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A new kind of zeolite capsule complex with ferriferous oxide (Fe3O4) materials was prepared in this work. Its morphology was
characterized via the scanning electron microscope (SEM), the high-resolution transmission electron microscopy (HRTEM), N2
adsorption analysis, and X-ray powder diffraction, respectively. The mesoporous nickel-based complex electrodes using
substrate coating exhibited excellent energy storage properties through electrochemical testing. The high specific capacitance of
739.8 F g−1 was achieved at the current density of 1 A g−1 in a 6M KOH solution. The good capacitance retention can retain
72.8% after 1000 cycles in a current density of 1A g−1. The energy storage mechanism of the nickel-based complex electrodes
was also analyzed. Furthermore, the asymmetrical supercapacitors (ASCs) were fabricated using the zeolite capsule complex
with Fe3O4 as positive electrodes and the AC as negative electrodes, which performs high specific capacitance, outstanding
energy density, superb power density, excellent cycle life, and small internal impedance. Those results suggest that the
mesoporous nickel-based zeolite capsule complex with Fe3O4 as an electrode would be an ideal candidate material for
supercapacitor applications.

1. Introduction

In recent years, the ecological environment has been deterio-
rating day by day. The development of new energy and
renewable energy has aroused widespread concern. However,
new energy and renewable energy have some disadvantages,
such as instability and indirectness. Therefore, developing
energy storage technology is an important guarantee for the
popularization and application of new energy and renewable
energy. As a power storage technology, supercapacitors have
attracted much attention in terms of its high power density,
fast charge and discharge rate, and long cycle life [1–5].
According to different energy storage mechanisms, the
supercapacitors can be divided into double-layer capacitors
(EDLCs) and pseudocapacitors [6, 7]. The supercapacitors

consist of three parts, i.e., the electrolyte, the electrode, and
the diaphragm. The electrode and the electrolyte play the
core role in improving the performance of the supercapaci-
tors. The development of the electrode material has become
one of the main research directions, and the trend of
electrode materials has two main aspects of nanoscale and
composite at present.

Mesoporous materials have become one of the research
hotspots in the world because of their large specific surface
area, regular pore structure, and excellent controllability.
The research on mesoporous materials as electrodes is
widely paid attention. Saravanakumar et al. [8] prepared
vanadium pentoxide (V2O5)/nitrogen-containing meso-
porous carbon spheres (n-MPC) nanocomposite without
the use of expensive organic vanadium precursors and
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sophisticated instruments. The optimal specific capacity
was 410 F g−1. Lv et al. [9] developed the NiO/graphene
composites. The electrochemical results showed that the
NiO/graphene composites exhibited very high specific capac-
itance 1062 F g−1 at 1A g−1. The mesoporous structure of
Ni(OH)2 and NiO was synthesized using twelve alkyl sodium
sulfate as a template, and its specific capacitance was about
106 F g−1 [10]. However, among the reported materials,
either the cost is too high or the performance is not good
enough to meet the needs of the large-scale industrial
application. In addition, it is still a challenge to design an
electrode material allied with both high specific capacitance
and excellent cycle life.

In this work, a new kind of cost-effective complex mate-
rials would be prepared via internal template method and
suspension polymerization. The structure and morphology
will be characterized using SEM, HRTEM, BET, and XRD.
Finally, the electrochemical performance test of the asym-
metrical supercapacitors (ASCs) in a three-electrode system
will be performed by an electrochemical workstation. Those
results aim at providing a reference and basic data for the
preparation of industrial supercapacitor.

2. Experiment

2.1. Materials and Reagents. All starting chemicals were
commercially available reagents with analytical grade and
used without further purification, and all solutions were
prepared with distilled water. Nickel foam (Tianjin Beichen
Reagent Co. Ltd., China) was rinsed four times with distilled
water and ethanol, respectively. Beer yeast was from Bozhou
Baohua Pharmaceutical Co. Ltd., China. All the other
reagents were from Baoding Huaxin Reagent Co. Ltd., China.

2.2. Preparation of Zeolite Template and the Nickel-Based
Complex Electrode. In order to obtain the electrode with high
performance for advanced supercapacitor, the zeolite tem-
plate, the complex materials, and the nickel-based complex
electrode were prepared, respectively.

