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In this modern era, our society faces a serious energy crisis
due to increasing human population. Energy consumption
starts from small-scale electronic gadgets to high power con-
suming electric vehicles. To supply power on demand,
researchers focus on alternative renewable energy resources
including solar energy, wind energy, hydropower, geother-
mal energy, and bioenergy. Effectively, energy conversion
and storage technologies such as solar cells, fuel cells, second-
ary batteries, supercapacitors, and other self-powered sys-
tems are under rigorous investigation. The efficient energy
conversion and storage performance of those technologies
rely on material properties of their electrode, electrolyte,
and other device components. It is recently known that
nanostructuring of device components leads to enhanced
efficiency in terms of robustness and reliability of the energy
conversion and storage systems. Moreover, the nanostruc-
tured materials have attracted great interest due to their
unique physicochemical and electrochemical properties.
Hence, the utilization of such materials in nanodimensions
will create enormous impact on the efficiency of various

energy conversion and storage devices. The main objective
of this special issues is to identify the significant research
paradigms of nanomaterials and their potential impacts on
applications. In particular, focus of this issue is on the syn-
thesis and characterization of nanostructured materials for
various applications such as supercapacitors, batteries,
photoelectrochemical, and thermal enhancement systems.

The highlights of the published articles are summarized
as follows. In this special issue, Y. Yuan et al. synthesized
the porous activated carbon materials from Pleurotus
eryngii-based biomass material via carbonization, followed
by KOH activation and utilized it for supercapacitor appli-
cations. The as-prepared activated carbon presented a large
specific area with high porosity which exhibited a maximum
specific capacitance of 195 F g-1 with 93% capacitance reten-
tion after 15000 cycles. It is known that Pleurotus eryngii is
one of the readily available sources of carbon materials,
potentially suitable for supercapacitor applications. Also, this
biomass can be the resource for development of porous acti-
vated carbon for other energy conversion and storage devices
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in the future. Further, B.-X. Zou et al. synthesized hierarchi-
cal porous N, O-doped carbon composites by combining low
molecular weight phenol resin and silk fibers in various com-
binations using a hydrothermal method and carbonization
process. The as-prepared electroactive materials showed a
low resistance and good surface area with hierarchical poros-
ity. The low molecular phenol resin and silk fiber combina-
tion increases the surface area and enhanced the electron
transport within the active materials. The fabricated symmet-
ric device delivered a maximum energy density of 7.4Wh
kg-1 and power density of 90.1W kg−1 using aqueous
electrolyte.

L. T. N. Huynh et al. prepared the LiFePO4@carbon com-
posite material by hydrothermal method followed by thermal
treatment for lithium-ion battery application. The different
calcination processes did not affect the olivine structure;
however, the surface morphology, the quality of carbon coat-
ing, and the electrochemical properties were significantly
changed. The sample annealed at 700°C showed a good spe-
cific capacity of 170mAh g-1 and the decent cyclic stability up
to 120 cycles due to an optimum amount of carbon coating
over olivine material. In another lithium-ion battery article,
P. M. Nogales et al. developed a new method to estimate
the ageing evaluation of Li-ion batteries in a shorter time.
The authors present the numerical analysis method using
columbic efficiency and capacity loss rate that could deter-
mine the cyclic stability of electrode material within a shorter
evaluation time.

Y. Liu and coworkers investigated the effect of surface
defects density of zinc oxide films on the photoelectrochem-
ical water splitting reaction. The surface defect density of zinc
oxide photoanodes was tuned by annealing the electrodes at
various temperatures. The surface photovoltage of ZnO
films was obtained by Kelvin probe force microscopy. The
sample annealed at 450°C showed minimum surface photo-
voltage, which confirmed that the low surface defect density
sample showed enhancement in photoelectrochemical water
oxidation. The applied bias photon-to-current efficiency of
annealed ZnO photoanode reached to 0.237%, about 7.4
times higher than that of unannealed ZnO photoanode. This
work provided a potential method to design innovative
photoanodes for photoelectrochemical water splitting.

S. Razvarz et al. performed the experimental research on
thermal enhancement related to the heat pipe (with Al2O3
nanopowder) at different title angle. The important observa-
tion is the increase in heat transfer coefficient with the
increasing heat flux of the evaporator. While adding Al2O3
nanoparticles to pure water, the thermal efficiency of the heat
pipe enhanced considerably. Optimizing the quantity of the
Al2O3 nanopowder assists in thermal efficiency enhance-
ment. Also, the heat pipe thermal efficiency enhanced with
increasing nanoparticle concentrations and tilt angles.
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This work aimed at preparing the electrode composite LiFePO4@carbon by hydrothermal and the calcination process was
conducted at 600, 700, and 800°C. The structure and morphology were determined by X-ray diffraction (XRD), SEM, Raman
spectroscopy, X-ray photon spectroscopy (XPS), and thermal analysis. The XRD refinement’s results point out the
orthorhombic structure without impurity phase and the high crystalline of synthesized olivines. The results of Raman
spectroscopy and XPS confirmed the pure olivine phase as well as the successful carbon coating on the surface of olivines’
powders. Moreover, the calcinated temperature affected the morphology as well as the electrochemical performance of
synthesized olivines. The electrochemical measurements were conducted by cyclic voltammetry and galvanostatic cycling test.
The diffusion coefficients were calculated from cyclic voltammetry curves and reached 1.09× 10−12 cm2/s for LFP600,
2.28× 10−11 cm2/s for LFP700, and 3.27× 10−12 cm2/s LFP800. The cycling test at rate C/10 exhibited an excellent cyclability
with discharge capacity of 145mAh/g for LFP600, 170mAh/g for LFP700, and 160mAh/g for LFP800.

1. Introduction

The pioneer work of Padhi et al. [1] launched the reversible
Li insertion into the olivine phase LiFePO4 with a delivered
capacity of 120mAh/g. Thenceforth, the olivine has been
paid attention in the context of cathode materials for
lithium-ion batteries (LIBs) because of their advantages in
regard to economy (low toxicity, low cost, and high safety)
as well as electrochemical performance (excellent cyclability
and high-rate capability) [2]. The olivine structure consists
of a distorted hexagonal-close-packed oxygen framework;
the Fe2+ ions form the octahedrons [FeO6] with six

surrounded oxygens and the P5+ ions form the tetrahedrons
with four surrounded oxygens. The octahedrons [FeO6] con-
nect by the corner-sharing along b-axis and link with the tet-
rahedrons by the edge-sharing forming the 1-D channels
where Li diffusion pathway is along plan (010). The strong
covalency P–O in polyanion PO4

3− unit steadies the olivine
structure during Li-migration and lowers the Fermi level of
the redox couple Fe3+/Fe2+ through the Fe–O–P inductive
effect that results the discharge voltage 3.45V (vs. Li+/Li)
for LiFePO4 [3–7].

However, many researches have pointed out that the
drawbacks are hindered by low electronic conductivity and
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sluggish Li transportation; therefore, the bulk LiFePO4 elec-
trode usually shows poor capacity retention during cycling
test at both of monorate capability and high-rate capability
[8–12]. To overcome these drawbacks, the strategies have
been considered commonly as designing the nanostructure
and coating carbon. We summarized in Table 1 the
highlighted results of composite electrode LiFePO4@carbon
prepared by hydrothermal method.

In this work, we prepared the electrode composite LiFe-
PO4@carbon based on hydrothermal route and pyrolysis
process at different temperature at 600, 700, and 800°C. The
glucose as carbon coating source was added at the beginning
of hydrothermal reaction. The electrochemical performances
of LiFePO4@carbon were related to crystalline, carbon con-
tent as well as quality, and electronic-ionic conductivity
which were characterized by powder X-ray diffraction,
Raman spectroscopy, and cyclic voltammetry.

2. Experimental

2.1. Material Preparation. The composite electrode LiFe-
PO4@carbon were synthesized by hydrothermal route. The
2.600 g LiOH.H2O (99.9%, Sigma-Aldrich) was dissolved in
20.0mL distilled water. The 5.0mL H3PO4 8.5% was
dropped gradually and stirred for 10 minutes to form a
white suspension. Meanwhile, the 5.600 g FeSO4.7H2O
(99.9%, Sigma-Aldrich) and 1.500 g glucose (99.9%, Sig-
ma-Aldrich) were dissolved in 30mL distilled water in
nitrogen atmosphere, and then it was added to the white
suspension under vigorous stirring. The final mixture was
transferred into a stainless-steel autoclave and sealed. The
hydrothermal process was conducted at 190°C for 6 hours.
The precipitation was collected by filtering, washing, and
drying. After that, the collected powder was calcined
under argon atmosphere at 600, 700, 800°C for 6 hours.

2.2. Physical Characterization. Powder X-ray diffraction
(XRD) data were collected on a Bruker D8 Advance Diffrac-
tometer (Brucker), using a Cu Kα1 radiation source
(λ = 1 5406 Å). The crystal structure of synthesized materials
were analyzed by Rietveld method [18] using the Topas com-
puter software [19]. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an AXIS-NOVA (Kratos)
under a base pressure of 2.6× 10−9 Torr. The size and mor-
phological feature of materials were analyzed with a scanning
electron microscope (FE-SEM, S-4700N of HITACHI) with a
Hitachi S-4700. Raman spectroscopy measurements were
carried out on a LabRAM HR 800 Raman Spectrometer

(HORIBA Jobin Yvon) with the green line of an argon-ion
laser (514 nm) as the excitation source and the Raman bands
were collected in the wavelength range of 500–2000 cm−1 at
room temperature. Thermal analysis (TGA) was conducted
with a LABSYS evo TG-DSC 1600 (Setaram, France).

2.3. Electrochemical Measurements. The electrochemical
measurements were performed in lithium half cell into
two-electrode Swagelok cell with a Li foil as negative elec-
trode and synthesized olivine samples LiFePO4@C as positive
electrode, an electrolyte of 1.0M LiPF6 in ethylene carbonate
and dimethyl carbonate (EC :DMC=1 : 1) (Sigma-Aldrich)
and three Whatman glass-fiber separators. The positive
electrodes were prepared using the following procedure.
An 80 : 15 : 5 mixture of synthesized olivine samples LiFe-
PO4@C, carbon black, and copolymer poly(vinylidene
fluoride-co-hexafluoropropylene) PVDF-HFP (Sigma-Al-
drich) binder was mixed with 1-methyl-2-pyrrolidinone
(NMP) solvent to form a viscous paste. The paste was coated
uniformly on aluminum foil (Al-foil) via coating machine
MSK-AFA-III (MTI, USA) with a thickness of 100μm. The
coated Al-foil was dried in a vacuum oven overnight at
120°C and then cut into pellets with a diameter of 10mm.
The cells were assembled in argon-filled glovebox.

All electrochemical measurements were operated on
MPG-2 apparatus (Bio-Logic, France) at room temperature.
The cyclic voltammetry (CV) were carried out with scan rate
from 5 to 60μV/s, and the galvanostatic cycling tests were
performed in a voltage range of 3.0–4.0V (vs. Li+/Li).

3. Results and Discussion

3.1. Structure and Morphology. We conducted Rietveld
refinements to identify the structure of three synthesized
samples LFP600, LFP700, and LFP800 (Figure 1). The refine-
ments were performed using the olivine orthorhombic struc-
ture and the space group Pnma [20] with Li atoms at 4a sites,
Fe atoms at 4c sites, P atoms at 4c sites, and O atoms at 4c
and 8a sites. The pure phases were confirmed and the fitted
structural parameters and the refined results (Wyckoff posi-
tions, fractional atomic coordinate parameters) are gathered
in Tables 2 and 3. The refinement’s results point out the
orthorhombic structure without impurity phase and the high
crystalline of three synthesized olivines with the “chi-square”
(χ2) below 5.

According to the Debye-Scherrer formula, the average c
was calculated from the full width of half maximum
(FWHM) of the highest intensity diffraction peak (311).

Table 1: Summary of composite electrode LiFePO4@carbon prepared by hydrothermal method.

Authors Hydrothermal condition Grain’s size Temperature pyrolysis Capacity

Brochu et al. [13] 185°C for 2 hours 240 nm thick and 1 μm length 650°C for 2 hours in argon 160mAh/g at rate C/10

Chen et al. [14] 200°C for 6 hours 2-3 μm 600°C for 2 hours in argon 150mAh/g at rate C/10

Lim et al. [15] 240°C from 2 to 36 hours 300–600 nm 180mAh/g (50 cycles) at rate C/10

Jiang et al. [16] 180°C for 2 hours 700°C for 6 hours in argon
160mAh/g (100 cycles) at

rate C/10

Zhan et al. [17] 180°C for 12 hours 2-3 μm 550°C for 4 hours in argon 150mAh/g (50 cycles) at rate C/5

2 Journal of Nanomaterials



The crystalline sizes of the synthesized olivines were found
out of 34 nm for LFP600, 49.5 nm for LFP700, and 42.6 nm
for LFP800.

Figure 2 shows the morphologies of olivines’ powders.
The hydrothermal synthesis promotes the significant
particle-size distribution, but the temperature pyrolysis
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Figure 1: XRD patterns of olivines LFP600, LFP700, and LFP800.

Table 2: Lattice parameter and refinement’s R-factors of LFP600,
LFP700, and LFP 800.

a/Å b/Å c/Å V/Å3 Rexp Rwp χ2

LFP600 10.3272 5.9971 4.6975 290.94 37.1 24.85 2.22

LFP700 10.3203 6.0009 4.6935 290.68 27.3 18.28 2.21

LFP800 10.3205 6.0003 4.6933 290.63 30.3 19.92 2.32

Table 3: Wyckoff positions, fractional atomic coordinates for the
synthesized olivines.

Wyckoff x y z Occupy

Li 4a 0 0 0 1

Fe 4c 0.2822 0.25 0.9747 1

P 4c 0.0948 0.25 0.4192 1

O1 4c 0.0968 0.25 0.7430 1

O2 4c 0.4567 0.25 0.2060 1

O3 8d 0.1656 0.0466 0.2847 1

3Journal of Nanomaterials



indicates the variation of particle shape. The olivines’ pow-
ders distribute in the submicrometric; the particle size of
LFP600 significantly varied in a large range from 200 to
500nm with the undefined shapes, LFP700 exhibited the
thin-plate particles with a thickness of 200nm and other
dimensions around 800nm, and LFP800 particles came up
with a more spherical shape with about 250nm dimension.

Three Raman spectra of olivines’ powders in Figure 3
exhibit two broad lines in high-frequency region at 1345
and 1583 cm−1 which are the fingerprint of carbon. The band
at 1583 cm−1 is assigned to the G-band of E2g mode of
crystalline graphite, while the band at 1345 cm−1 is
assigned to the D-band of edge modes of disordered
graphite. Note that the D-band/G-band intensity ratio
characterizes to the yield of graphitic bonding in amor-
phous carbon and the low D-line/G-line ratio encourages
the electronic and ionic conductivity [21, 22]. We
observed the D-line/G-line ratio of olivine samples follow-
ing 1.04 for LFP600, 0.87 for LFP700, and 0.96 for LFP800
that indicates the calcination process at 700°C could
increase the graphitization of carbon coating.

