. 6d) can
be deconvoluted into three different components attributed to
C=0 in ketone/carbonyl (530.9 eV), O-C in lactone, phenol/
ether/epoxy (532.5 €V), and C=O in carboxylic acid (534.0
eV).** The presence of C=0 and C-O groups is very important
for wettability with the aqueous electrolyte, resulting in an
effective charge storage area. The carbon materials that
contain N and O atoms not only considerably contribute to
improving wettability but also increase the number of chemi-
cally reactive sites and improve the holistic specific
capacitance."

In order to further explore the potential application of APACs
as electrodes for supercapacitors, their electrochemical behavior
have been analyzed in a standard three-electrode system within
a potential window of 0-1.0 V. Fig. 7a displays the GCD curve of
APAC electrodes at a current density of 0.5 A g~ . The specific
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(a) XPS survey spectra and (b—d) high-resolution XPS spectra of the deconvoluted C 1s, N 1s and O 1s peak of APAC-2.
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capacitance APAC-0, APAC-1, APAC-2, and APAC-3 are 154.1,
207.9, 262.1, and 188.7 F g™, respectively. Typically, the APAC-2
sample exhibits the utmost charge/discharge time, indicating
that the APAC-2 sample has a higher specific capacitance than
others because the electrolyte ions have sufficient time to enter
and diffuse into the porosity at lower current densities. Cyclic
voltammetry (CV) is a powerful technique for the determination
of redox potentials and involved electron transfer redox reac-
tions. As can be seen from Fig. 7b, there is a small oxidation-
reduction peak observed in two samples of CVs 0.3-0.4 V,
which might be due to the effect of the quinone functional group
on the Faraday pseudocapacitance.”” The pseudocapacitance of
APAC electrodes could be caused by the reversible reactions
between different types of oxygen-containing functional groups,
which on the surface of carbon materials produce pseudocapa-
citance and increased surface area after activation, enhancing the
electric double-layer capacitance. The process is described
through the following reactions:**

*C-OH+ H" +e o *C+ H,0 (6)
*C=0+H"+e” & *C+ OH (7)
*COOH + H" + e~ o *C=0 + H,0 (8)

As shown in Fig. 7b, the shape of CV curves remained similar
even though the scan rate is up to 100 mV s~ ', implying the good
rate capability of the APAC-2 electrode. The GCD curve of the
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APAC-2 (Fig. 7c) at various current densities still maintains
a curved shape. It shows that the higher specific capacitances are
2621 Fg "at05Ag ' (184 F g ' even at 10 A g~ '), which
indicates excellent capacitive behavior and electrochemical
reversibility. In order to objectively highlight the superiority of
APAC-2, we compared the electrochemical properties of different
carbon-based electrode materials reported in the literature
previously, as listed in Table S1.} Fig. S31 presents the Nyquist
plot of the APAC-2 sample. The low resistance values (Rs = 0.92 Q,
R = 0.07 Q) reveal that the APAC-2 sample possesses excellent
capacitive behavior. In addition, cycling stability is also a crucial
parameter for supercapacitors electrode materials. To survey the
cycling stability, the GCD cycling of the APAC-2 was performed at
2 A g~ " (Fig. 7d). After 5000 cycles, the capacity decay was only 4%
compared with the starting value, which indicates that the as-
synthesized activated carbon electrode is a promising candidate
in long-term energy storage devices.

3.3. Electrochemical behavior of the asymmetric
supercapacitor

Based on the electrode characteristics of the carbon material
APAC-2 and WO3-2.0, a novel asymmetric supercapacitor (ASC)
was fabricated by using these two different materials as positive
and negative electrodes, respectively. The WO;-2.0 nanorod
bundle electrode was measured in a potential window of —0.65-
0.2 V (vs. SCE), while the APAC-2 electrode was measured in
a potential window of 0 to 1 V (vs. SCE) in 1 M H,S0O, electrolyte,
as shown in Fig. 8a. Consequently, the cell voltage can be
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Fig.7 (a) GCD curves of APACs different sample at the current density of 0.5 A g*; (b) CV curves of APAC-2 at various scan rates; (c) GCD curves
of APAC-2 at different current densities; (d) cycling performances of APAC-2 positive electrode material at the current density of 2 A g~*.
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expressed as the sum of the potential range of the positive and
negative electrodes, it can be extended up to approximately
1.65 V when assembled into ASC.** However, to ensure the
stability of the two-electrode cell, the ASC (APAC-2//WO0;-2.0)
operating unit voltage was optimized from 0 to 1.6 V (Fig. 8b). It
is necessary to maintain a balance between positive and nega-
tive charges to balance the charge balance in asymmetric
supercapacitors, based on the following formula:*®

O=Cyx AV xm 9)
where Q (C) refers to stored charges, Cp, (F g ') represents the
specific capacitance, AV (V) is the potential change, and m (g)
corresponds to the total weight of the carbon APAC-2 and WO,-
2.0. In order to obtain ¢* = ¢, and with the largest voltage
window. According to the above study, we chose the specific
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capacitance values and potential range of the carbon material
APAC-2 and the WO;-2.0 electrode at a current density of
1 A g ', the mass balance will be expressed as the following
equation:

mim™ = (Cpt X AVHNC™ x AVT) (10)