Firstly, the beer yeast, as an auxiliary template, was
immersed in hydrochloric acid by ultrasonic cleaning. The
pretreatment went through repeated filtration, washing,
and drying.

Secondly, the amount of sodium hydroxide was added
into deionized water. After the dissolution, dropwise add
a certain amount of sodium aluminate (NaAlO2). The
directing agent was prepared by maintaining at the reaction
temperature (25°C) and stirring for 24 h.

Thus, a certain amount of auxiliary template was dis-
solved into distilled water and then a certain volume of
directing agent was added. After mixing evenly, hydrochloric
acid was dropwise to adjust the pH value of the reaction
system until white floc appeared. Further, the mixed solution
was transferred to a Teflon-lined heated reactor, reacted at
80°C for 5 hours, then suction filtered and dried at 50°C
overnight. After grinding in a muffle furnace calcined at
150°C for 2 hours, the temperature was raised to 550°C
calcined for 4 hours. In this case, the zeolite template
was obtained.

A given amount of Fe3O4 ultrasonic mixing dissolved in a
certain water. Subsequently, the zeolite template, a certain
amount of iron ions, pyrimidine, and hydrogen peroxide
solution were added into the solution successively. The
mixture was stirred for 12 hours. Finally, the material of the
zeolite capsule complex with Fe3O4 was synthesized after
filtration, washing, and drying.

To prepare the electrodes for electrochemical measure-
ments, the active materials, including the pure Fe3O4 and
the zeolite capsule complex with Fe3O4, polytetrafluoroethy-
lene (PTFE), and acetylene black were mixed with a mass
ratio of 80 : 10 : 10 in anhydrous ethanol to form a homoge-
neous slurry. The working electrode was made by coating
the viscous slurry onto nickel foam and then dried at 120°C
to evaporate the solvent. After this process, the foam nickel
loaded with the complex materials was directly sliced and
pressed into circular electrodes of supercapacitors.

2.3. Characterizations. The morphologies were observed
using a scanning electron microscope (SEM) equipped
with a rapid energy dispersive X-ray spectrometer (EDS)
research on a FEI Nova NanoSEM 450 microscope. The
high-resolution transmission electron microscopy (HRTEM)
images were analyzed through a HRTEM (JEOLJEM2100).
The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) model based on the N2 adsorption
branch within the relative pressure range of 0.05–0.35, and
the pore size distribution was obtained from the N2 desorp-
tion branch by the Barrett-Joyner-Halenda (BJH) method.
The phase purity and crystallinity of the products were
analyzed by X-ray powder diffraction (XRD, Rigaku, Japan)
which were recorded on a RINT 2500V X-ray diffractometer
with Cu Kα radiation (λ = 1 5406Å) at a scan rate 6°/min in
the 2θ range from 10° to 80°.

2.4. Electrochemical Measurement. The measurements of
cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) were carried out in a 6M KOH solution by electro-
chemical workstation (Chenhua CHI760E, Shanghai). Elec-
trochemical impedance spectroscopy (EIS) was introduced
to estimate the pseudocapacitor performance. An AC voltage
with 5mV amplitude in a range of 0.01HZ–105HZ was used
to estimate internal resistance of the electrode.

In order to achieve a comparison of the performance
of different electrode materials, the specific capacitance
was calculated, and the energy density and power density
were estimated, respectively. For the CV curve, the charge
of the electric potential between φ1 and φ2 can be obtained by
integrating the volt-ampere curve with the rate s = dφ/dt
scanning:

Q =
ϕ2

ϕ1

i φ dt ≡
ϕ2

ϕ1

i φ dϕ
s

, 1

where φ (V) is the electric potential, s (V s−1) is the scanning
rate, and t (s) is the scanning time [11].
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Therefore, the specific capacitance is calculated according
to the following equation [12, 13]:

C = Q
2ΔV ×m

, 2

where Q is the charge integrated from the whole voltage
range, ΔV (V) is the whole voltage difference, and m (g) is
the mass of active material in a single electrode.