X-ray photoelectron spectroscopy (XPS) analysis was
performed to examine the valence state of chemical ele-
ments of synthesized olivines. Figure 4(a) shows the ana-
log XPS profiles of three olivines’ powders in the full
scan. For more detail in the narrow scan, the Fe 2p spec-
tra (Figure 4(b)) confirm the Fe2+ valence state with the
spin-orbit coupling by two peaks at a binding energy
(BE) of 710.5 (Fe 2p1/2) and 723 eV (Fe 2p3/2) [23–27].

(a) (b) (c)

(d) (e) (f)

Figure 2: SEM images of LFP600 (a, b), LFP700 (c, d), and LFP800 (e, f).
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The two peaks at BE of 531.7 eV and 533.5 eV
(Figure 4(c)) can be assigned to the oxygen divalent
(O1s), attributing the lattice oxygen O2− in P–O bond at
the normal sites of the orthorhombic structure. The C1s
peak (Figure 4(d)) at BE of 284 eV corresponds to the car-
bon coating on the surface of olivine powders. The peak at
BE of 133 eV is related to the P5+ valent (P1s) in PO4

3−

group [23, 28–30]. Both results of Raman spectroscopy
and XPS confirm the pure olivine phase as well as the suc-
cessful carbon coating on the surface of olivines’ powders.

TGA were operated on the olivine powders to deter-
mine the amount of carbon coating under flow of air

and with heating rate of 10°C/min. The TGA curves dem-
onstrate a similar trend as shown on Figure 5. Below
200°C, a slight weight loss was observed due to evapora-
tion of adsorbed water on particle surface; above 200°C,
a weight gain was observed which was supposed to be
the result of oxidation of LiFePO4 in air and a theoretical
weight gain of 5.07% [31]. Meanwhile, in the same tem-
perature range, the carbon coated on nanoparticles is also
oxidized into carbon dioxide and leads to a decrease in
weight. Hence, taking the initial weight loss due to evapo-
rated water, the amount of coated carbon can be pre-
sumed in Table 4.
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Figure 4: (a) Full-scan profiles of olivine samples; narrow-scan profile of Fe2p (b), O1s (c), and C1s (d).
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3.2. Electrochemical Performance. Electrochemical properties
of the olivine samples were performed by cyclic voltammetry
(CV) and galvanostatic cycling test between 3 and 4V (vs.
Li+/Li). Figures 6(a)–6(c) illustrate the CV profiles of olivines
LFP600, LFP700, and LFP800 in scan rate from 5μV/s to
60μV/s. In each scan rate, the CV curve possessed one
unique anodic peak as well as cathodic peak. The CV curves
abided by the motif of two-phase mechanism that means the
Li migration occurs through regions LiFePO4 and FePO4,
indicated by a reversible redox couple Fe3+/Fe2+. Following
the increase of scan rate, the anode peaks shifted gradually
towards positive direction while the cathode peaks also step
backwards in a negative direction. The reverse shift between
anodic peaks and cathodic peaks gave a signal of polarization
in galvanostatic charge-discharge test at high rates.

The diffusion coefficient of lithium ion (DLi) can be cal-
culated by Randles-Sevcik equation due to the reversible
reaction of redox couple Fe3+/Fe2+, which is showed by the
relationship between the cathodic peak current and the
square root of scan rates.

ip = 0 4463nFAC nFυD
RT

1/2
, 1

whereas ip (A) is cathodic peak current, n is the number of
electron transfer in redox reaction (n = 1 for LiFePO4), F
(C/mol) is the Faraday constant, A is electrode area
(0.785 cm2), C (mol/cm3) is concentration of mobility
ion in structure, υ (V/s) is scan rate, D (cm2/s) is diffusion

coefficient, R (J/K.mol) is the gas constant, and T (K) is
temperature.

Figure 6(d) shows the significant linear relationship
between the cathodic peak current and the square root of
scan rates of olivine samples. The slope of LFP700 was
higher than those of LFP600 and LFP800, suggesting the
fast Li transportation of LFP700. The DLi were found out
1.09× 10−12 cm2/s for LFP600, 2.28× 10−11 cm2/s for
LFP700, and 3.27× 10−12 cm2/s LFP800; these results were
higher than the results determined by CV, GITT, and EIS
methods [6, 8]. Moreover, the Li diffusion of LFP700 was
one order of magnitude larger than those of LFP600 and
LFP800 due to the high amount as well as the high quality
of carbon coating.

The Li insertion into olivine phase of LiFePO4 can
be described by a domino-cascade mechanism with a
reciprocal phase transition between LiFePO4 and FePO4;
the Li insertion pathway is routed through channels of
(010) plane. The galvanostatic curve of LiFePO4 is char-
acterized by two long plateaux at 3.40V for reduction
process and 3.45V for oxidation process, corresponding
to the reversible redox peaks in CV curve. The cycling tests
of olivines were conducted at rate C/10 (17mA/g). The
typical charge-discharge curves of LFP700 in Figure 7(a)
illustrate a low polarization of 70mV between the mid-
discharge potential and the midcharge potential; more-
over, the middischarge potential is not influenced upon
cycling test. That confirms the structural stability during
the Li migration.

Figure 7(b) shows the cycling performance of synthesized
olivines upon 120 cycles. We observed the increase of capac-
ities during the first twenty cycles due to the initial surface
activation on the electrode LiFePO4 [32]. The olivines
pointed out the quite stable performance in cycling test at
rate C/10. The capacities reached 145mAh/g for LFP600,
170mAh/g for LFP700, and 160mAh/g for LFP800. The
better performance of LFP700 than LFP600 and LFP800
can be explained by the high amount of carbon coating, the
well-crystalline grains, and the fast kinetic of Li transporta-
tion. Our cycling results are comparable to the previous
report in context of electrode composite LiFePO4@carbon
for Li-ion batteries [7, 15, 33, 34].

Figure 8(a) demonstrates the typical charge-discharge
profiles of LFP700 at rate capability performance. We
observed a low middischarge potential difference (70mV)
until rate 2C while a drastic difference of 200mV is obtained
at 5C. The middischarge potential difference is depended on
the electrode polarization that leads the fading capacity in
high rate test. A significant capacity declined when the
current density increased: from 170mAh/g at C/10 to
160mAh/g at C/5, 151mAh/g at C/2, 142mAh/g at 1C,
125mAh/g at 2C, and 105mAh/g at 5C. The perfor-
mance at high rate would be further improved by form-
ing the composite electrodes between active material and
high-conductive carbonaceous-like CNTs or graphene. Our
recent report showed that the additional CNTs in LFP’s
electrodes could benefit the long-term performance upon
200 cycles with 200mAh/g at rate C/10 and a remarkable
capacity of 120mAh/g at rate 10C [35].
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Figure 5: TGA curves of LFP600, LFP700, and LFP800.

Table 4: Amount of carbon coating on LiFePO4.

Sample LFP600 LFP700 LFP800

Carbon coating (%) 3 4 3.5
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Figure 8(b) compares the rate capability performance of
olivine samples; the current densities were applied from
C/10 (17mA/g) to 5C (850mA/g) after performing 20 cycles
at C/10 to activate the electrode’s surface. The cycling stabil-
ity was obtained at all rates; after switching back to lowest
rate C/10, the capacities can be almost fully recovered. As
mentioned in cycling test at monorate C/10, the cycling test
of LFP700 at rate capability also pointed out the better per-
formance than LFP600 and LFP800. Until rate 2C, LFP800
presented a low difference of capacities around 8mAh/g but
LFP600 presented a large difference of capacities more than
30mAh/g. For example, at rate 1C (170mAh/g), the

capacities found out 104mAh/g for LFP600, 141mAh/g for
LFP700, and 133mAh/g for LFP800. At the highest rate 5C
(85mAh/g), the capacities reached 72mAh/g for LFP600,
105mAh/g for LFP700, and 92mAh/g for LFP800.

4. Conclusion

In summary, our work prepared electrode composite LiFe-
PO4@carbon by hydrothermal. The temperature of calcina-
tion process affected the morphologies, the quality of
carbon coating, and the electrochemical properties. The oliv-
ine LPFP700 possessed a high graphitization of carbon
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coating that lead a fast Li transportation; the Li diffusion of
LFP700 was one order of magnitude larger than those of
LFP600 and LFP800. The galvanostatic performances of
three synthesized olivines showed an excellent cycling stabil-
ity upon 120 cycles at monorate C/10 as well as rate capability
from C/10 to 5C.
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The electronic structure of semiconducting materials at the electrode/electrolyte interface plays a vital role in the process of
photoelectrochemical (PEC) water splitting. In this work, we could reliably tune the surface defect density of ZnO films through
changing the annealing temperature, thereby optimizing the PEC performance. The surface photovoltage (SPV) of ZnO films
could be obtained by Kelvin probe force microscopy and compared to insightfully understand the effect of the annealing
temperature on the performance of the electrode in PEC water splitting. The minimum SPV annealed at 450°C indicated low
surface defect density, eventually resulting in an enhanced photoelectrochemical performance. The applied bias photo-to-
current efficiency of ZnO films annealed at 450°C reached 0.237%, about 7.4 times that of unannealed ZnO photoanode. This
work provides an effective method for the rational fabrication of efficient photoelectrodes for the realization of high-
performance photoelectrochemical water splitting.

1. Introduction

Hydrogen generated from photoelectrochemical (PEC) water
splitting has shown significant potential for solar energy
conversion to meet the steady increase of energy demands
[1]. In principle, the efficiency of PEC water splitting mainly
depends on the following factors: (1) light absorption, (2)
photogenerated charge separation and transport, and (3) sur-
face chemical reaction [2, 3]. For a PEC system, the light
absorption is determined by the bandgap of photoelectrodes,
and the driving force of charge separation originates from the
electric field in the depletion region at the photoelectrode/
electrolyte interface. Thus, the interfacial electronic structure
of semiconducting materials plays a vital role in the process
of photoelectrochemical water splitting [4]. Therefore, the
understanding of the change in electronic structure of semi-
conductor materials is favourable for the rational design of
efficient photoanode. Thus, the key in a PEC system is the
selection of high-performance photoelectrodes.

Although narrow-bandgap semiconductors, such as
silicon and III–IV group of composites, show high light har-
vesting efficiency, the surface corrosion hinders their lifetime
even in a sacrificial electrolyte [5, 6]. Among various N-type
metal oxides [7–12], zinc oxide (ZnO) has been extensively
investigated as photoanode for photoelectrochemical water
splitting ascribed to its low cost, excellent electron mobility
(115–155 cm2·V−1·s−1), and appropriate conduction/valence
band edges for water splitting [13–17]. As a postprocessing
method, annealing has been proved to be a valid method to
change the interfacial electronic structure, resulting in a sig-
nificant impact on the properties of ZnO nanomaterials
[18, 19]. Wu et al. [20] demonstrated that the work function
of ZnO nanorod arrays exhibited a gradual increase after a
decrease with the increase in the annealing temperature.
Wang et al. [21] found that the improved PEC performance
of ZnO nanowires (NWs) was mainly attributed to the larger
depleted width in ZnO NWs caused by annealing. Further,
the carrier concentration of ZnO films by electron beam
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annealing is about 2~3 orders of magnitude higher than that
of unannealed ZnO thin films [22]. However, there is still a
lack of in-depth understanding about the change in interfa-
cial electronic structure for the enhanced PEC performance
caused by different annealing temperatures.

Previously, we have constructed various photoanodes
based on ZnO nanomaterials. And surface modification
materials, doping, and structure optimization were sequen-
tially taken into combination to form ZnO-based composite
nanostructures, in which each component worked synergisti-
cally to compensate each other [13–16]. In conclusion, there
are some significant differences between previous works and
current work as for the following aspects. Previous works put
emphasis on the realization of highly efficient photoanode
based on ZnO nanomaterials to raise the light harvesting effi-
ciency, reduce the charge recombination, and accelerate the
surface reaction. However, multistep and complex processes
are always introduced into these strategies. Thus, this work
adopts a one-step process and posttreatment to tune the
PEC performance, and we mainly focused on the change of
interfacial electronic structure by the KPFM. The surface
photovoltage (SPV) of ZnO films under different annealing
temperatures was obtained through calculating the differ-
ence between the surface potentials under UV illumination
and in the dark measured by KPFM. After annealing at
450°C, the minimum SPV of ZnO films indicated low defect
density, which contributed to the improved photocurrent
density and enhanced photoelectrochemical performance.
This simple and novel method also allows us to have more
fundamental understanding of the effects of ZnO itself on
the PEC performance.

2. Materials and Methods

Commercially available indium tin oxide- (ITO-) coated
glass (2× 2 cm2) was used as the substrate. ITO substrates
were sequentially sonicated in acetone, isopropanol, ethanol,
and deionized water, each for 10 minutes, and then dried
with nitrogen gas flow. The ZnO film was deposited on the
ITO substrate via the radiofrequency (RF) magnetron
sputtering method as reported [23]. After deposition, ZnO
films were annealed in a vacuum drying oven at 350°C,
450°C, and 550°C for 2 hours, respectively. The correspond-
ing samples were named ZnO-350, ZnO-450, and ZnO-550.

The morphology and crystalline structure of the ZnO
film were characterized by field-emission scanning electron
microscopy (FESEM, FEI QUANTA 3D) and X-ray diffrac-
tion (XRD) (Rigaku DMAX-RB with Cu Kα radiation),
respectively. The light absorption and photoluminescence
spectrum were recorded by a UV-vis spectrophotometer
(UV-2500, Shimadzu, Japan) and a continuous He-Cd
(325 nm) laser as an excitation source, respectively. KPFM
measurements were tested under a commercially available
atomic force microscope (ICON, Bruker Inc.) in lift mode
at about 25°C. PtIr-coated silicon cantilevers (Olympus,
OSCM-PIT) with a nominal resonance frequency of 75 kHz
were used as conductive probes.

