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Abstract: The design of electrode materials for supercapacitors (SCs) with high specific capacity
and high energy density has always been a research hotspot. In this paper, ternary metal oxides
Zn-Co-Mo-rGO (ZCMG) and Zn-Co-Mo (ZCM) based electrode materials were prepared by one-
step hydrothermal method. Compared with the ZCM, SEM and TEM results demonstrates the
ultra-thin nanosheets grown vertically on the nickel foam for ZCMG. Owing to synergistic effect
of the multi-component composites, the as-prepared electrode with ZCMG exhibits the specific
capacity of 713 C g−1 (1189 F g−1) at 1 A g−1, which was higher than that of ZCM without rGO
(492 F g−1, 295 C g−1). The assembled ZCMG//AC (activated carbon) asymmetric supercapacitor
(ASC) delivers the maximum specific capacity of 68 C g−1 (45 F g−1) at 1 A g−1. After 1000 cycles, it
still has a high-capacity retention rate of 95%. Furthermore, the ASC exhibited an energy density of
14 Wh kg−1 at 750 W kg−1, and it can retain 5.23 Wh kg−1, even at 7500 W kg−1.

Keywords: supercapacitor; ternary metal oxide; reduced graphene oxide; ultra-thin nanosheet

1. Introduction

Due to the energy crisis and environmental pollution issued from extensive fossil fuels
consumption, clean energy, such as solar, wind, and tidal energy, occupies an increasingly
important position. Such energy supplies are intermittent, hence energy storage devices
with high energy density, power density, and long cycle stability are required. Among
them, supercapacitors (SCs) possess high power density [1], long cycle life, and high charge–
discharge rates [2]. However, the relatively low energy density hindered their large-scale
commercialization. According to the formula of energy density E = 1/2 CV2 [3], the energy
density can be improved by increasing the voltage window (V) of SCs and the specific
capacity (C) of electrode materials [4,5].

The electrode material is one of the most important factors affecting the performance
of supercapacitors. Transition metal oxides (TMOs) are typical pseudocapacitive electrode
materials, and single-metal oxide electrode materials with low prices and high abundance,
such as MnO2, Fe3O4, NiO, ZnO, and Co3O4, have been widely studied. However, their
poor conductivity is adverse to electron transport [6]. For instance, NiO with nanospheres
and nanobelts structures only delivered the specific capacitances of 45.2 and 556.2 F g−1 at
a current density of 1 A g−1, respectively [7]. ZnO nanomembranes synthesized by atomic
layer deposition displayed the largest capacitance of 846 F g−1 in 6 M KOH electrolyte
at 1 A g−1 [8]. Besides, due to the high theoretical energy storage capacity (3560 F g−1),
Co3O4 could be a candidate for SC electrode materials [9]. While the hexagonal Co3O4
electrode presented the specific capacitance of 216.4 F g−1 at 1 A g−1 [10], oxygen-vacancy
abundant ultrafine Co3O4 nanoparticles/graphene composites electrode delivered the
specific capacitance of 978.1 F g−1 at 1 A g−1. All the results are far below the theoret-
ical energy storage capacity due to the poor conductivity and lack of electroactive sites
on the surface [9]. Construction of hollow hierarchically micro-/nanostructures could
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improve their electrochemical properties because of the high specific surface area. The
Co3O4 hollow microspheres displayed the specific capacitance of 394.4 F g−1 at 2 A g−1,
the unique hierarchical multishelled structure enlarged the contact area of the electrode
and electrolyte and provided easy electrolyte penetration path. However, its specific ca-
pacity should still be improved further [11]. Doping is another strategy to elevate the
performance of electrode materials. Mo-doping changed the morphology of NiO nanoma-
terials and enlarged the active surface area and active sites, resulting the improved specific
capacitance of 1096.64 F g−1 [12]. Furthermore, appropriate doping could also optimize
the electronic structure of the host materials [13]. Compared with single-metal oxides,
multi-metallic oxides have more elements involved in redox reactions, and the synergistic
effects of multiple elements could generate better electrochemical performance [14–16]. For
example, NiCo2O4 hollow microspheres presented a specific capacitance of 764 F g−1 at
2 A g−1 [17]. Recently, trimetallic oxide-based electrode materials haves gradually attracted
the people’s attention, and metal ions with multivalent were selected. Zn-Fe-Co oxide
nanowires delivered a maximum specific capacitance of 1297.4 F g−1 at 1 A g−1, and the
capacity retention rate was 95% even after 5000 cycles [18]. Acharya et al. [19] prepared
a flower-like Zn-Ni-Co oxide with a specific capacity of 259 mAh g−1 at 1 A g−1. Yuan
et al. [20] synthesized one-dimensional mesoporous Co-Ni-Mn oxide nanowires with pesu-
docapacitance of 612 F g −1 at 0.5 A g −1, and the capacity decay is 0.28% per 100 cycles
over 5000 cycles at 10 A g−1. Binder-free Zn-Mn-Co ternary oxide nanoneedles presented
the specific capacity of 849 C g−1 at 1 A g−1 and high coulombic efficiency of 99.5% after
10,000 cycles [21]. In consequence, TMOs with multiple components could present better
performance than single metal oxides and bimetallic oxides benefit from the synergistic
effect of different metal ions [22]. Nevertheless, these materials still have the disadvantages
of low conductivity and poor cycle stability. For example, flower-like Zn-Co-Mo ternary
metal oxide displayed higher electrochemical performance than that of ZnCo2O4/Ni and
CoMoO4/Ni composites and showed a specific capacitance of 384 F g−1, while it only
displayed a capacity retention rate of 81.25% after 1000 cycles [23].