In addition, the galvanostatic charge-discharge-specific
capacities were calculated from the following equations
[14–16]:

C = 2im vdt

vf − vi
2 , 3

where C (F g−1) is specific capacitance, im (A g−1) is applied
discharge current density, vdt is the integral current area
of the galvanostatic charge-discharge curve, and vf and vi
(V) are the potential with initial and final values, respectively.

Measurements of electrochemical performance of meso-
porous complex materials and active carbon (AC) asymmet-
ric supercapacitors were carried out via electrochemical
workstation using 6M KOH as the electrolyte. The prepara-
tion of the negative electrode directly applied activated
carbon, acetylene black, and PTFE (80wt%, 10wt%, and
10wt%) mixture onto the foam nickel, which was similar to
the synthesis of nickel-based complex electrode.

In terms of the charge balance of asymmetric supercapa-
citors (ASCs), the principle q+ = q− should be satisfied, where
q+ is the positive charges and q− is the negative charges. The
voltammetric charges (q) were obtained by the following
equation [17, 18]:

q = C × ΔV ×m, 4

where C is the specific capacitance (F g−1) of each electrode,
ΔV is the potential windows (V), and m is the mass loading
(g). So the mass ratio of the positive and negative electrode
followed equation as [19]:

m+
m−

= C− × ΔV−
C+ × ΔV+

5

The energy density and power density of the ACSs were
calculated by the following equations, respectively:

E = 1
2 × 3 6C ΔV 2, 6

P = E × 3600
Δt , 7

where E is the specific energy (Whkg−1), C is specific capac-
itance (F g−1), Δt is discharge time (s), P is the specific power

(Wkg−1), and ΔV (V) is operating potential window of the
ASCs [18, 20].

3. Results and Discussion

3.1. Structural and Morphological Study. Generally, the
preparation process and growth conditions will directly
affect the morphology and microstructure of complex
materials. As the above section mentioned, the whole pro-
cess of preparation is illustrated in Figure 1.

The morphology and structures of pure Fe3O4, zeolite
template, the complex material, and the nickel-based com-
plex electrode on nickel foam are characterized in Figure 2,
respectively. The pure Fe3O4 exhibits an excellent bulk struc-
ture and single crystal form, as shown in Figures 2(a) and
2(b), respectively. The structures of zeolite template show
the great sheet-like pore structure (Figures 2(c)–2(e)). The
EDS analysis (Figure 2(k)) of the zeolite template, revealing
the presence of C, O, Al, Si, and Cl, and the atomic ratio of
C to O, is approximately estimated to be 19.33 : 58.92. Com-
paring the SEM of the zeolite template (Figures 2(c)–2(e))
with that of the complex material (Figures 2(f)–2(h)), the
complex material exhibits smaller particles and more porous
structure for better storage of electrolyte ions and reducing
the ion diffusion distance [21]. Furthermore, the EDS
(Figure 2(l)) spectra of the complex materials showed the
presence of C, N, O, and Fe, and the atomic ratio of
C, N, and O to Fe is approximately estimated to be
11.86 : 3.04 : 41.56 : 43.55. The SEM images of the nickel-
based complex electrodes (Figures 2(i) and 2(j)) with the
magnification 40μm and 500nm, respectively, showed that
the complex material is well attached to the nickel film.
Meanwhile, the uniform hole distribution and structures
were observed; that is probably one of the reasons why it
has the excellent electrochemical performance for the super-
capacitor electrode.

Furthermore, the HRTEM images of the nickel-
based complex electrode at different magnifications in
the range of 5 nm–200nm are depicted in Figure 3. The
dark area in Figures 3(a) and 3(b) were supposed to be
the aggregates of Fe3O4 and zeolite template agent in
the dry state. The transparent short rods in Figure 3(c)
showed the capsuling-like structure of the sample [22].
In addition, a clearly visible nanostave microstructure
was observed in Figure 3(d), which would significantly
reduce the ion diffusion distance and improve the charge
transfer [23, 24].