A copper wire was secured on the exposed conductive
parts of ITO with a silver conducting paint, and the rest of

the substrate was subsequently encapsulated with epoxy resin
except the active working area, confirming the successful
preparation of the photoanode. A three-electrode system
used for various electrochemical measurements on an elec-
trochemical workstation (Solartron SI 1287/SI 1260) consists
of a photoanode as the working electrode, a coiled Pt wire as
the counter electrode, and an Ag/AgCl reference electrode.
Neutral aqueous Na2SO4 solution (0.5M) was chosen as the
electrolyte. The simulated sunlight provided by a solar simu-
lator (Oriel, 91159A) is incident from the front of the photo-
anode, and the intensity of the simulated sunlight was
60mW/cm2 measured by a Si diode (Newport). The applied
bias photo-to-current efficiency (ηABPE) was calculated from
Jph −V curves, assuming 100% faradaic efficiency through
the following equation [24]:

ηABPE =
I 1 23 − Vapp

Plight
, 1

where Vapp is the applied external potential versus the revers-
ible hydrogen electrode (RHE). I is the externally measured
current density at Vapp. Plight is the power density of the inci-
dent light. The potentials were measured versus the Ag/AgCl
reference electrode and converted to the RHE scale using the
Nernst function:

ERHE = EAg/AgCl + E°
Ag/AgCl + 0 059pH, 2

where ERHE is the converted potential versus RHE. EAg/AgCl is
the external potential measured against the Ag/AgCl refer-
ence electrode. E°

Ag/AgCl is the standard electrode potential
of the Ag/AgCl reference electrode (0.1976V versus RHE
at 25°C).

3. Results and Discussion

Figure 1(a) exhibits a representative cross-sectional scanning
electron microscope (SEM) image of the ZnO film on the
ITO prior to annealing, indicating that the film is composed
of multiple ZnO columnar grains. The grain size calculated
from the top view image in the inset of Figure 1(a) is in the
range of 30–100 nm. Furthermore, the corresponding XRD
pattern is used to characterize the structure of an unannealed
ZnO film. As shown in Figure 1(b), XRD of ZnO films
exhibits that all diffraction peaks can be corresponded to
the planes of highly crystalline ZnO (JCPDS file no. 36-
1451). And the apparent diffraction peak of (002) at 34.4°

demonstrates that the ZnO film is grown preferentially along
c-axis direction on the ITO [25].

The schematic illustration of the ZnO film on the ITO
upon the bandgap illumination is shown in Figure 2(a).
Under simulated sunlight, electrons and holes are generated
in the conduction band (ECB) and valence band (EVB),
respectively. The photogenerated electrons transfer to the
Pt electrode for the hydrogen evolution in the PEC cell
device. On the other hand, the photogenerated holes in EVB
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of ZnO participate in the oxidation evolution to finish the
whole process.

In order to study the photoelectrochemical properties of
the prepared photoanodes, the PECmeasurements of various
as-prepared photoanodes were characterized by linear sweep
voltammetry (LSV) curves in the dark and under simulated
sunlight illumination. A very small dark photocurrent in
the scale of 10−3mA/cm2 is shown in Figure 2(b), implying
that the observed photocurrent is related to the photogener-
ated charge carriers. Under illumination, a significant
increase in photocurrent density was observed, and the
ZnO-450 photoanode exhibited the highest photocurrent
density in the whole investigated potential range, ascribed
to the lowest density of trap states at the surface among those
of other samples. The photocurrent density of unannealed
ZnO, ZnO-350, ZnO-450, and ZnO-550 reached 0.19,
0.559, 0.586, and 0.457mA/cm2 at 1V vs. Ag/AgCl, respec-
tively. According to (1) and (2), the ABPE of different photo-
anodes was calculated from the LSV curve. As shown in
Figure 3(c), the ZnO-450 photoanode exhibited the highest
efficiency of 0.237%, about 7.4 times that of the unannealed
ZnO photoanode (0.032%).

To attain a deep understanding of the PEC performance,
electrochemical impedance spectroscopy (EIS) was used to
explore the electrochemical behavior at the photoelectrode/
electrolyte interface at 0V vs. Ag/AgCl under white light illu-
mination. Figure 2(d) reveals the typical EIS Nyquist plots for
four different photoanodes, and the equivalent circuit in
Figure 2(d) was used to fit the Nyquist plots, in which Rs,
Rct, and CPE represented series resistance, interfacial
charge-transfer resistance at the photoelectrode/electrolyte
interface, and constant phase angle element, respectively.
The smaller size of the arc in an EIS Nyquist plot indicated
a faster charge transfer and less recombination at the photo-
electrode/electrolyte interface. The results obtained by fitting
revealed that the corresponding Rct of unannealed ZnO,
ZnO-350, ZnO-450, and ZnO-550 was 5.18, 2.6, 2.18, and

3.98 kΩ, respectively. The smallest Rct of the ZnO-450 photo-
anode could result in the highest photocurrent density and
ABPE consistent with the LSV and ABPE curve shown in
Figures 2(b) and 2(c).

To explore the photocurrent improvement, light absorp-
tion properties of ZnO films annealed under different tem-
peratures were investigated by the UV-vis absorbance
spectra. As shown in Figure 4(a), all the samples showed sim-
ilar optical absorption in the UV region. As the annealing
temperature increases, the optical absorption edges showed
a slight red shift. Further, the optical bandgap of different
samples was estimated based on the following equation [26]:

αhν n = A hυ − Eg , 3

where α is the absorption coefficient of the material, hυ is the
energy of photon, n represents the index which depends on
the electronic transition of the semiconductor (for direct
bandgap semiconductor ZnO, n = 2), and A is the propor-
tionality constant related to the material. Therefore, the
bandgap energy could be obtained from the intercept of the
tangent line in the plot of αhυ 2 versus energy. As shown
in Figure 4(b), the optical bandgap decreased from 3.11 eV
to 3.09 eV as the annealing temperature increased. Thus,
the negligible deviation (~0.02 eV) meant that the light
absorption is not the dominating reason for the improve-
ment of the photocurrent.

To reveal the effect of annealing temperature on the
charge separation, the room temperature photoluminescence
(PL) spectra were investigated to study the change of the sur-
face defect density of ZnO films annealed at different temper-
atures. As shown in Figure 4(c), the samples showed two
main peaks: the sharp one around 390nm was ascribed to
the near-band-edge (NBE) emission and the other broad
one was in the range of 440–660nm corresponding to the
intrinsic defect-related energy [27, 28]. In Figure 4(d), a red
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Figure 1: (a) Cross-sectional SEM image of the RF-sputtered ZnO film on the ITO prior to annealing. The inset is the top view image. (b) The
corresponding XRD pattern of the deposited film.
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shift of NBE emission peak was observed with the increase in
annealing temperature, which is consistent with the change
of optical bandgap in Figure 4(b). When the annealing
temperature was no more than 450°C, the intensity of broad
deep-level (DL) emission decreased ascribed to the improved
crystalline quality after annealing. However, when the
annealing temperature reached 550°C, the intensity of DL
emission revealed a significant increase due to the increased
probability of the radiative recombination which is

associated with the deep-level emission. Therefore, the low
intensity of DL emission of ZnO-450 indicated reduced
electron-hole recombination.

To further characterize the surface defect density of ZnO
films annealed at different temperatures, Kelvin probe force
microscopy (KPFM) was employed under dark and light
conditions to measure the surface potential difference
[29–31]. As shown in Figure S1 in Supplementary Materials,
the contact potential difference (VCPD) between a sample and
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Figure 2: (a) Cross-sectional schematic and energy band alignment of the ZnO photoanode for water splitting. Comparisons of PEC
properties of four different photoanodes: unannealed ZnO (black), ZnO-350 (blue), ZnO-450 (red), and ZnO-550 (cyan). (b) Linear sweep
voltammetry measurements in the dark and under illumination, (c) the corresponding applied bias photo-to-current efficiency as a
function of applied potential vs. RHE, and (d) Nyquist plots measured at an applied potential of 0V vs. Ag/AgCl under illumination. The
inset is the equivalent circuit used to fit the Nyquist plots.
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a tip was acquired for different samples in the dark and under
UV illumination, respectively, and the corresponding
average VCPD was statistically analysed as shown in
Figures 3(a)–3(d). As shown in Figure 4(f), the difference in
work function in the dark and under UV illumination is
defined as the surface photovoltage (SPV), which could be
acquired based on the following equations [4, 32, 33]:

VCPD =
φtip − φsample

q
, 4

SPV = φsample‐dark − φsample‐light

= q VCPD‐light −VCPD‐dark ,
5

where φtip and φsample are the work functions of the tip and
sample, respectively, and q is the electronic charge.

Figure 4(e) exhibits the average VCPD and SPV of different
samples, and the SPV of unannealed ZnO, ZnO-350, ZnO-
450, and ZnO-550 was 95.8mV, 73.3mV, 71.6mV, and
89.9mV, respectively. As the SPV was used to demonstrate
the change of the band bending at the photoelectrode/
electrolyte surface, the SPV could be used to indicate the
density of surface states [30, 34]. Thus, the minimum SPV
value of ZnO-450 suggested the low density of trap states at
the surface, which was in agreement with the results of
photoluminescence spectra in Figure 4(c) and contributed
to the enhancement of the PEC performance.

4. Conclusions

In summary, the photoelectrochemical performances of ZnO
films on the ITO substrate were investigated through the
work function study at the electrode/electrolyte interface
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Figure 3: (a) UV-vis absorption spectra and (b) the corresponding αhυ 2 vs. hυ curves of unannealed ZnO, ZnO-350, ZnO-450, and ZnO-
550. Photoluminescence (PL) spectra of unannealed ZnO, ZnO-350, ZnO-450, and ZnO-550: (c) 300~720 nm and (d) 370~450 nm.
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Figure 4: The statistical CPD acquired fromKPFMmapping in the dark and under illumination: (a) unannealed ZnO, (b) ZnO-350, (c) ZnO-
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light, respectively.

6 Journal of Nanomaterials



under different annealing temperatures. After annealing at
450°C, the minimum SPV of ZnO films indicated low defect
density, which contributed to the improved photocurrent
density and enhanced photoelectrochemical performance.
The ZnO films annealed under 450°C exhibited an efficiency
of 0.237%, which was much higher than that of unannealed
ZnO films (0.032%). As a whole, this work provided a poten-
tial method to design innovative photoanodes for photoelec-
trochemical water splitting.
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The electrochemical performance of negative electrodes based on different FeS2 samples was investigated. The study demonstrated
a correlation between the coulombic efficiency obtained over 60 cycles and the capacity loss rate evaluated over 15 cycles. The
accuracy of the coulombic efficiency and capacity loss rate measurements was advantageous for predicting the aging behavior of
half-cells over a short-term test. A suggested classification of the coulombic efficiency and verification via a numerical analysis
were proposed to determine the fading rate of batteries during the galvanostatic test.

1. Introduction

Recently, lithium-ion batteries (LIBs) as a power source have
been widely used in electrical devices, electric vehicles, energy
storage systems, etc. In addition, there are a growing number
of their applications that require excellent cyclability with
high capacity. Hence, verifying the reliability of LIBs has
become an important issue in recent years.

One of the most impressive studies on aging in LIBs
tracks cells during cycling and storage for up to two years
to quantitatively measure the lifetime of the battery based
on electrode composition [1]. However, the evaluation of
the cycle performance over a long time can be problematic
if it takes days or months. Therefore, new techniques are
needed for the effective aging evaluation of LIBs in a short
period of time [2, 3].

The evaluation of the coulombic efficiency (CE) can be
used to identify parameters that affect the normal function-
ing of the battery such as parasitic reactions between elec-
trodes and electrolytes observed during discharge–charge
cycling. Choi et al. [4] reported an FeS2 cathode deficiency
under different organic electrolytes. Their research includes
calculations of the specific capacity and capacity loss rate.
This kind of evaluation draws attention to special features
that make it possible to determine the relation between
accurate CE and capacity loss rate as a method of system

optimization, and the results can be used to rank cells accord-
ing to their life expectancy without the need to use tests that
take long to perform [5].

This paper presents a method that utilizes the CE and
capacity loss rate to determine the cyclability with a short-
term test. Firstly, we investigated the CE based on the
charge–discharge cycle in a normal operating process during
60 cycles. Then, to determine the aging during the discharge–
charge cycle, the capacity loss rates were investigated with
different particle sizes of the FeS2 electrodes. A simple com-
parison of CE with the capacity loss rate can be used to deter-
mine the effectiveness of the method and to validate the
results using a short-term test.

2. Materials and Methods

2.1. Preparation of FeS2 Samples. FeS2 (99.9%, VITZROMIL-
TECH) samples were mechanically milled using a planetary
ball mill (PBM) (PULVERISETTE, Fritsch) for 3 hours (3 h
PBM), 6 hours (6 h PBM), and 10 hours (10 h PBM) and
milled using a single ball mill (SBM) for 72 hours (72 h
SBM). The working electrodes were fabricated by mixing
FeS2 as an active material, carbon black as a conductive
additive, and polyvinylidene fluoride (PVDF) as a binder in
a 60 : 20 : 20 weight ratio, respectively. The prepared slurry
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was cast on a copper foil with a doctor blade and dried at
120°C in a vacuum oven for 12 h.

2.2. Material Characterization. The particle size distributions
(PSDs) were analyzed using a particle size analyzer (Nano-
Plus-1, Particulate Systems). Structural analysis of FeS2 was
carried out by employing X-ray diffraction (XRD), using a
diffractometer (D/max-2200/PC, Rigaku Co.) equipped with
a Cu Kα source (40 kV, 40mA), and the morphologies of the
samples were studied using scanning electron microscopy
(SEM) (SNE-3000M, SEC Co.).

2.3. ElectrochemicalMeasurements.The electrochemical anal-
ysis was performed in a 2032-type coin cell. FeS2 was used as
a working electrode, and lithium foil was used as the refer-
ence electrode. The electrolyte solution was 1mol dm−3

LiClO4 dissolved in a 1 : 1 (v/v) mixture of ethylene carbonate
and dimethyl carbonate (battery grade, Enchem Co.). Galva-
nostatic measurements were performed using a battery test
system (WBCS3000, WonATech Co.) between 1 and 2.8V
at constant currents of 89.2 and 892mAg−1. All the poten-
tials were referenced against Li/Li+.

2.4. Measurement of Coulombic Efficiency (CE) and Capacity
Loss Rate. For a Li/FeS2 half-cell, the “discharge” corresponds
to the lithiation of FeS2. Based on the cycling data, the CE is
measured as the ratio of the capacity of the charge Qc
immediately following the previous discharge Qd [6]. The
CE value is obtained using the formula CE=Qc/Qd, and
changes over the number of cycles are evaluated. It is expected
that CE< 1.0. The measurements obtained from all the tests
performed on the samples were used to evaluate the capacity
loss rate as the average of the percentage ratio of every dis-
charge capacity and the previous capacity between the 10th
and 60th cycle.