The introduction of carbon nanocomposites could be useful strategy to overcome the
problems above [24], and reduced graphene oxide (rGO) is widely used in SCs due to
its large specific surface area and good conductivity [25]. The synergistic effects of rGO
and multi-metallic oxides could accelerate the electron transfer process. For example, the
introduction of rGO could provide the mesopore characteristics with a higher pore volume
and guarantee the higher transmission of electrolyte ions, as well as the higher surface
Faradic redox reactions. For instance, SCs with ZnFe2O4/rGO [26], MnNb2O6@rGO [27],
and Mn0.1Ni0.9MoO4/rGO [28] electrode materials displayed superior electrochemical
performance compared to electrode materials without rGO.

Herein, to improve the specific capacitance and cycle performance of Zn-Co-Mo
ternary metal oxide, ZCMG and ZCM ternary metal oxides with and without rGO were
synthesized via hydrothermal method, and significant improvements in morphology and
electrochemical performance were observed as a result of the synergistic effect of rGO and
ZCM. The presence of rGO effectively improved the dispersibility, adjusted the thickness
and structure of ZCM, as well as the improved conductivity. Self-supporting ZCMG
nanosheets were grown on nickel foam (NF) to form a cross-linked network, and this
nanostructure facilitates charge transfer and electrolyte diffusion. The specific capacity
of ZCMG electrode material is 713 C g−1 at 1 A g−1. After being assembled into SCs, the
maximum specific capacity is 68 C g−1. After 1000 cycles, it has a high-capacity retention
rate (95%). The energy density is 14 Wh kg−1 at a power density of 750 W kg−1, and it
remains 5.23 Wh kg−1 at 7500 W kg−1. Although the research on ZCM has been reported,
there are relatively few studies using ZCMG as electrode material for supercapacitors. All
the above results show that ZCMG material is expected to become a new generation of
electrode material for SCs.
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2. Materials and Methods
2.1. Materials

Zn(NO3)2·6H2O, (NH4)6Mo7O24·4H2O, Co(NO3)2·6H2O, hydrochloric acid, ethanol,
urea, and KOH were all purchased from Shanghai Energy Chemical Co., Ltd. All chemicals
used were analytical grade and used as received [29,30]. rGO (98%) was purchased from
Suzhou Tanfeng Graphene Technology Co., Ltd. (Suzhou, China). Nickel foam (NF) was
purchased from Suzhou Keshenghe Metal Materials Co., Ltd. (Suzhou, China).