Because surface and pore-size distribution are two key
parameters for electroactive materials in energy conversion/
storage applications [25], the N2 adsorption analyses were
carried out. From Figure 4, it is clearly seen that the
complex materials have typical IV isotherms with H3-type
hysteresis loop in the relative pressure (P/P0) range of
0.6–1.0, indicating the presence of a mesoporous structure,
while the zeolite template exhibits typical II isotherms that
is characteristic for nonporous/macro porous materials.
Furthermore, the pore-size distribution (inset of Figure 3)
of the complex materials possesses mesoporous with a rela-
tive narrow size distribution in the range from 2nm to
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10 nm by Barrett-Joyner-Halenda (BJH) method. Compared
with the zeolite template, the complex materials reveal a rela-
tively good specific surface area (13.437m2 g−1) and total pore
volume (0.052 cm3 g−1) calculated via Brunauer-Emmett-
Teller (BET). Relatively good specific surface area and pore
structure should enhance the electrode reaction kinetics
[26–28], leading to better electrochemical performance.

To further identify the crystal structure and phase
composition of all the samples, X-ray diffraction (XRD)
analyses were carried out. As shown in Figure 5, those
are the X-ray diffraction patterns of the pure Fe3O4, the
zeolite template, and the complex materials, respectively. It
is obtained that the diffraction peaks of the pure Fe3O4 are
in good agreement with those in the PDF standard card
(JCPDS card NO.19-0629), and any peaks for the other
secondary phases were not observed. It demonstrates that
the pure Fe3O4 crystallizes in a pure phase. According to
the PDF standard cards NO.44-0704 and NO.43-1522, it
can be clearly seen that the zeolite template and the complex
materials are marked unnamed zeolite (the chemical formula

is C3H6O2·6SiO2) and magnetite-tartrate-quadrol complex
(the chemical formula is C4H6O6-Fe3O4-C14H16N2O4),
respectively. The pure Fe3O4, the zeolite template, and the
composite materials occur most commonly in the crystal
structure of cubic I-43m, cubic Fd-3m, and cubic I-43m,
respectively. The good matching peaks indicate that the
zeolite template and the complex materials belong to a
crystal form.

The morphological specific surface area and crystal
structure were detected by SEM, HRTEM, N2 adsorption
analyses, and XRD, respectively. It can be well prepared
for further analysis of the energy storage mechanism of
the sample.

3.2. Electrochemical Performance. In order to study the
electrochemical energy storage performance of the nickel-
based complex electrodes for supercapacitors, the CV,
GCD, and EIS were measured, respectively, in a three-
electrode cell (vs. SCE) by electrochemical workstation
(Chenhua CHI760E, Shanghai).
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Figure 1: The schematic diagram of nickel-based supercapacitor electrode via the zeolite capsule complex with Fe3O4.
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Figure 6(a) shows the CV curve of the nickel-based
complex electrodes and the pure nickel-based Fe3O4 elec-
trodes at a scan rate of 10mVs−1. For the nickel-based
complex electrodes of supercapacitors, one pair of redox
peaks exhibited in CV curves in the range from −0.1 to
0.3V, demonstrating that it stores energy through Faraday
redox reaction. It has a pseudopotential characteristic, while
the CV curve of the pure Fe3O4 electrodes is close to a
smooth line. According to (1) and (2), the CV curve of the

nickel-based complex electrodes exhibits a larger integral
area than that of the pure nickel-based Fe3O4 electrodes,
indicating that the nickel-based complex electrode has
a larger capacitance than that of the pure nickel-based
Fe3O4 electrodes. To further contrast the electrochemical
performance difference between the two electrodes, the
GCD tests of both (Figure 6(b)) were conducted at current
densities of 1A g−1. The longer discharge time of the nickel-
based complex electrodes revealed that it has the higher
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Figure 2: The SEM images at different magnification of the pure Fe3O4 (a–b), the zeolite template (c–e), the complex materials (f–h), and the
nickel-based complex electrode (i–j), respectively. The EDS spectra of the zeolite template (k) and the complex materials (l).
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electrochemical performance, which was similar to the CV
results. Figures 6(c) and 6(d) showed the rate performance
at different scanning rates and current densities. Along with

the increase of scanning rate, the position of the anodic
peaks shifted to higher potential, in consistency with
Randles-Sevcik rules [29]. With the increase of current
density, the discharge time becomes shorter. The anodic

(a) (b)

(c) (d)