3. Results and Discussion

3.1. Physical and Structural Characterization. The XRD pat-
terns and SEM images of the pristine, 72 h SBM, 3 h PBM,
6h PBM, and 10 h PBM samples are shown in Figure 1. All
the diffraction peaks are identical and coincide with the pat-
tern of FeS2 (PDF card no. 42-1340) in a simple cubic struc-
ture Pa3 space. Additionally, as shown in Figure 1, for the 3 h
PBM, 6h PBM, and 10 h PBM samples, the width of the
peaks tended to be broader and shorter, a behavior that is
not exhibited by the 72 h SBM. From another standpoint,
FeS2 particles are in shape of irregular fragments, not well
identified by size. Thus, SEM images were not considered
due to the fact that it cannot offer a quantitative description
of particle size; instead, the inclusion of PSD analysis has
more valuable information about particle dimension in
Figure 2.

In order to obtain samples with different physical charac-
teristics, five FeS2 samples were selected to be subjected to a
ball milling process before testing, because it was presumed
that the reduction in particle sizes is beneficial for lithium-
ion storage [7] and improves the performance of the Li/
FeS2 half-cell [8]. As shown in Table 1, the PSDs of milled
FeS2 (from Figure 2) were distributed in two regions clearly

divided according to the size and percentage in the sample;
for the pristine, 72 h SBM, 3 h PBM, 6h PBM, and 10 h
PBM samples, the results obtained in the region with the
highest percentage (greater than 50%) are in the range of
30–100, 15.6–50.0, 0.1–1.1, 26.1–73.7, and 0.1–0.8μm,
respectively. Hence, the results indicate that as the ball mill-
ing time increases, the particle size decreases, but the
smaller the particle size, the greater the agglomeration [7].
This behavior is exhibited by the 72 h SBM, 6h PBM, and
10 h PBM samples with a distribution of 15.6–50.0, 26.1–
73.7, and 7.0–25μm, respectively: the particle size was
higher than that of the 3 h PBM sample under the same
process conditions.

3.2. Verification of FeS2 Charge and Discharge Mechanism.
First, we verified the reduction and oxidation inside the cell.
The effect of Li+ diffusivity on FeS2 is shown in Figure 3.
The Li2Fe2S2 is formed in one voltage plateau during the ini-
tial discharge, and the reaction involves a reduction in metal-
lic Fe and Li2S at 1.4V [9]. After discharge, a consecutive
charge shows that FeS and Li2Sn are formed, and these com-
pounds are combined into a complex of polysulfides with
partial oxidation to FeS2 [9, 10] that represents a decrease
in capacity from the 1st to the 2nd discharge and subsequent
cycles [6, 11, 12] particularly because of the dissolution of
intermediates such as lithium polysulfide (Li2Sn, 4 < n < 8)
in the liquid electrolyte [11, 13–16].

3.3. Effect of Variation of Physical Characteristics on
Coulombic Efficiency. A CE calculation was conducted to
compare the effect of the particle size on the performance
of FeS2. The left side of Figure 4 shows a detailed voltage pro-
file for the FeS2 electrodes, while the right side shows the CE
reached during the first four cycles.

Therefore, during the charge–discharge test, despite the
shapes of the curves, the five samples show considerably
identical results; the electrode created after 10 h PBM shows
a discharge capacity of 540mAhg−1, and a nearly identical
discharge was obtained for the 72 h SBM, 3h PBM, 6h
PBM, and pristine samples. An inhomogeneous particle size
combination shown by the PSD test in Table 1 might be the
first cause of nondifferentiation of the end discharge capacity.

Although the left part of Figure 4 shows that the dis-
charge and charge capacities are almost identical, a detailed
comparison to tell the difference between them is hardly pos-
sible. Therefore, the graph of CE on the right side indicates
some characteristics that differ for each sample. First, the
results corresponding to the 0.7–1 range on the coulombic
efficiency axis have an acceptable accuracy showing an evi-
dent contrast between each cycle. Second, the CE of the
10 h PBM sample increases as follows: 0.752, 0.960, 0.977,
and 0.980 from the 1st to the 4th cycle, respectively; no
doubt, the percentage of small particle size around 64.3%
shown in Table 1 is ineffective if the CE in 10 h PBM is
expected to increase as shown in Figure 4. Finally, among
all the electrodes, 10 h PBM has the lowest CE in every cycle.

3.4. Numerical Analysis Evaluation over the Lifetime of the
Cell. To understand the CE better, we extended the analysis
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beyond the results shown in Figure 4 to study the relationship
between the CE and discharge capacity against the cycle
number, as shown in Figure 5. The continuous discharge–
charge process is monitored from the 1st to the 15th cycle
and from the 1st to the 60th cycle for short- and long-term
tests, respectively. To evaluate comparable end points, the
testing process follows a specific pattern during the data col-
lection, as shown in the left side of the figure. The increase,
decrease, and stabilization of the end discharge capacity
points observed during the first 15 cycles can be attributed
to the conditioning of the half-cells, a period that occurs after
the electrolyte penetrates the electrode [17]. This increases
the contact area between the electrode, electrolyte, and Cu
foil, which yields an increment in the capacity. The right side
of Figure 5 shows that the CE values for the 3 h PBM and
pristine samples are the highest (over 0.99), followed by those
of the 72 h SBM and 6h PBM samples, whereas the CE of the
10 h PBM sample is the lowest.

After a visual comparison of the graph, numerical analy-
sis was used to rank the electrodes and a nonlinear curve fit-
ting analysis was used to verify the arrangement. This curve,
which is obtained from the Chapman model y = a ∗ 1 −
exp −b ∗ x ^c, shows the best fit to the shapes of the curves,
as all the CE curve shapes are quite similar with a pro-
nounced increase at the beginning and an asymptotic pattern
around the value of 1. This adjustment makes it possible to
give every electrode an adjusted R-square value over 0.99, a
value that explains how close the data are to the fitted regres-
sion curve. This method was chosen because it is one of the
most practical ways to approximate the model using a curve
and refine the parameters via successive iterations. This anal-
ysis enables us to rank the aging.
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Figure 1: XRD patterns and SEM images of (a) pristine, (b) 72 h SBM, (c) 3 h PBM, (d) 6 h PBM, and (e) 10 h PBM.
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Table 1: Particle size distribution and percentage representation for
different samples.

Sample Particle size distribution (μm)

Pristine 0.1–1.3 (20.0%) 30.0–100.0 (80.0%)

72 h SBM 0.1–0.8 (33.3%) 15.6–50.0 (66.7%)

3 h PBM 0.1–1.1 (81.0%) 8.2–11.8 (19.0%)

6 h PBM 0.6–0.9 (12.6%) 26.1–73.7 (87.4%)

10 h PBM 0.1–0.8 (64.3%) 7.0–25.0 (35.7%)
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Table 2 shows the Chapman model curve fitting results
for a short-term test. The independent variables are denoted
as “a,” “b,” and “c,” where the variable “a” represents the
horizontal asymptote of 1, a value that helps us rank all the
samples from the 1st to the 5th as follows: 3 h PBM, pristine,
72 h SBM, 6 h PBM, and 10 h PBM based on values of
0.99904, 0.99421, 0.99204, 0.99155, and 0.98128, respectively.

In the long-term test, the end discharge capacity behavior
indicated a fading rate of the capacity, which is expressed as
the “capacity loss rate per cycle” at the FeS2 electrode. This
capacity loss rate is also shown in Table 2. A capacity loss
rate, calculated over 60 cycles, of 0.97% per cycle, is
recorded for the 3 h PBM sample, which is slightly lower
than the value of 1.62% obtained for the pristine electrode.
This indicates a better lithiation–delithiation for the 3 h
PBM electrodes. In contrast, the half-cell that contains the
10 h PBM sample has a value of 2.03%, which is the highest
discharge capacity loss registered from the beginning, indi-
cating poor lithiation in the electrode. This may be due to
the difference in capacity for the first two discharge capaci-
ties, i.e., 539 and 383mAhg−1, respectively. This behavior is
expected, as explained above, where new reactions result in
new compounds.

The short-term test can be used to identify and demon-
strate the change in the CE in Li-ion cells during cycling, as
shown in Figure 5. Hence, this test, rather than the long-
term test until the end of the cell lifetime, should be able to
predict a set of failures in the half-cell. There is enough evi-
dence to confirm that this type of evaluation can be of signif-
icant use in differentiating and finding parameters that
reduce the cell lifetime.

4. Conclusions

We created a ranking of the deterioration between electrodes
based on their CE. This method can be used for quantifying
the decay of the electrodes during the cycling process using a
short-term test. A careful measurement of the CE would
allow the evaluation of a cell over 15 cycles via a short-
term test, which is less time-consuming than long tests (over
60 cycles). We confirm that a physical particle reduction
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electrodes in 1M LiClO4/EC :DMC (1 : 1 v/v) at a constant current of 892mAg−1.

Table 2: Capacity loss rate per cycle of milled FeS2 samples
calculated over the last 60 cycles and nonlinear curve fitting report.

Sample Value
Chapman
R-square

Capacity loss
rate per cycle (%)

3 h PBM

a = 0 99904
0.99830 0.97b = 1 39988

c = 0 49678

Pristine

a = 0 99421
0.99727 1.62b = 1 62866

c = 0 61185

72 h SBM

a = 0 99204
0.99063 1.80b = 1 79919

c = 0 82355

6 h PBM

a = 0 99155
0.97778 1.83b = 1 40964

c = 0 48300

10 h
PBM

a = 0 98128
0.99634 2.03b = 3 26758

c = 6 84182
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produces a slight increase in the CE in the 3 h PBM FeS2
sample, which has the highest CE among all the samples.

Although the performance obtained was not optimal, the
connection between the CE and capacity loss rate was deter-
mined, which facilitates an in-depth understanding of FeS2
electrodes, indicating the effectiveness of this method.

Although this test enables us to determine the effects of
the polysulfides on CE, this procedure does not quantify the
polysulfides in the sample. Further investigations on CE
and the use of X-ray photoelectron spectroscopy would help
us find a connection between the battery decay and elements
that affect the Li/FeS2 half-cell.
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This paper represents an experimental study about the effect of curves related to thermosyphons and heat pipes with different active
fluids and inclination angle at the thermal efficiency. The nanofluid utilized in this work is an aqueous soluble of Al2O3
nanoparticles with 35 nm diameter in pure water. The test saturation level of nanoparticles is 0%, 1%, and 3%wt. All the
experiments were conducted and repeated at inclination angle of 30°, 60°, and 90° (vertical). The article presents the gravity
impacts on the heat transfer characteristics in different angles and the effects of working fluids and tilt angle of heat pipe tube by
the addition of nanoparticles and weight fractions on the thermal efficiency of heat pipe at different inclination. According to
the experimental results, the heat pipe at the tilt angle of 60° generates the superior results. At a particle volume concentration
of 1%, the use of Al2O3/water nanofluid gives significantly higher heat transfer.

1. Introduction

Recently, the problem of heat dissipation from the electronic
equipment is taken into consideration by using a new heat
transfer devices such as heat pipe. Thermosyphons as well
as heat pipes have been utilized in various applications
related to the electronics industry which contains a superior
speed and a high level of heat generation. Heat pipes are
capable of transferring and removing the heat from a heat
source over long distances. Heat pipes use the latent heat of
vaporization of a working fluid to transfer heat.

Wei et al. [1] experimentally analysed the enhancement
of thermal efficiency of grooved heat pipe charged with the
silver nanoparticles and deionized water. Lin et al. [2] studied
a research focusing on heat transfer of R141b and multiphase
flow in a tube. Gao et al. [3] developed high efficiency in small
heat pipes for high heat flux cooling. Ma et al. [4, 5] investi-
gated the pulsating heat pipe charged with diamond nano-
fluids. In [6, 7], the authors have studied the results of axial
rotational speed in heat pipes under steady-state operation.
In [8, 9], the impacts of anisotropic shape and gravity of

the conducting nanoparticle in nanofluid thermal conductiv-
ity have been studied. Liu et al. [10] considered the effects of
vapor pressure at the critical values of the evaporator bound-
aries and length. In [11, 12], the positive effect over the nano-
fluid specifications based on the betterment of the thermal
conductivity of liquids is considered and the effects of nano-
particle mean diameter on the heat transfer have been stud-
ied. Jang and Choi [13] checked numerically the cooling
performance of a microchannel heat sink with nanofluid.
Nguyen et al. [14] studied the increment of a particular nano-
fluid for cooling electronic components. Atmar and Zeinab
[15] investigated extraction from clarified rumen fluid by
modified magnetic nanoparticles. Nguyen et al. [16] evalu-
ated the heat transfer behaviour of the water—Al2O3 and eth-
ylene glycol—Al2O3 nanofluids in a heated tube. Hwang et al.
[17, 18] measured kinematic viscosity, thermal conductivity,
and thermophysical properties of nanofluids in heat transfer
of the heat pipe. Kang et al. [19] added Ag pure water nano-
fluids in 1mm wick-thickness sintered circular pipe to study
the heat transfer performance of the heat pipe. He et al. [20]
studied the methodology of heat-transfer phenomena and
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flow behaviour of TiO2 nanofluid with different particle sizes
and concentrations upon upward flow through a vertical
pipe. Moraveji and Razvarz [21] investigated on the outcome
of Al2O3 nanofluids related to the thermal performance of
the heat pipe; also, they demonstrated that more nanoparti-
cles will cause a better performance in the heat pipe. Their
results indicate that increasing the nanoparticle concentra-
tion and temperature could enhance the convective heat
transfer coefficient of nanofluid. Saha et al. [22] studied the
effect of process variables on the heat pipe; also, the observa-
tion reveals different operating ranges which depends on the
loop orientation, filling ratio as well as input power. Asirva-
tham et al. [23] studied silver nanoparticles by dispersing in
deionized water to improve heat transfer performance of a
heat pipe. Xue and Qu [24] experimentally examined the
effects of inclination angles to ammonia heat pipe and
observed the thermal resistance increment or decrement.
Batmani et al. [25] measured the effects of Al2O3 nanoparti-
cle on the compression flow curve of AZ11 magnesium alloy
and they showed that the nano-Al2O3 particulates improves
the compressive yield strength of AZ11 magnesium alloy.
Various researchers has been done studies principal mea-
surement of thermal conductivity of nanofluids large number
of exploratory and hypothetical [26, 27].

In the present study, the experimental results of the influ-
ence of Al2O3 nanofluid on grooved and curved heat pipes
are studied. Furthermore, the comparison of the thermal
performance of Al2O3 nanofluid with pure water is investi-
gated. In continuation, the effects of nanoparticle volume
percentage concentration and the gravitational effect is stud-
ied by placing evaporator at different orientation. As men-
tioned above, this paper presents the study on heat transfer
in the curved heat pipe in an adiabatic section and the effect
of heat pipe tilt angle that have rarely been reported. The
results of this paper will be helpful in logical choice of accept-
able percentage of nanoparticle in heat transfer.