2.2. Synthesis of Electrode Materials

The NFs were successively ultrasonic washed in 2 M hydrochloric acid, deionized (DI)
water, absolute acetone, and ethanol for 15 min, and then they were dried in vacuum at
60 ◦C for 12 h. As depicted in Figure 1, Zn(NO3)2·6H2O (1 mmol, 0.29 g), Co(NO3)2·6H2O
(2 mmol, 0.58 g), (NH4)6Mo7O24·4H2O (2 mmol, 2.47 g), and urea (5 mmol, 0.3 g) were
dissolved in DI water (100 mL) and stirred for 1 h to obtain a pink solution, then 4 mL of
rGO dispersion in water (1 mg/mL) was added. After stirring for 1 h, the solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave, and another NF fixed on a
Teflon skeleton was placed in the solution and subjected to hydrothermal reaction at 130 ◦C
for 6 h. After cooling to room temperature, the sample was taken out and washed with
DI water and ethanol alternately for several times. The sample was dried in vacuum for
8 h and then calcinated at 300 ◦C for 2 h at a heating rate of 2 ◦C/min to generate ZCMG.
By comparison, during the preparation procedure of ZCM, no rGO dispersion was added.
Both the average mass loading of as-fabricated ZCM and ZCMG were 1.1 mg cm−2 [31].

Figure 1. Synthesis route of ZCMG and ZCM nanosheets on NF.

2.3. Structure Characterization

Scanning electron microscope (SEM, Zeiss Sigma 300, Oberkochen, Germany) were
employed to characterize the morphology and microstructure of the electrode materials,
the transmission electron microscope (TEM, FEI Titan G2 60-300, Brno, Czech Republic)
with an energy dispersive spectrometer (EDS), and selected area electron diffraction (SAED)
under an acceleration voltage of 200 kV was used for specific features of the materials.
X-ray diffractometer (XRD, Panalytical Empyrean, Almelo, The Netherlands) confirmed
the crystal structure of the materials at a scanning speed of 2◦ min−1 with Cu Kα radiation
(λ = 1.5408 Å). The chemical surface state and composition of the materials were character-
ized by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+, Thermo
Fisher Scientific Inc., Waltham, MA, USA) with an Al Kα exciting source (1486.6 eV) and
correct the C 1 s peak at 284.8 eV before sample analysis. The specific surface area and
corresponding pore size distribution of the materials were investigated based on nitrogen
adsorption–desorption isotherms (Micrometitics ASAP 2020, Norcross, GA, USA) at 77 K
via Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) models.
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2.4. Electrochemical Measurements

The electrochemical performance was investigated by two-electrode and three-electrode
measurements on CHI760E electrochemical workstation. In three-electrode measurements,
ZCM or ZCMG was used as the working electrode (A = 1 × 1 cm2), Pt foil (A = 1 × 1 cm2),
and saturated calomel electrode (SCE) were used as counter electrode and reference elec-
trode, and 2 M KOH aqueous solution acted as electrolyte. ASCs were also assembled
by using ZCMG or ZCM cathode and activated carbon (AC) anode. The anode was pre-
pared by varnishing a homogeneous slurry onto a piece of NF (1 cm × 1 cm), which was
composed of active materials (80% in mass), acetylene clack (10% in mass), and PVDF
(10% in mass) mixed in N-methylpyrrolidone, followed by a drying process in vacuum
for 8 h. The specific capacity (C, C g−1), energy density (E, Wh kg−1), and power density
(P, W kg−1) were calculated via the following equations [32,33]:

C = I × ∆t/m (1)

E = 0.5 × C × ∆V/3.6 (2)

P = E × 3600/∆t (3)

where I, ∆t, m, and ∆V represent the current, discharge time, mass of active material, and
voltage window, respectively.

3. Results and Discussion

ZCM and ZCMG pseudocapacitive self-supporting electrodes were successfully con-
structed on NF by a one-step hydrothermal method combined with calcination process.
During the hydrothermal reaction, urea was decomposed into NH3 at high temperature and
OH- was further produced to provide an alkaline environment. Further, Zn2+, Co2+, and
Mo6+ could convert to their corresponding hydroxide precursor (ZCM-OH). As depicted
in Figure 1, during the formation of ZCM, the nanoparticles are more likely to aggregate
and finally form sheets with a certain thickness. For the preparation of ZCMG, rGO was
first deposited on the NF, and ZCM nanoparticles were subsequently distributed on the
rGO sheets. Due to the large specific surface area and good dispersion of rGO, ZCM was
uniformly dispersed to form thinner nanosheets. After calcination, a high-quality structure
with stable structure and high degree of crosslinking was formed (Figure 1).