Figure 3: HRTEM images of the nickel-based complex electrode at different magnification.
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Figure 6: (a) CV curves of the nickel-based complex electrodes and the pure nickel-based Fe3O4 electrodes at a scan rate of 10mV s−1;
(b) GCD curves of the nickel-based complex electrodes and the pure nickel-based Fe3O4 electrodes at current densities of 1 A g−1;
(c) CV curves of the nickel-based complex electrodes at different scanning rates; (d) GCD curves of the nickel-based complex electrodes
at various current densities; (e) specific capacitance of the nickel-based complex electrode discharge curves at various current densities;
and (f) cycling performance of the nickel-based complex electrodes measured at a voltage window of −0.1V to 0.3V.
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peak shift probably results from polarization [30–32]. It
clearly manifests that the nickel-based complex electrodes
have excellent rate characteristics.

In order to observe the different current scanning rates of
special capacitance changes, the specific capacitance of the
nickel-based complex electrode at various current densities
is calculated by (3) (Figure 6(e)). It is obvious that the specific
capacitance decreases gradually with the increase of dis-
charge current density. It can be seen that the specific
capacitances of the nickel-based complex electrodes at the
current density of 1, 2, 4, 6, 8, and 10Ag−1 are 739.8, 600.8,
348.4, 246.5, 114, and 41.5 F g−1, respectively. As the current
density increases, the specific capacitance becomes smaller.
This indicates both high specific capacitance and good
capacitance retention at high rate.

Long-term cyclic stability is an important requirement
for its applications in supercapacitors [33, 34]. As shown in
Figure 6(f), the curve that the capacitance retention follows
the number of the charge-discharge cycles is observed. And
the inset is a partial GCD curve that was used to calculate
the specific capacitance retention according to the following
equations [35]:

ΔC = Clow − Chigh , 8

α = ΔC
Chigh

× 100%, 9

β = 1 − α, 10

where Chigh and Clow are the values of specific capacitance at
−0.1V and 0.3V calculated by (3). β is the capacitance
retention.

The capacitance retention reduced with the increase of
the number of cycle because of consumption of active mate-
rials during energy storage. In the cycle number of 1 to 100,
the capacity retention sharply drops due to the activation of
the electrode material, while the capacity retention slows
down after the cycle number of 100. The favorable capaci-
tance retention retained 72.8% after 1000 cycles in a cur-
rent density of 1Ag−1. The good stability of the long-
term cycle shows that it has considerable application
prospects of electrodes for advance supercapacitor.

To evaluate the resistance of the nickel-based complex
electrodes, an electrochemical impedance spectroscopy (EIS)
was utilized. Figure 7 exhibits the Nyquist plots extracted
from the EIS measurement on the nickel-based complex elec-
trode in the frequency range of 0.01Hz–105Hz. The inset
image shows a Randles equivalent circuit and an enlarged
picture of high-frequency curve, respectively. The impedance
characteristics were simulated by ZsimpWin software. From
the fitting data, it can be clearly obtained that the values of
solution resistance (RS) and charge-transfer resistance (Rct)
are 0.741Ω and 0.0027Ω, respectively, indicating a very low
internal resistance charge-transfer resistance of the nickel-
based complex electrode [36, 37].

3.3. Reaction Mechanism. From the electrochemical test
results, the electrode is driven by a reversible Faraday

oxidation-reduction reaction. According to previous work
[38–41], the mechanism might base on the following
reactions:

2Fe2+ + 2OH− ↔ Fe3+O + OH−
2 Fe3+O + + 2e− (R1)

FeOOH +H2O↔ Fe OH 3 ↔ Fe6+O4
2− + 3e− (R2)

Figure 8 shows a conjecture diagram of the nickel-based
complex electrode redox reaction. The nickel foam, as a good
substrate material, is very suitable as the electrode of superca-
pacitors. In addition, the advantage of porous structure of the
complex materials contains not only promoting electrolyte
access and ion transport but also improving the contact
opportunities between electrode material and electrolyte ion
[42]. The synergy between the two materials might be one
of the important reasons for the high electrochemical per-
formance. The reasons mentioned above are the factors
accounting for the high performance of the nickel-based
complex electrode for the supercapacitor.