2. Experimental Setup and Procedure

2.1. Characterization and Preparation of Al2O3 Nanofluids.
The base working fluid is pure water in this experiment,
and Al2O3 nanoparticles are the most common nanoparticles
used with 30 nm and 45nm in size measured by transmission
electron microscopy (TEM). Figure 1 is the TEM photograph

of Al2O3 nanoparticles with particle size about 35 nm which
were added to pure water. The nanofluid used in this exper-
iment is made of 99.0% pure aluminium oxide with an
average particle size of 35 nm predispersed in water, and
the precursors for its thermal deposition are trimethylalumi-
num (TMA) and water. XRD studies were also conducted to
trace the conversion of Al2O3. Figure 2 shows the XRD pat-
tern of the flame-sprayed nanoparticles. It can be seen from
Figure 2 that Al2O3 were found in the as-sprayed nanoparti-
cles. Al2O3 particles’ true density is 3880 kg/m

3, which can be
converted to weight fraction and volume fraction. The nano-
particles and pure water are mixed by utilizing an ultrasonic
homogenizer with the concentration of 0, 1%, and 3% by
weight. Al2O3 nanoparticles are generated by using a catalytic
chemical vapor deposition technique. Aluminium oxide
nanomaterials have been synthesized using precursors such
as methane, acetylene, toluene, xylene, and benzene. As a
matter of fact, one could use any type of hydrocarbon or
carbonaceous materials for the synthesis of aluminium
oxide nanomaterials.

2.2. Experimental Setup. The schematic diagram of the heat
pipe under consideration is shown in Figure 3. The loop
consists of a test section, cool water loop, and data record-
ing system. The water flow at a constant rate is 1.7 L/min.
The inlet temperature of the water is controlled and set at
the temperature of 20± 0.5°C by using a thermostatic bath
in order to achieve a constant working temperature while
the heat input increases. The closed loop of the evaporator
contains cold water inside the storage tank having
0.125m3 volume and water pump. Experiments are carried
out at various heat fluxes and three different tilt angles.
The position of the heat pipe tilt angle is shown in
Figure 4. The laboratory temperature is controlled at 25
± 1°C. The heat pipe involved in the experiment is a
straight copper tube with an outer diameter of 8mm and
a length of 190mm that contains 1mm wick-thickness
copper powder (140–200nm) sintered wicked. The studied
heat pipe consists of three sections such as an evaporator,
an adiabatic section, and a condenser. The condenser sec-
tion of the flat heat pipe is inserted vertically into the
cooling chamber to remove heat from the condenser sec-
tion by forced convection to a constant temperature bath.
For heating the evaporator section, a 0–220V AC electric
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Figure 1: TEM photograph of Al2O3 particles.
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Figure 2: XRD Pattern of as-sprayed alumina nanoparticles.
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heater is used. Electric power is obtained by measuring the
current supplied to the electric heater and the voltage
across the heating resistor. The electrical heater is glued
with thermal grease master cooler HTX3-GL to decrease
the contact thermal resistance between the heater and
the heat pipe.

2.3. Test Procedure. The power supply is switched on initially,
and then the power is increased. The tests require approxi-
mately 15–25 minutes to reach the steady state. In each step,
the temperatures and other experimental parameters are
recorded at the steady state conditions. Afterwards, the
power input is increased, and so the process is iterated until
the occurrence of dry out as found out by rapid spikes in
the evaporator thermal couple which is far from the con-
denser. Once dry out is attained, difference between temper-
ature of the evaporator and condenser increases rapidly.

The local temperature is measured by using four iso-
lated type T thermocouples. Thermocouple signals are
recorded by a data logger (Fluke, Hydra Series II) with
the uncertainty lower than 0.1°C. Thermocouples are dis-
tributed along the surfaces of the heat pipe section as fol-
lows: one thermocouple is attached to the condenser
section, two thermocouples are attached to the adiabatic
section, and one thermocouple is attached in the middle
of evaporator section. Through record and calculation,
the ratio of removed energy of cooling water by condenser
section to the heating power by evaporator section with
different weight fraction of nanoparticle, and tilt angle of
heat pipe, the effects of thermal efficiency under different
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Figure 3: Schematics of the test setup.
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tilt angle and nanofluid can be evaluated. The heat pipe
efficiency can be calculated as follows:

η =mwCp
Twout − Twin

V I
1

3. Results and Discussion

The enhancement of convective heat transfer coefficient
depends on increasing of the fluid thermal conductivity.

Thermal conductivity of the nanofluids increases with
increasing of the volume concentrations. Adding nanoparti-
cles to liquid strikingly improves energy transport process
of the base liquid. A smaller particle size would provide a
much larger surface area for molecular collisions and there-
fore increase the rate of reaction, making it a better catalyst
and reactant.

The form of heat pipe, working fluid, and effect of
gravity has a considerable effect on its efficiency. In this
experiment, several conditions for fluid is taken into con-
sideration, in order to measure the temperature distribu-
tion of heat pipe as well as cooling water the evaporator
and condenser.

In vertical mode, the vapor bubbles which take up heat in
the evaporator grow in size. Their own buoyancy helps them
to rise up in the tube section. The rising bubbles in the tube is
a natural tendency for the liquid slugs to travel downwards,
helped by gravity force, toward the evaporator. In horizontal
mode (90° inclination angle) of operation, there was hardly
any macromovement of bubbles. This strongly suggests that
gravity does play a role in the heat pipe. Since gravity force
is ineffective, all the movement of bubbles and slugs has to
be necessarily done by the pressure forces. These forces are
created due to temperature difference, which exists between
evaporator and condenser.

Figures 5 and 6 as well as Figure 7 display the alteration of
thermal efficiency related to the heat pipe. By utilizing fluids
with various concentration percent of Al2O3 nanoparticles at
30, 60, and 90 tilt angles, different results can be obtained.
The increment of tilt angle will cause the enhancement of
flow back into the evaporator section. By increment the tilt
angle from 0 to 60, the thermal efficiency increases, but if
the increment is more than 60°, the thermal efficiency will
decrease. The reason is that the effect of gravitational force
between the evaporator section and the condenser section is
increased. On the other hand, when the tilt angle of heat pipe
is taken to be constant, then by adding nanoparticles to the
base fluid, the efficacy of thermal conductivity will be
increased. The addition of more nanoparticles to fluid causes
the property of working fluid at the evaporator section to
convert into the solid phase. Also, it results in the decrease
of the convection performance of nanofluid inside the
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evaporator section. Figures 8 and 9 display that at constant
angle of the heat pipe, by the increment of heat rate, the heat
pipe efficiency will be increased. In these figures, it can be

seen that after the tilt angle of 60° (Figure 8), the heat pipe
efficiency has been decreased. The temperatures of heat pipe
diffusion have been shown in Figures 10–12 in various tilt
angles of heat pipes at 1.0wt % concentration under different
input power.

As can be seen, increasing the contact angle causes
the condensed vapor to return faster to the evaporator
section by means of gravity, and consequently, lower
thermal resistances and higher heat transfer coefficients
were obtained.

4. Conclusions

In this paper, an experimental research of the thermal
enhancement related to the heat pipe is carried out profi-
ciently by adding Al2O3 nanopowder to pure water in side
1mm wick-thickness sintered circular heat pipe in various
tilt angles. The gravity effects on the heat transfer in the heat
pipe have been experimentally studied in the paper by four
kinds of test orientations.

Important conclusions have been obtained and are sum-
marized as follows:

(i) The ideal value of thermal efficiency obtains at the
concentration of 1.0% wt nanofluid.

(ii) The heat transfer coefficient increases with increas-
ing the applied heat flux at the evaporator.

(iii) Adding Al2O3 nanoparticles to pure water could
enhance the thermal efficiency of heat pipe.

(iv) With enhancement of the heat flux, the heat pipe
efficiency tends to increase.

(v) In this experiment, the thermal efficiency of the
heat pipe with 0.1% nanoparticle volume concen-
tration is higher than other fluids with different
nanoparticle volume concentration.

(vi) Effects of heat pipe tilt angle on the thermal
efficiency are checked and is shown that it can be
increased at higher tilt angle.
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Figure 10: Temperature of heat pipe diffusion in different tilt angles
of heat pipes at 1.0 wt. % under 30W input power.
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(vii) The inclination angle has a great effect on the
heat pipe thermal resistance using water as the
working fluid.

(viii) The heat pipe thermal efficiency get enhanced
with increasing nanoparticle concentrations and
tilt angles.

(ix) The heat pipe thermal efficiency of the nanoparticle
fluids decreases when the heat pipe tilt angle is 60°.
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Varieties of natural biomass have been utilized to prepare porous carbon materials for supercapacitor applications. In this work,
porous activated carbons derived from Pleurotus eryngii were prepared by carbonization and KOH activation. The activated
carbons presented a large specific surface area of 3255m2·g−1 with high porosity. The as-prepared electrode exhibited a maximal
specific capacitance of 236 F·g−1 measured in a three-electrode cell system. Furthermore, the assembled symmetric supercapacitor
showed a specific capacitance of 195 F·g−1 at 0.2 A·g−1 and a superior specific capacitance retention of about 93% after 15000
cycles. The desirable capacitive behavior suggests that Pleurotus eryngii is an attractive biomass source of carbon materials for the
potential supercapacitor applications.

1. Introduction

A supercapacitor is considered a promising energy storage
device due to its unique merits of high specific power,
high cycle stability, and rapid charge-discharge perfor-
mance [1]. Owing to these features, a supercapacitor has
been widely involved in various application fields, such as
electric vehicles, consumer electronics, and industrial energy
management [2, 3].

A large amount of electrode materials for supercapacitors
has been investigated so far, including carbon materials
[4–6], metal oxides [7, 8], and conducting polymers [9, 10].
In recent years, two-dimensional (2D) nanomaterials [11]
and hybrid materials [12] have attracted great interests.
However, the synthesis of 2D nanosheets and hybrid mate-
rials is commonly involved with methods like arc-discharge
synthesis, chemical vapor deposition, and microwave radia-
tion, which are expensive, complicated, and sometimes

harmful to the environment [13–15]. Now, the trend is to
use biomass as a convenient and economical method for
supercapacitors. Porous carbon material derived from bio-
mass is regarded as one of the most promising candidates
due to its high surface areas, good electrical conductivity,
low cost, and renewability [16, 17].

Recently, varieties of natural biomass have been
utilized as starting materials to prepare porous carbon
materials for supercapacitor [18–20]. It was reported that
willow catkins activated by KOH present large three-
dimensional interconnected micrometer-level pores com-
posed of sheet-like primary particles [20]. Five types of
tea leaves prepared by high-temperature carbonization
and activation with KOH show typical amorphous and
porous structures with a high specific surface [21]. Fur-
thermore, N-doped porous carbon microsphere materials,
synthesized from fermented rice, offer high porosity and
high capacitance [22].
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Mushrooms, rich in carbon and oxygen, are widely dis-
tributed around the world. They are abundant, economical,
and environmentally friendly. In this regard, many kinds of
mushrooms have been used in supercapacitor applications
[23, 24]. Pleurotus eryngii, a kind of mushrooms, has been
commercially produced by the industrial process for decades
with a considerable yield. This endows the Pleurotus eryngii
with low price which helps it stand out among other biomass
resources. Here, we reported a new facile way to synthesize
the electrode materials with Pleurotus eryngii as a precursor.

In this work, a facile fabrication of porous activated
carbons derived from Pleurotus eryngii, followed by carboni-
zation and KOH activation, has been demonstrated. The
obtained materials present a high specific surface area of
3255m2·g−1. In a three-electrode cell system, the prepared
electrode offers a maximal specific capacitance of 236 F·g−1.
Furthermore, the assembled symmetric supercapacitor shows
a specific capacitance of 195 F·g−1 at 0.2A·g−1 and a superior
specific capacitance retention of about 93% after 15000
cycles. This work highlights the attractive features of Pleuro-
tus eryngii in a supercapacitor which might inspire their
future development in new energy storage device prototypes.

2. Experiments

2.1. Material Synthesis. Pleurotus eryngii was firstly washed
with ethanol and dried at 60°C overnight. Secondly, the dried
Pleurotus eryngii was carbonized under a nitrogen atmo-
sphere at 500°C for 12 hours. And then, the carbonized
Pleurotus eryngii was mixed with KOH solution in a 1 : 3
weight ratio and dried at 120°C overnight in a vacuum oven.
The mixture was subsequently activated under a nitrogen
atmosphere at 600, 700, and 800°C, respectively. Finally,
the activated sample was washed with hydrochloric acid
solution and excessive distilled water to remove the impuri-
ties. The products were denoted as APE-X, where X was the
activation temperature.

2.2. Material Characterization. The samples were examined
under a scanning electron microscope (SEM, Hitachi
S4700). Themorphology imageswere recorded on a transmis-
sion electron microscope (TEM, FEI Tecnai G2 F20 S-twin
TEM system). X-ray diffraction (XRD) patterns were mea-
sured on a Bruker D8 ADVANCE diffractometer. Raman
spectra were examined by a Renishaw inVia Raman micro-
scope. X-ray photoelectron spectroscopy (XPS) analysis was
carried out on a Thermo Scientific XPS system. Specific sur-
face areas of the samples were measured by the Brunauere-
Emmette-Teller (BET) method on a Beishide 3H-2000PS2
specific surface and pore size analysis instrument.

2.3. Electrochemical Measurements. The electrochemical per-
formance of the active materials was measured in both three-
electrode and two-electrode systems with 6M KOH aqueous
solution used as the electrolyte. In the three-electrode system,
the counter electrode and reference electrode were platinum
foil and saturated Ag/AgCl. The working electrode was pre-
pared by mixing the active materials (80wt%), polyvinyli-
dene fluoride (10wt%), and carbon black (10wt%) in a few

drops of N-methyl-2-pyrrolidone solvent. Subsequently, the
resulting mixture was coated on a nickel foam substrate
and dried at 80°C vacuum for 24 hours [25]. The mass load-
ing of the active material for each electrode was about
5mg·cm−2. In the two-electrode system, the symmetric
supercapacitor was assembled by employing two APE-700
electrodes with a separator. The cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) measurements were carried
out on a Metrohm Autolab PGSTAT302N electrochemical
workstation. The specific capacitance Cm (F·g−1) was calcu-
lated according to the discharge curve by the following
equation [18, 26]:

Cm =
k IΔt
mΔV 1

where I (A) is the discharge current, Δt (s) is the discharge
time, ΔV (V) is the discharge voltage window excluding the
IR drop, m (g) is the mass of active materials in a single elec-
trode, and k is a constant (k = 1 for a three-electrode system
and k = 2 for a two-electrode system).