The CV curves of the APAC-2//W0O3-2.0 ASC device is shown
in Fig. 8b, which still exhibit distorted semi-rectangular-shaped
CV curves with obvious two pairs of redox peaks in the operating
voltage of 1.6 V even at 100 mV s~ ', implying a faradaic pseu-
docapacitance charge/discharge rate process over the entire
voltammetric cycle and an ideal fast charge/discharge perfor-
mance.*® At lower scan rates, ions can be effectively diffused
into the active sites. At higher scan rates, ions may only be
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Fig. 8 (a) CV curves of the APAC-2 and WO3-2.0 electrodes in a three-electrode cell at 30 mV s~1in 1 M H,SO4; (b) CV curves of the ASC at
various scan rates; (c) GCD curves of the ASC at various current densities; (d) Nyquist plot of the ASC (inset of the equivalent circuit model); (e)
Ragone plots related to energy and power densities plot and (f) cycling stability of the APAC-2//WO3z-2.0 ASC in a two electrode cell.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 37631-37642 | 37639


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04788d

Open Access Article. Published on 23 November 2021. Downloaded on 12/7/2025 7:42:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Table 2 The electrochemical properties of different ASCs
Electrode Device performance

Energy density
Positive Negative Whkgh Power density (kW kg™ ') Number Ref.
MnO, NWs@SWNTs In,0; NWs@SWNTs 25.5 50.3 1 49
MnO,@rGO Ppy@rGO 16 7.4 2 50
AC Co(OH), 20.3 90.6 3 51
Cu; 79C0g »,;CH/NF Graphene/NF 21.5 200 4 52
CNT@NiO PCPs 25.4 400 5 53
MCMSs RGO 21.5 759 6 54
MnO,@CCNs CCNs 23.6 188.8 7 55
APAC-2 WO0;-2.0 27.3 403.1 Our work

immersed in the surface of the substance. Since the lower
scanning rate is provided for a longer time, the active site
interacts better with the ions, showing a good rate capability for
the electrode of a supercapacitor.*” The highly symmetrical GCD
curves of APAC-2//W0;-2.0 ASC at various current densities
from 0.5 to 10 A g~ (Fig. 8c) are indicative of excellent capaci-
tive behavior and electrochemical reversibility. To better study
the ion transport properties of the APAC-2//W0O3-2.0 ASC, elec-
trochemical impedance spectroscopy (EIS) test was carried out
over the frequency range from 0.1 Hz to 100 kHz, as shown in
Fig. 8d. The Nyquist plot includes a linear part in the low-
frequency region, with a small semicircle frequency region at
high places, indicating a significant capacitive behavior and
a low charge transfer resistance, respectively. The data of EIS
can be well-matched with the equivalent circuit shown in the
inset of Fig. 8d, the intercept at the real axis (Z') of the plot
provides the equivalent series resistance (Rg), which includes
the bulk resistance of the electrolyte and the contact resistance
at the interface between the electrolyte and electrode as well as
the intrinsic resistance of the electroactive materials. R.; is
generated by the reaction of a faradaic and electronic double-
layer capacitor (Cq)) at the interface between the electrode and
electrolyte.*® The 45° inclined curve in the middle frequencies is
the Warburg impedance (Zy), which is a result of the frequency
dependence of ion diffusion/transport in electrolytes. It is worth
noting that, as seen from Fig. 8d, the APAC-2//W0;-2.0 electrode
not only displays a small R, (0.74 Q) but also shows a small R
(0.93 Q), showing that ASC has a rapid charge transfer process.
The Ragone plot of the APAC-2//W0O;-2.0 ASC device is obtained
on the basis of the GCD data, as given in Fig. 8e. It is obvious
that the APAC-2//W0O3-2.0 ASC shows the energy density of
27.3 W h kg™ " at a power density of 403.1 W kg " and it still
maintains an energy density of 14.2 W h kg™ " at a power density
of 7529.4 W kg~ '. The maximum energy density obtained from
APAC-2//WO03-2.0 ASC is much higher than the symmetrical and
asymmetrical supercapacitors in the previous report, as dis-
played in Fig. 8e and Table 2.

The cycling stability is also a crucial parameter for super-
capacitors. The long-term stability of the APAC-2//W0O3-2.0 ASC
was examined by GCD cycling at a current density of 2 A g™ ", as
shown in Fig. 8f. In the previous 2000 cycles, the electrode
material was unstable, however, after 5000 cycles, the specific
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capacitance of the ASC can be maintained to 82.6%, which
indicates that the ASC exhibits excellent electrochemical
stability. It exhibits good cycling stability, which may be due to
the porosity of the carbon material and good electrochemical
performance of WO;-2.0 during the charge-discharge process,
this result makes it a promising candidate for long-term energy
storage devices.

4. Conclusions

The morphology, crystallinity and electrochemical properties of
WO,-X are mainly affected by H in the hydrothermal reaction.
WO3-2.0 has inerratic hexagonal-like morphology, and
possesses the highest specific capacitance of 98.1 mA h g " at
0.5 A g~'. By following a simple and cost-effective method,
porous activated carbon using alfalfa as raw material was also
prepared. APAC-2 has a 3D porous structure, large surface area
(1576.3 m> g~ '), high specific capacitance (262.1 F g " at
0.5 A g7'), good cycling stability with 96% of initial specific
capacitance after 5000 cycles. The APAC-2//WO;-2.0 aqueous
asymmetric supercapacitor (ASC) in 1 M H,SO, electrolyte with
high energy density was assembled on the basis of an inerratic
hexagonal-like WO,;-2.0 nanorod bundle as a negative electrode
and graphene-like nanosheet porous activated carbon (APAC-2)
agricultural alfalfa as a positive electrode. The assembled ASC
showed a high energy density of 27.3 W h kg™' at a power
density of 403.1 W kg~ ' with an output voltage of 1.6 V, good
cycling stability with 82.6% specific capacitance remaining after
5000 cycles. The synthesis strategy in this work can open up
a new approach to the development of advanced energy mate-
rials based on alkali metal tungsten trioxide and renewable
biomass wastes for the preparation of porous carbon.
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