3.4. Performance Analysis of Asymmetrical Supercapacitors.
In order to obtain the complex materials in supercapacitor
applications, the asymmetrical supercapacitors (ASCs) were
fabricated using the zeolite capsule complex with Fe3O4 as
positive electrodes and the AC as negative electrodes.
Figure 9(a) shows the CV curve of the ASCs at different
working cell potentials including 0 to 0.8, 0 to 1.0, 0 to 1.2,
0 to 1.4, and 0 to 1.5V at 10mVs−1. Fortunately, there is
an obvious H2 or O2 evolution switching potential indicating
the excellent voltage range. As shown in Figure 9(b), this
presents the CV curve of the cell at different scan rates from
5 to 100mVs−1 within a 0–1.5V potential window. It can be
clearly obtained that the energy storage was contributed via
both capacitive (0–0.6V) and faradaic (0.6–1.5V) behavior.
And it illustrates the good electrochemical reversibility and
low internal resistance of the device [43]. The specific
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capacitance of the device was calculated using (1) and (2)
at different scan rates in Figure 9(c). It can be seen that
the ASCs exhibit a specific capacitance of about 105.9 F g−1

at 5mVs−1.
Figure 9(d) presents the GCD curve of the Ni-based

complex//AC ASCs with cell voltage from 0 to 1.5V at
various current densities (1–10Ag−1). During the charge/
discharge steps, the smaller IR or potential drop shows
that the ASCs have less energy loss [44]. Unfortunately,
the discharge time of the asymmetrical supercapacitor is
slightly lesser than charge time. To observe the different
current scanning rates of special capacitance changes, the
mass specific capacitance of the nickel-based complex//AC
ASCs at various current densities was calculated by (3)
(Figure 9(e)). The specific capacitances of the ASCs at the
current density of 1, 2, 3, 5, 8, and 10Ag−1 are 117.2, 97.1,
85.2, 69.5, 53.4, and 45.6 F g−1, respectively. Further, the
energy and power densities were calculated by (6) and (7),
respectively. Figure 9(f) represents the variation of power
density with energy density. The device transmits maxi-
mum energy density and power density of 36.6Whkg−1

and 916.1Wkg−1, respectively.
Furthermore, the cyclic stability (Figure 10(a)) was

carried up to 1000 cycles at current density of 1A g−1 using
2M KOH as the electrolyte. It is observed that the ASCs
can keep 80.3% of initial capacitance over 1000 cycles, and
the specific capacitance retention can remain stable after
550 cycles, which suggests that the ASCs display excellent
stability. Finally, Figure 10(b) shows the impedance Nyquist
plot of the ASC device from the fitted EIS data (the equivalent

circuit is the same as Figure 6). Rs and Rct are 0.8046Ω and
0.05924Ω, respectively, indicating the low internal resistance
and charge transfer resistance of the ASC device.

4. Conclusions

In this work, the mesoporous complex materials (the
zeolite capsule complex with Fe3O4) with zeolite template
capsule as the electrodes for supercapacitors were synthe-
sized through suspension polymerization composite method
and internal template method, respectively. The results
showed that the high specific capacitance of the nickel-
based complex electrode reaches as high as 739.8 F g−1, and
capacitance still retains 72.8% after 1000 cycles at current
density of 1A g−1 in 6M KOH solution, indicating that
the electrode materials have excellent electrochemical
performances including high specific capacitance, excel-
lent charge-discharge stability, good long-term cycling life,
and small impedance. Moreover, the asymmetrical superca-
pacitors (ASCs) were fabricated using the zeolite capsule
complex with Fe3O4 as positive electrodes and the AC as
negative electrodes. It reveals high specific capacitance, out-
standing energy density, and superb power density up to
117.2 F g−1, 36.6Whkg−1, and 916.1Wkg−1 at the current
density of 1A g−1 using 6M KOH solution as electrolyte,
respectively. Finally, the specific capacitance retains 80.3%
after 1000 cycles at current density of 1A g−1 in 2M KOH
solution, and the smaller internal impedance is obtained.
It can be used as a promising electrode material for
advanced supercapacitor.
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Figure 8: The conjecture mechanism of the Faraday oxidation-reduction reaction.
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