3. Results and Discussions

As shown in the SEM image of Figure 1(a), the Pleurotus
eryngii presents three-dimensional porous network structure
with micrometer-level pores. Figures 1(b) and 1(c) show the
carbonized samples with different magnifications. The SEM
image of the activated samples at 700°C is displayed in
Figure 1(d). When comparing Figures 1(c) and 1(d), it is
found that a higher roughness is observed on the surface of
the activated samples after KOH activation. The TEM image
of APE-700 as shown in Figure 2(a) indicates that numerous
nanoparticles are stacked each other in different directions
aggregating on the rough surface of the activated samples
(Figure 1(d)). A high-resolution TEM (Figure 2(b)) image
from APE-700 reveals that less than 1nm abundant micro-
pores are created after the activation.

The XRD patterns of various temperature-activated sam-
ples are shown in Figure 3(a). All the APE samples exhibit
two broad- and low-intensity peaks near 25°and 43°, corre-
sponding to (002) and (100) planes of the graphite [25, 27].
The intensity of these two peaks decreases as the activation
temperature increases, probably due to a lower graphitization
degree [20]. Figures 3(b)–3(d) are the Raman spectra of
APEs. Two broad bands centered at 1350 cm−1 (D-band)
and 1584 cm−1 (G-band) are clearly observed [20, 25]. The
relative intensity ratios of D-band to G-band (ID/IG) of
APE-600, APE-700, and APE-800 are 2.9, 3.3, and 3.6,
respectively. As the D-band is induced by the defects in the
graphite lattice and the G-band is generated by the sp2 car-
bon atomic pair stretching, APE-800 exhibits the lowest
graphitization degree [28]. This can be ascribed to the higher
temperature facilitating the erosion reaction between carbo-
naceous material and KOH, which may decrease the graphi-
tization degree of the APE materials. The results are
consistent with those of the XRD analysis in Figure 3(a).
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XPS measurement was used to further confirm the
surface chemical properties and atomic compositions of as-
prepared APEs. The wide XPS spectra in Figure 4(a) display
two peaks at 284 and 533 eV, corresponding to C 1s and O 1s,
respectively. There are oxygen-containing functional groups
in all the activated samples [25]. The atomic percentage of
oxygen decreases from 17.33 to 8.91 atom% (see Table 1)
when the activation temperature has been changed from
600°C to 800°C. The C 1s spectra of APEs in Figures 4(b)–
4(d) could be approximately fitted into three peaks, which
can be assigned to sp2 C=C bond in graphitic carbon

(284.6 eV), sp3 C-C hybridization (285.4 eV), and -C=O/-
COO- bond (288.6 eV) [25, 29]. The relative intensity of sp3

C-C hybridization peaks (the purple peaks in Figures 4(b)–
4(d)) increases as the temperature raises from 600 to 800°C.
The increasing intensity in the C-C bond corresponds to
the reduction of the graphitization degree for APE samples
at higher temperature. The most probable reason is that the
KOH is more reactive with carbonaceous materials, which
causes more lattice defects in the activation process.

The nitrogen adsorption-desorption isotherms of APEs
activated at 600°C, 700°C, and 800°C are shown in

100 nm
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Figure 2: (a, b) TEM images of APE-700 with different magnifications.
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Figure 1: SEM images of (a) Pleurotus eryngii, (b, c) carbonized Pleurotus eryngii with different magnifications, and (d) as-prepared APE-700
electrode sample.
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Figure 5(a). An abrupt increase occurs at very low relative
pressure (less than 0.1) according to isotherms, followed by
a smooth increase at the high relative pressures. From those
results, it implies that the APEs have abundant micropores
with a narrow pore size distribution [30]. At the relative pres-
sures from 0.4 to 1.0, the subtle hysteresis loops provide
evidence for forming a small amount of mesopores in the
samples [31].

When the activation temperatures increase from 600°C to
700°C, the flat plateau of the isotherms, as shown in
Figure 5(a), moves to a higher position, revealing that more
pores are produced and, as a result, a higher specific surface
area is achieved [32]. However, it can be noted that the
plateau is shifted down when increasing the activation
temperature to 800°C. A collapse of the pore structure may
probably happen due to the excessive temperature. The total

BET specific surface area of APE-700 is 3255m2·g−1 with
respect to 2253m2·g−1 for APE-600 and 2704m2·g−1 for
APE-800. The mechanism of KOH activation is shown in
the following equation [23, 33]:

6KOH + 2C→ 2K + 3H2 + 2K2CO3 2

During the KOH activation process, the carbon frame-
works are etched by the redox reaction. After washing, metal-
lic K and K compounds are removed and pores are created.

The pore size distribution of the APEs measured by the
H-K model (supplied by the Beishide 3H-2000PS2 specific
surface and pore size analysis instrument) is shown in
Figure 5(b). The pore size of the APEs is mainly at a range
of 0.5–1.0 nm, implying that massive micropores are present
in the APEs. In the aqueous solution of KOH, the micropores

2 theta (degree)
10 20

APE-600
APE-700
APE-800

30

(002)

(100)

40 50 60 70 80 90

In
te

ns
ity

 (a
.u

)

(a)

Wavenumber (cm−1)
800 1000 1200 1400 1600 1800 2000

In
te

ns
ity

 (a
.u

)

D

G

(b)

Wavenumber (cm−1)
800 1000 1200 1400 1600 1800 2000

In
te

ns
ity

 (a
.u

)

D

G

(c)

Wavenumber (cm−1)
800 1000 1200 1400 1600 1800 2000

In
te

ns
ity

 (a
.u

)

D

G

(d)

Figure 3: (a) XRD patterns of APEs obtained at various activation temperatures. Raman spectra of APE-600 (b), APE-700 (c), and
APE-800 (d).
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with pore sizes larger than 2nm are commonly considered
too wide to form the double layer while pore sizes less than
0.5 nm are too small for the process [20]. Therefore, it is
expected that the pore size of the APEs activated at different
temperatures is suitable for the transport of electrolyte ions.

Typical CV curves of the samples with different activa-
tion temperatures at the scan rate of 50mV·s−1 are shown

in Figure 6(a). It is clear that all CV curves display
rectangular-like shapes with a characteristic feature of a good
capacitor behavior, promising to be used as the electrode
material of supercapacitors. Figure 6(b) presents the GCD
curves of APEs measured at a current density of 2A·g−1. It
is found that the APE-700 has the largest integrated area in
the CV curves and the longest charge-discharge time, sug-
gesting the highest specific capacitance for APE-700. Its
specific capacitance is calculated as 236 F·g−1. The Nyquist
plots of APEs measured from 10mHz to 100 kHz are
shown in Figure 6(c). APEs display good capacitive behav-
ior with a nearly vertical line at low frequencies, among
which the slopes are much larger when the activation tem-
perature decreases. At high frequencies, the intercept of
plots with the real axis presents a low equivalent serial
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Figure 4: (a) XPS spectra of APEs activated at different temperatures. High-resolution C 1s spectra of APE activated at 600°C (b), 700°C (c),
and 800°C (d).

Table 1: Chemical compositions of as-prepared APEs by XPS
analysis.

Element APE-600 APE-700 APE-800

C (atom%) 82.67 88.96 91.09

O (atom%) 17.33 11.04 8.91
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internal resistance of ~0.3Ω, including the intrinsic resis-
tance of activated materials, electrolyte and the contact
resistance. The bode phase diagrams of all samples are
shown in Figure 6(d). Compared with APE-800, the phase
angles of APE-600 and APE-700 are ~85° and ~81°, respec-
tively, which are closed to that of an ideal capacity (90°),
indicating a good capacitive property.

The electrochemistry properties of APE-700 have been
investigated further in more detail. The CV curves of
APE-700 are presented in Figure 6(e) at scan rates from 5
to 100mV·s−1. The rectangular-like shape is maintained
even at a high scan rate of 100mV·s−1, revealing low equiv-
alent series resistance and fast charge transport capability
[34]. The GCD curves of APE-700 (Figure 6(f)) show
almost symmetrical and linear relationship at a series of
current densities ranging from 2 to 20A·g−1, which agreed
well to a typical property of electrical double-layer capaci-
tors. However, the rate capability of APE-700 is not high,
due to abundant micropores and a small amount of meso-
pores generated by KOH activation. In general, at low cur-
rent density, the ions of electrolyte are able to penetrate into
the micropores. When the current density increases, the
narrow micropores may hinder or restrict the ion diffusion
due to the space limitations, leading to a moderate rate
capability [1, 35].

Table 2 summarizes a comparison of our result with
other biomass-derived carbon materials reported previ-
ously. It seems that the APE-700 presents a moderate spe-
cific capacitance due to its highest surface area. The main
reasons are probably as follows: firstly, the specific capaci-
tance is related not only to the surface area but also to the
pore structure, interfacial wettability, and electrical conduc-
tivity. Secondly, the measurement and electrolyte of the
materials listed in Table 2 are not exactly the same. In partic-
ular, the specific capacitance would decay when the current
density increases.

In order to investigate the practical electrochemical per-
formance of APE-700, the symmetric supercapacitor was
assembled and measured in 6M KOH electrolyte. The CV
and GCD curves are shown in Figures 7(a) and 7(b). Good
capacitive behaviors at different scan rates and current densi-
ties are seen. According to (1), the specific capacitance of
APE-700 is calculated as 195 F·g−1 at a current density of
0.2A·g−1. Furthermore, the cycling stability of APE-700 was
performed by the GCD test at a constant density of 2A·g−1.
As shown in Figure 7(c), the specific capacitance retention
is about 93% with a slight fluctuation after 15000 cycles, exhi-
biting excellent long-term cycle stability and great potential
for energy storage devices.

Figure 7(d) shows the electrochemical impedance spectra
of APE-700. It is noted that the equivalent serial internal
resistance increases after 15000 cycles, which may be attrib-
uted to the abscission of the activated material or the varia-
tion of oxygen-containing functional groups. The semicircle
loop (nearly 1Ω), an indicator of the charge-transfer resis-
tance between electrolytes and electrode, represents good
and stable ionic conductivity of the two samples. The SEM
images of APE-700 before and after the cyclic stability test
are shown in Figures 8(a) and 8(b). No obvious difference
is observed between the two samples.

In summary, Pleurotus eryngii activated at 700°C pre-
sents a high electrochemistry performance, which may be
attributed to the following properties: (a) high specific sur-
face area, which is much more favored to form considerable
electrochemical double layers; (b) suitable pore size, which
could facilitate ion transport resulting in an effective improve-
ment in the charge-discharge process; (c) high graphitiza-
tion degree, leading to a good electrical conductivity; and
(d) the existence of oxygen-containing functional groups,
which not only provides extra pseudo-capacitance but also
improves the hydrophilicity and wettability of the porous
carbon materials.
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Figure 5: (a) Nitrogen adsorption-desorption isotherms of APEs activated at 600°C, 700°C, and 800°C, respectively. (b) Pore size distribution
curves of the APEs.
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Figure 6: Electrochemical performance measured in a three-electrode system: (a) CV curves of APEs activated at 600°C, 700°C, and 800°C,
respectively, at 50mV·s−1; (b) GCD curves of the APEs at 2A·g−1; (c) Nyquist plots of the APEs, an enlarged view in the high-frequency region
is shown in the inset; (d) bode phase diagrams of the APEs; (e) CV curves of APE-700 at different scan rates from 5 to 100mV·s−1; (f) GCD
curves of APE-700 at different current densities from 2 to 20A·g−1.
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Table 2: Comparison of the properties of biomass-derived carbon materials.

Biomass SBET (m2·g−1) Cm (F·g−1) Measurement Electrolyte Ref.

Willow catkins 1533 298 0.5 A·g−1 6M KOH [16]

Tea leave 2841 330 1A·g−1 2M KOH [21]

Glucose 757 260 0.5 A·g−1 6M KOH [17]

Coconut shell 1532 228 5mV·s−1 6M KOH [19]

Corn starch 1167 162 0.625A·g−1 6M KOH [18]

Cotton 1085 207 1A·g−1 1M H2SO4 [28]

Paulownia sawdust 1900 227 2mV·s−1 6M KOH [36]

APE-700 3255 236 2A·g−1 6M KOH This work
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Figure 7: Electrochemical performance of APE-700 measured in a two-electrode system: (a) CV curves at different scan rates from 5 to
100mV·s−1; (b) GCD curves at different current densities from 0.2 to 10A·g−1; (c) cycle stability at a current density of 2A·g−1 in 6M
KOH solution; (d) EIS before and after the cyclic stability test, an enlarged view in the high-frequency region is shown in the inset.
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4. Conclusion

Porous activated carbons derived from Pleurotus eryngiiwere
synthesized by carbonization firstly and then KOH activa-
tion. The porous carbons activated at 700°C, among other
activation temperatures, exhibit the highest specific surface
area of 3255m2·g-1, and the prepared electrode offers a max-
imal specific capacitance of 236 F·g−1 measured in a three-
electrode cell system. Furthermore, the assembled symmetric
supercapacitor shows a specific capacitance of 195 F·g−1 at
0.2A·g−1 and excellent long-term cycle stability with a capac-
itance retention of 93% after 15000 charge/discharge cycles at
a current density of 2A·g−1. This work highlights the attrac-
tive capacitive features of the Pleurotus eryngii as a readily
available biomass source, which might inspire their future
development as a new resource of porous activated carbons
for supercapacitors and other energy storage devices.
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Hierarchical N- and O-doped porous carbon composites were prepared by hydrothermally assembling of silk fibers with low
molecular weight phenolic resin, followed by carbonization and KOH activation process. Silk fibroin is expected to provide
nitrogen and oxygen functionalities for the final composite carbon. The introduction of thin layer graphitic structures of low
molecular weight phenolic resin-derived carbon offers more abundant structures, low resistance, and hierarchical porosity with
a high BET surface area of 1927m2·g−1. The composition and electrochemical properties of the composite carbon have been
studied as a function of the annealing temperature for KOH activation process. The obtained carbon composite exhibits high
specific capacitance as high as 330 F·g−1 (1000mF·cm−2) at 0.5 A·g−1, good rate capability, and excellent cycling stability (91% of
capacitance retention after 10000 cycles) in 6M KOH electrolyte.

1. Introduction

Electrochemical capacitors (ECs), also called supercapacitors
or ultracapacitors, are considered to be promising devices for
high power demand and long cycle life [1–4]. ECs can harvest
and release more energy within time less than 10 s and can be
used for an almost unlimited number of charge and discharge
cycles, which are superior to or distinctive from Li-ion
batteries. Thus, ECs are playing important role in the energy
storage devices requiring fast burst of energy and back-up of
power sources.

Carbon materials have been widely employed as elec-
trodes for ECs because of their fast charge/discharge kinetics,
bipolar operational flexibility, and good stability and because
of being environmentally friendly [5–8]. It has been demon-
strated that the initial material has a significant impact on the
formation mechanism, the specific surface area, and the com-
position of the final carbon materials [9–12]. The different
pore size distribution can be obtained by different physical
and chemical activation methods using KOH, CO2, or steam
as activating agent [13–16]. Kim et al. found that the steam-
activated silk carbons have smaller capacitance in gravimetric

unit than that of the KOH-activated silk carbon (with nearly
doubled gravimetric capacitance), but the steam-activated
silk carbons showed comparable volumetric capacitance to
that of the conventional phenolic resin-based carbon pre-
pared by KOH activation [17]. Thus, they suggested that
the steam-activated silk carbon was superior to the conven-
tional KOH-activated phenolic resin carbon materials
regarding to the production cost. Zhu et al. synthesized a
porous carbon by using KOH chemical activation of exfoli-
ated graphite oxide [18]. This carbon electrode exhibited a
large surface area of up to 3100m2·g−1 and a specific capaci-
tance of 166 F·g−1 in BMIM BF4/AN electrolyte.

Moreover, the modification with heteroatom is an impor-
tant route to improve the electrochemical performance of
carbon materials for ECs [19–22]. Heteroatom doping such
as N and O is expected to enhance the surface polarity
and the electron-donor affinity and thus improve the
interfacial interaction between carbon electrode and elec-
trolyte [23–26]. N and O functionalities can significantly
enhance the wettability, hydrophilicity, and compatibility,
which are beneficial for the electrolyte ions accessible to
the micropores of carbon materials, thus leading to high
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power output and rate performance of carbon electrode.
They can also give rise to Faradic capacitance through
electrochemical redox reactions. N and O functional groups
are usually introduced into carbon materials by employing
nitrogen- and oxygen-containing compounds as a nitrogen
and oxygen dopant. It is generally accepted that using
nitrogen-containing polymers such as polyimide, melamine,
polyvinylpyridine, polypyrrole, and cyanamide as a nitrogen
dopant by direct carbonization process is a simple and con-
trollable method. Lin et al. have recently reported N-doped
ordered mesoporous few layer carbons with extraordinary
capacitance of 855 F·g−1 in aqueous electrolytes for electro-
chemical energy storage [27]. Wang et al. used urea-
modified lignin as raw materials to produce N-doped porous
carbon with high specific capacitance and low resistance for
electric double-layer capacitors (EDLCs) [28]. Chen et al.
explored N-doped graphene by carbonization process of aro-
matic polyimide films deposited on the surface of graphene
by molecular layer deposition [29]. This N-doped graphene
exhibited a high specific capacitance of 290 F·g−1 at a current
density of 1A·g−1 in 6M KOH electrolyte. Recently, N- and
O-codoped carbon materials have been explored for ECs
which is expected to produce the synergistic effect and signif-
icantly enhance the capacitance performance [23, 30, 31].

In this work, high porosity of N- and O-doped carbon
composites was successfully prepared by hydrothermal reac-
tion, carbonization, and KOH activation process, with silk
fibers and low molecular weight phenolic resin as carbon
sources. The silk fiber networks were used as the matrix to
incorporate the low molecular weight phenolic resin during
the hydrothermal reaction. The introduction of low molecu-
lar weight phenolic resin provides more abundant structures,
high conductivity, and hierarchical porosity for carbon com-
posite materials. The further KOH activation process makes
the carbon composite larger surface area and hierarchical
opened pores. The resulting porous carbon possesses a high
specific capacitance of 330 F·g−1 and excellent charge and dis-
charge rates with high porosity and high specific surface area.

2. Experimental Section

2.1. Preparation of Hierarchical N- and O-Doped Porous
Carbon Composites. The hierarchical N- and O-doped
porous carbon composites were prepared with silk fibroin
as starting materials. Firstly, the amount of silk tussah cocoon
was immersed in 0.3MNaOH solution for 24 h to obtain dis-
persive silk fibroin (SF), followed by washing with deionized
water and drying at 80°C for 2 h. Then, the coating of low
molecular weight phenolic resin on silk fibroin (SF/PR) was
prepared by hydrothermal reaction similar to our previous
report [32]. After that, the composite (SF/PR) was carbon-
ized at 600°C for 2 h under pure nitrogen atmosphere at a
heating rate of 10°C/min. The N2 flow rate was adjusted
5~10ml/min. The as-made carbon composite was ground
to fine powders and mechanically mixed with 4-fold amount
of KOH (weight ratio, KOH/carbon) for chemical activation.
The chemical activation process was carried out under a N2
atmosphere with tubular furnace individually at 700°C,
800°C, and 900°C to obtain samples KCP-700, KCP-800,

and KCP-900 for 2 h, respectively. Finally, the obtained
carbon samples were placed in 20ml 0.1M HCl, stirred
for 0.5 h, and washed with deionized water until the pH stabi-
lized at 7.0. To illustrate the advantage of the carbon compos-
ite KCP, pure silk fibroin-derived carbon (named as KSW)
without coating of phenolic resin was also prepared.

2.2. Material Characterization. The morphologies of the
samples were observed with field emission scanning electron
microscopy (FESEM, Carl Zeiss, Germany) and transmis-
sion electron microscopy (TEM, JEM2010-HR, 200 kV).
Thermogravimetric analysis (TGA, NETZSCH STA 449 F3,
Germany) was carried out from room temperature to
1000°C at the heating rate of 30°C/min under inert atmo-
sphere with Ar. Raman spectra were performed using
confocal laser micro Raman spectrometer (HR800UV,
HORIBA Jobin Yvon, France) with the excitation wavelength
at 633nm. XPS spectra were recorded on Thermo ESCALAB
250 electron spectrometer using Al Kα radiation (1486.6 eV).
The porous structure of the carbon was evaluated by the clas-
sical analysis of nitrogen adsorption-desorption isotherms
using ASAP 2020 instrument at −196°C. The pore-size distri-
butions were calculated via the Dubinin-Astakhov and BJH
(Barrett-Joyner-Halenda) methods. The specific surface areas
were calculated using Brunauer-Emmett-Teller (BET) equa-
tion. The pore volume was obtained from the adsorbed
amount at a relative pressure of P/P0 = 0 97.

2.3. Electrochemical Measurements. Electrochemical experi-
ments were carried out on a CHI660E potentiostat in a
three-electrode cell with a platinum plate as the counter
electrode and saturated calomel electrode (SCE) as the ref-
erence electrode. Carbon cloth was used as the working
electrode’s current collector. The electrode active materials
(including the pure KSW, composites KCP-700, KCP-800,
and KCP-900) were firstly separately mixed with carbon
colloid at a weight ratio of 3 : 1 in ethanol. The obtained
pastes were then separately coated onto carbon cloth with
a working area of 1.5× 1.2 cm2. The mass loading of the
two electrodes was about 6mg. Electrochemical capacitive
performances of the electrodes were studied by cyclic volt-
ammetry (CV), chronopotentiometry (CP), and electrochem-
ical impedance spectroscopy (EIS) with 6M KOH electrolyte.
EIS spectra were scanned from a frequency range of 100 kHz
to 10MHz with the operating potential of 0V and the
potential amplitude of 5mV. Symmetric ECs were assem-
bled by using KCP fixed on carbon cloth as two electrodes
in 6M KOH electrolyte solution.

3. Results and Discussion

3.1. Characterization of KCP Carbon Composite. To deter-
mine the carbonization temperature for the initial hydrother-
mally assembled composite of silk fibers and low molecular
phenolic resin (SF/PR), thermogravimetric analysis profiles
of the composite SF/PR, as well as the pristine silk fibers
(SF), are represented in Figure 1. The original decomposition
temperature for SF/PR composite (ca. 320°C) is slightly
higher than that of the pristine SF (ca. 294°C), indicating that
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the thermal stability of SF/PR composite was enhanced by the
introduction of phenolic resin. A drastic weight loss between
320 and 550°C is accompanied by the loss of hydrated water
and the decomposition of nitrogen/oxygen functionalities
[17]. The weight loss tends to be slow above 550°C, implying
that the thermal treatment temperature of 600°C is high
enough for the carbonization of the SF/PR composite.

The morphologies of the final KCP sample (derived
from the composite SF/PR after carbonization and KOH
activation) were examined by FESEM. The typical SEM
image results show the final products KCP-800 and KCP-
900 have abundant morphologies and microstructures. As
shown in Figures 2(a) and 2(b), plenty of pores with differ-
ent pore size were homogeneously distributed in the
honeycomb-like or sponge-like bulk, ranging from micro-
pores (<2nm) to mesopores (e.g., 2~50 nm) to macropores
(e.g., >50 nm). The opened pore size of KCP-800 is smaller
than that of KCP-900 by comparing Figures 2(a) and 2(b),
indicating the higher activation temperature leads to larger
pores in the carbon samples. Figure 2(c) shows much feather
duster-like or tree-like structures in the carbon product,
which possess axis in the middle of the bulk and split layers
with much opened narrow slit. SEM image of Figure 2(d) also
presented lamellar structure with plenty of pores between
layers. These lamellar platelet structures may be derived from
low molecular weight phenolic resin raw materials, which are
very different from the silk fiber structures. It should be
pointed out that the tree-like or branched structures which
are made of mesoporous channels with micropores around
different branches have been reported to be possible ideal elec-
trode because these mesopores should be channels for ions in
the electrolyte to the abundant number of micropores
throughout the electrode [5].

The SEM images clearly present varied microstructures
with numerous hierarchical opened pores, which construct
a three dimensional (3D) distribution of a porous material.
These 3D networks of pores are originated from the thermal
treatment process and followed KOH activation process.

During the first carbonization step, micro- and mesopores
are generated in the carbon product due to small molecule
of gases (COx, NOx, H2O, etc.) produced and released.
The further KOH activation process yields a 3D network
of nanoscale pores [30, 33]. The TEM images with a num-
ber of light dots presented as Figure 2(e) further corrobo-
rate dense pore structures with a distribution of pore sizes
between ~1nm and ~10 nm. And Figure 2(f) illustrates
curved graphene-like sheets in the KCP-800 sample, which
is desirable for a higher conductivity, higher surface area,
and better capacitive performance.

The porous structure of KCP-800 was further confirmed
by nitrogen adsorption and desorption measurements. The
isotherm, as shown in Figure 3(a), reveals a steep increase
of nitrogen adsorption in the initial part of low relative
pressure (P/P0 < 0 1), which is attributed to the accessible
micropore filling, and the hysteresis loop in the relative high
pressure region (P/P0 > 0 4) which is associated with
capillary condensation taking place in the mesopores. The
isotherm reveals a combined I/IV type isotherm and limiting
adsorption over a wide range of P/P0 which is an indicative of
H4 hysteresis loop according to the International Union of
Pure and Applied Chemistry (IUPAC) classification [34].
Type H4 loop appears to be associated with narrow slit-like
mesopores, and the type I isotherm character is an indicative
of microporosity. The BET surface area and total pore volume
reached about 1927m2·g−1 and 0.83 cm3·g−1, respectively,
which is expected to provide large contact area and space
between the electrode and electrolyte. From the pore-size dis-
tribution curve shown in the inset of Figure 3(a), it is evident
that the micro- and mesopores less than 5nm are dominant
in the KCP-800 sample. The adsorption average pore width
byBET is3.19 nm,which couldbe accessible electrochemically
for electrolyte solution.The totalporevolume is~0.83 cm3·g−1,
ranging from the pore size of 1.7 to 300 nm, assuming the hier-
archical nanopore structure of KCP-800 sample, which
appears to be agreeable to the SEM and TEM results. This
hierarchical pore structure with high surface area and pore
volume is desirable for charge transfer in low resistance.

For comparison, Figure 3(b) shows the isotherm profiles
of single-silk carbon KSW-800, together with its pore-size
distribution curve. The low pressure hysteresis is observed
extending to the lowest attainable pressures in KSW-800,
which is distinct from that of the composite KCP-800. This
phenomenon is thought to be associated with the swelling
of a nonrigid porous structure or with the irreversible uptake
of molecules in pores of about the same width as that of the
adsorbate (N2), implying that the introduction of low molec-
ular weight phenolic resin into the silk fibers may change the
mechanism of activation process and thus alter the porous
structures of the carbon composite [34]. The pore-size distri-
bution curves indicate the superiority of KCP-800 to single
KSW-800 in terms of accumulated pore volume and hierar-
chical pore-size distribution.

Raman spectroscopy is performed to identify the structure
of graphite- and graphene-based species. The Raman spectra
(Figure 4(a)) clearly indicated the D band at 1335 cm−1, the
G band at 1591 cm−1, and 2D at 2700 cm−1. The D band at
1335 cm−1 is associated with disordered or functionality-
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Figure 1: Thermogravimetric analysis profiles of pristine SF and
SF/PR composite.
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enriched graphite [35]. The high G-band peak at 1591 cm−1

reflects the presence of graphite/graphene structures. The
intensity ratio of IG/ID is about 1.0, suggesting that the disor-
dered or functional group-doped graphite coexists with the
ordinary graphitic materials [36].

The elemental composition and chemical states were
investigated by means of XPS. The XPS survey spectrum
shown in Figure 4(b) reveals signals of C, O, and N elements,
indicating the presence of oxygen and nitrogen functionali-
ties. XPS analysis results showed that the composition ratio
of N/C is about 1.9% and that of O/C is about 16.0%. The
involvement of nitrogen and oxygen can dramatically

improve the wettability, hydrophilicity, and compatibility
for KCP-800 in the electrolyte solution. These natures, as well
as the high porosity, may offer an appreciate reservoir for
electrolyte ion transport which will increase the charge-
transfer efficiency and create a large capacitance. The C1s
spectrum (Figure 4(c)) was deconvoluted into four compo-
nent peaks at binding energy ca. 284.7 eV for C-C, 284.8 eV
for C=C, 285.9 eV for C-N, and 288.6 eV for C-O [36]. The
N1s peak as shown in Figure 4(d) can be deconvoluted into
two component peaks, namely, pyrrolic N (N-5, 399.9 eV)
and quaternary N (N-Q, 400.9 eV) [37]. The presence of
the N-Q bond can facilitate the electron transfer and cause

(a) (b)

(c) (d)

(e) (f)

Figure 2: (a) Low resolution of SEM for KCP-900. (b–d) Low resolution of SEM for KCP-800. (e, f) High resolution of TEM for KCP-800.
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the enhancement of the conductivity of carbon materials,
which is beneficial for rate and cycling performance of super-
capacitors. In addition, the presence of pyrrolic N is assumed
to contribute the Faradaic reaction-based pseudocapacitive
and thus increase the capacitance performance of the

electrode [38, 39]. The mechanism of redox reaction in acidic
electrolyte (e.g., H2SO4) for N-doped carbon has been
explained by the Lewis base behavior of the nitrogen func-
tionalities on the carbon electrode. The possibilities of redox
reactions for N-doped carbon in KOH electrolyte were also
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Figure 3: (a) N2 adsorption-desorption isotherms of KCP-800 and pore-size distribution shown inset. (b) N2 adsorption-desorption
isotherms of KSW-800 and pore-size distribution shown inset.
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elucidated by previous reports [40]. It was assumed that the
pyrrolic N (N-5) can be electrochemical oxidized to pyridone
nitrogen (N-5 (OH)) in KOH electrolyte. The pyridone nitro-
gen atoms are considered as pyridine nitrogen atoms with
one adjacent carbon atom that absorbs a hydroxyl group.

The porous structure and chemical composition of
carbonaceous materials are summarized in Table 1. These

values are considered to be useful for understanding the rela-
tionships of many properties of the carbon materials. The
BET surface area and cumulative pore volume of carbon
composite KCP-800 are much higher than those of single-
silk carbonaceous KSW-800, indicating that the introduction
of low molecular weight phenolic resin provides more
abundant structures and porosities for carbon composite

Table 1: Porosity parameters and element composition by XPS of the carbon samples.

Raw materials
Activity

temperature (°C)
BET surface
area (m2/g)

Cumulative volume
of pores (cm3/g)

N/C content
(at.%)

O/C content
(at.%)

KCP-700 Silk/LPR 700 911 0.043 3.44 35.9

KCP-800 Silk/LPR 800 1927 0.127 1.9 16.0

KCP-900 Silk/LPR 900 1886 0.160 2.1 16.2

KSW-800 Silk 800 1334 0.082 8.8 22.2

−0.8
Potential (V) versus SCE

−1.0 −0.6 −0.4 −0.2 0.0

3

2

1

0

−1

−2

−3

Cu
rr

en
t d

en
sit

y 
(A

·g
−1

)

KCP-700
KCP-800

KSW-800
KCP-900

(a)

−5

−30

−25

−20

−15

−10

−5

0

0 5 10 15 20 25 30

−4

−3

−2

−1

0

0 2 4 6 8 10

KCP-700
KCP-800

KCP-900
KSW-800

12

Z’ (ohm)

Z”
 (o

hm
)

Z’ (ohm)

Z”
 (o

hm
)

(b)

350

300

250

200

150

100

KCP-800

KCP-900
KCP-700

KSW-800
50

0
0 3 6 9 12

Sp
ec

ifi
c c

ap
ac

ita
nc

e (
F·

g−1
)

Current densities (A·g−1)

(c)

Figure 5: (a) CV curves of composites KCP-700, KCP-800, and KCP-900 electrodes and single-silk carbon KSW-800 electrode at 10mV/s.
(b) Nyquist plots for those electrodes measured at 0 V DC potential in the frequency range of 100 kHz to 10MHz. (c) Specific capacitance of
the four samples at different current densities in 6M KOH electrolyte.
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materials. Moreover, the activated carbon composite KCP-
800 shows the highest BET surface area and moderate cumu-
lative pore volume among the carbon samples. KCP-900
shows the highest cumulative volume of pores, indicating

that the higher activation temperature may promote the for-
mation of more porous structures [16]. The relative amounts
of oxygen (O) and nitrogen (N) on the surface are also shown
in Table 1. The composition ratio of N/C of the composite

120
100

80
60
40
20

0
−20
−40
−60
−80

−1.0 −0.8 −0.6

10mV/s

20mV/s
50mV/s

100mV/s

−0.4 −0.2
Potential (V) versus SCE

0.0

Cu
rr

en
t (

m
A

)

(a)

70

60

50

40

30

20

10

0 20 40 60

Scan rate (mV/s)
80 100

Cu
rr

en
t (

m
A

)

(b)

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0 200 400 600 800 1000

0.5 A/g
1.25 A/g
3 A/g

5 A/g
7.5 A/g
12.5 A/g

Time (s)
1200 1400 1600

Po
te

nt
ia

l (
V

) v
er

su
s S

CE

(c)

Ca
pa

ci
ta

nc
e r

et
en

tio
n 

(%
)

0 2000 4000 6000 8000

Cycle number
10000

100

10

1

(d)

Figure 6: (a) CV curves of KCP-800 at various scan rates. (b) The dependence of the discharge current at −0.5 V on scan rate. (c)
Galvanostatic charge/discharge profiles at various charge-discharge current densities from 0.5 to 12.5 A·g−1. (d) Capacitive retention of
KCP-800 at a current density of 3 A·g−1 over 10000 cycles in 6M KOH electrolyte.

Table 2: Comparison of the specific capacitance of carbon-based electrode in the literature.

Materials Specific capacitance Area capacitance Reference

N-doped ordered mesoporous carbon 227 F g−1 (0.2 A·g−1) [12]

P-doped carbon 133 F·g−1 (10A·g−1) 146mF·cm−2 [19]

N-doped graphene 286 F·g−1 (0.5 A·g−1) [21]

N- and O-doped 3D porous carbon 318 F·g−1 (0.5 A·g−1) [30]

N- and O-doped carbon 302 F·g−1 (5 A·g−1) [31]

Porous carbon 255 F·g−1 (0.5 A·g−1) [35]

N-doped graphene 324 F·g−1 (0.5 A·g−1) [36]

CVT-on-VG 278 F·g−1 (10mV−1) 36mF·cm−2 [43]

Porous carbon 296.2 F·g−1 (0.05A·g−1) [44]

Porous N-doped carbon 330 F·g−1 (0.5 A·g−1) 1000mF·cm−2 This work
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samples is about 3.55% after carbonization at 600°C. The N/C
ratio is changed to 3.44%, 1.9%, and 2.2% after KOH activa-
tion at 700°C, 800°C, and 900°C, respectively. The O/C ratio
shows similar trend with the increase of the activation tem-
perature. The observable changes of the N/C and O/C ratios
are taken place at temperatures above 700°C, implying fur-
ther decomposition of nitrogen functionalities or digestion
of the carbon by KOH during the activation process.

3.2. Capacitive Performance of Carbon Composite KCP
Electrode. Cyclic voltammetric scans were conducted in 6M
KOH at a scan rate of 10mV·s−1 to investigate the electro-
chemical performance of the carbon composite KCP
(Figure 5(a)). All these electrodes with the same mass loading
(about 6mg) display similar rectangular shapes in their CV
curves and no significant gas evolution in the negative poten-
tial range of −1.0~0V. These wide negative potential ranges
can be ascribed to electrochemical reactions of N and O func-
tionalities on these electrodes which lead to higher overpo-
tentials for gas evolution and the increase of energy density
for supercapacitors [41]. KCP-800 exhibits the highest cur-
rent density among these electrodes, indicating the better
pseudocapacitive behavior of KCP-800. Otherwise, from the
CV curves, KCP-800 and KCP-900 show more rectangular
shapes and faster current transfer respond at the potential
limits, indicating that dealing with higher temperature in
KOH activity process may provide more hierarchical porous
structures for carbon materials and thus give rise to the lower
resistance for charge transfer throughout the electrode.

The electrical characterization of capacitor electrodes is
usefully evaluated with frequency response of their imped-
ance. Figure 5(b) shows frequency responses in the range of
100 kHz to 10MHz for these electrodes. The distorted semi-
circle in the high-frequency region and the nearly vertical
linear in the low-frequency region indicate the typical capac-
itive behavior of these electrodes. The RC semicircle is associ-
ated with electrochemical process at the electrode-electrolyte
interface, which is described as the capacitance (C) in parallel
with the charge-transfer resistance (Rct) due to the charge
exchange of electroactive functionality groups such as C-N,
C-OH, and -COOH at the interface [42]. The charge-
transfer resistance (Rct) for composite KCP-800 (1.8Ω) is
much smaller than that of single-silk carbon KSW-800
(8Ω), implying the synergistic action of two types of carbon
materials. The Rct decreases with the increasing of the activa-
tion temperature. The composite KCP-900 exhibits the
smallest Rct (0.37Ω) and the lowest relaxation time (τ0) of
3.1 s calculated by using the following equation [27]:

τ0 =
1
f0
, 1

where f0 is the frequency at phase angle of −45°. The KCP-
800 electrode displays the smallest value of Z″ and the high-
est capacitance of 1.45 F (1000mF·cm−2) at the low frequency
of 10MHz, calculated by the following equation [32]:

C = 1
2πf Z

, 2

where f is the frequency and Z″ is the corresponding
imaginary impedance, which is in agreement with the CV
and CP results.

The specific capacitances as a function of charge-
discharge current densities for these electrodes measured by
CP are shown in Figure 5(c). KCP-800 exhibits a maximum
specific capacitance of 330 F·g−1 at 0.5A·g−1, which is
superior to the value of KCP-900 (242 F·g−1), KCP-700
(218 F·g−1), and single-silk carbon KSW-800 (288 F·g−1).
The specific capacitance is calculated from the following
equation [29]:

Cs =
I × Δt
m × ΔV

,

CA = I × Δt
A × ΔV

,
3

where Cs is the specific capacitance (F·g−1), CA is the area
specific capacitance (F·cm−2), I is the applied working
current (A), Δt is the discharge time (s), ΔV is the volt-
age range, m is the mass of the KCP of one electrode
(g), and A is the total electrode area (cm2). It can be seen
that the specific capacitance value of single-silk carbon
KSW-800 (red line) decreases more significantly than that
of the composite KCP (other lines), indicating the advantage
of the combination of silk fibers and phenolic resin-derived
carbon materials.

The electrochemical properties of KCP-800 were
inspected from 10 to 100mV·s−1 using cyclic voltammetry
(Figure 6(a)). The CV curves are close to rectangular shapes
at scan rates from 10 to 100mV·s−1, indicating a good capac-
itive behavior of the electrode. It can be observed that KCP-
800 possesses fast charge and discharge capability since a
nearly linear dependence of current versus the scan rate is
identified up to 100mV·s−1 (Figure 6(b)). Consistently, the
charge/discharge curves in Figure 6(c) exhibit symmetric at
different current densities, showing high reversibility and
coulombic efficiency (ca. 92%). The KCP-800 electrode can
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Figure 7: The dependence of the specific capacitance on the mass
loading of active materials at different current densities.
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deliver an excellent specific capacitance of 330 F·g−1 at a cur-
rent density of 0.5A·g−1, which is higher than the values
recently reported for carbon-based electrodes (Table 2). Even
at the high current density of 12.5A·g−1, KCP-800 can still
achieve high charge storage values of 151 F·g−1, showing a
high rate capability. The presence of hierarchical porosities
and nitrogen/oxygen functionalities is responsible for the
high capacitance and good rate capability. The cyclic stability
of KCP-800 is also investigated by constant charge-discharge
for 10000 cycles at current density of 3A·g−1. As shown in
Figure 6(d), it was retained about 91% of the initial capaci-
tance, showing good stability of the electrode.

It is worth noting that the performance of the capacitors
is closely related with thicknesses and mass loading of active
materials [45, 46]. The thicker the electrode, the less efficient

is the ion diffusion. As a consequence, the great drop of the
capacitive performance often occurs, especially at high load-
ings. Figure 7 shows the dependence of the specific capaci-
tance on the mass loading of active materials at various
charging/discharging current densities. As can be seen, the
specific capacitance value at 1mA decreases from 330F·g−1
for 3.3mg·cm−2 to 300 F·g−1 for 7.2mg·cm−2 and 290 F·g−1
for 14mg·cm−2, suggesting that the mass loading of
KCP-800 impacts a little influence on the performance of
the electrode. KCP-800 can still provide a significant specific
capacitance for high mass loading even at high charge/dis-
charge current density of 40mA. These characters are attrib-
uted to the high surface area and excellent ionic diffusion
within the hierarchical porous structures of the composite
carbon electrode.
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Two-electrode KCP//KCP symmetric ECs were also
assembled and evaluated by CV, CP, and EIS techniques in
6M KOH solution. Figure 8(a) shows the CV curve of two
electrodes recorded over the voltage range of 1.0V. The CV
curve is close to rectangular shape at a scan rate of 20mV/s,
indicating a good capacitive behavior of the electrode. The
galvanostatic charge-discharge profiles of the KCP//KCP
ECs at different current densities are shown in Figure 8(b).
The specific capacitance of the capacitor was calculated from
the discharge curves with the values of 52.8, 51.0, 46.1, 37.8,
and 22.3 F·g−1 obtained from current densities of 0.18, 0.45,
0.9, 1.8, and 3.6A·g−1, respectively. The capacitance retained
about 72% when the charge/discharge current density
increased from 0.18 to 1.8A·g−1, suggesting the good rate
capacity. The voltage drop at the initiation of the discharge
is 0.07V at the current density of 0.45A·g−1, implying a low
electron series resistance (ESR) in the cell. The energy density
Es and power density of the symmetric capacitor are calcu-
lated by the following equation [11]:

Es =
1
2CsU

2,

Ps =
Es
t
,

4

where Cs is the specific capacitance of the total mass of the
two electrodes, U is the operating voltage of the cell, and
t is the discharge time. The cell device achieved a maxi-
mum energy density of 7.4Wh·kg−1 at a power density
of 90.1W·kg−1 and 5.3Wh·kg−1 at a power density of
900W·kg−1. Figure 8(c) shows the frequency response of
the impedance for the KCP//KCP ECs. Nyquist plot
displays a nearly linear and vertical characteristic at low
frequency, indicating the capacitive behavior of the ECs.
An equivalent circuit corresponding to the impedance
responses achieved by ZSimpleWin software is in the inset
of Figure 8(c), which exhibits the Faradaic pseudocapacitance
(Cφ) in a parallel with the double-layer capacitance (Cdl),
through the charge-transfer resistance (Rct) and somepossible
further Faradaic discharge resistance (Rφ). The capacitance
of the ECs arises from the combination of the Faradaic
pseudocapacitance and the double-layer capacitance. The
pseudocapacitance should be related to some participation
of electrochemical surface reactions involving electron trans-
fer of oxygen and nitrogen functionalities on the carbon elec-
trode [40]. The KCP//KCP ECs show a low charge-transfer
resistance (Rct) of 1.9Ω and a high capacitance of 0.63 F at
the low frequency of 10MHz calculated by the (2), suggesting
that the KCP-800 electrode is a good candidate for ECs.

4. Conclusion

Hierarchical porous N- and O-doped carbon composites
were successfully achieved by a combination of low molecu-
lar weight phenolic resin and silk fibers via a hydrothermal
method followed by carbonization and KOH activation pro-
cess. Due to the high surface area, enriched functional group,
and hierarchical porous structures, the carbon composite
showed excellent capacitive performance up to 330 F·g−1

(or 1000mF·cm−2) for 3.3mg·cm−2 loading and high rate
capability. The prepared carbon shows a good storage
capacitance even at high mass loading of active materials
(290 F·g−1 for 14mg·cm−2). The combination of low molecu-
lar phenolic resin and silk fibers increases the surface area
and enhances the electron transport within active materials.
The KCP electrode symmetric ECs are able to deliver a max-
imum energy density of 7.4Wh·kg−1 in a voltage of 1.0V with
6M KOH electrolyte solution, suggesting a good prospect for
practical applications.
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