To confirm the crystal structure of samples, the XRD patterns (Figure 2) of ZCM and
ZCMG were recorded with the diffraction angle (2θ) range from 10◦ to 80◦. The diffraction
peaks at 23.26◦, 26.41◦, 28.38◦, 33.71◦, 36.59◦, 40.19◦, 41.80◦, 43.46◦, 47.14◦, 54.67◦, 58.72◦,
60.04◦, 63.35◦, and 64.58◦ are all found in the monoclinic crystalline CoMoO4 (JCPDS No. 21-
0868), corresponding to (021), (002), (-311), (022), (400), (003), (222) (-223), (421), (440), (024),
(-352), (-443), and (243) crystal planes. The diffraction peaks at 28.34◦ (011), 353.69◦ (210),
and 57.72◦ (11-4) are consistent of the crystal planes of the MoO3 standard card (JCPDS
No. 47-1320). In addition, the diffraction peaks at 49.57◦ and 61.87◦ correspond to the (110)
and (111) crystal planes of the ZnO standard card (JCPDS No. 16-3382), respectively. The
peak at 25◦ represents the existence of rGO [34], and because of the overlap between the
peaks of ZCM and rGO, the position of the peak was slightly shifted, and its intensity was
also weakened due to the decrease in crystallinity. The above results show that ZCMG
nanostructures belong to the multi-phase nature.

Figure 3 shows the SEM images of the ZCM, and triangular sheets are adhered to
each other and grown on the NF uniformly, which possess the length of about 400–500 nm
and thickness of around 60 nm. Usually, rGO has morphology modulating effect [35], and
with the aid of rGO matrix, the ZCM nanosheets grow uniformly in a two-dimensional
direction. Therefore, in the SEM images of ZCMG (Figure 4a,b), ultra-thin nanosheets with
600–700 nm in length and a thickness of around 13 nm are densely and vertically grown on
NF. These nanosheets interlaced and connected to form mesh structure without stacking
and ensures the large specific surface area, which increases the electrochemically active
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sites and maximizes exposure of the active surface compared to ZCM. Such a structure not
only accelerates the occurrence of redox reactions and expands the contact area between
electrode and electrolyte, but it also effectively promotes the transfer of charge and diffusion
of electrolyte, which is conducive to electrochemical reactions [36].

Figure 2. XRD patterns of ZCM and ZCMG.

Figure 3. SEM images of ZCM. (a) 5 K magnification, (b) 10 K magnification, (c) 50 K magnification
and (d) 100 K magnification.

The microstructure of ZCMG was characterized by TEM and the results are shown in
Figure 5. A distinct nanosheet structure can be observed in Figure 5a, which is consistent
with the SEM results, and the obvious wrinkle structure indicated the presence of rGO.
Combined with the SEM results, the ZCM nanosheets with a certain thickness are deposited
on NF with rGO in a co-deposition manner to form uniform nanosheets. HR-TEM images
of ZCMG show lattice spacings of 0.24, 0.32 and 0.34 nm, corresponding to the (-223), (-352)
and (243) planes of CoMoO4, respectively. A lattice spacing of 0.25 nm belongs to the (20-1)
plane of MoO3, and lattice spacing of 0.27 nm is consistent with the (110) plane of ZnO.
In addition, the EDS pattern of ZCMG (Figure 5d) demonstrates the presence of Zn, Co,
Mo, and C, and these elements are uniformly distributed throughout the nanosheets, in
agreement with the SEM and TEM images. All the results prove the successful preparation
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of ZCMG. Selected area electron diffraction (SAED) pattern of ZCMG in Figure 5e can be
indexed to the (022) and (024) planes of CoMoO4 [37], and the SAED pattern of ZCM in
Figure S1 with a diffraction ring are ascribed to the (222) and (243) planes for CoMoO4,
consistent with the XRD results.

Figure 4. SEM images of ZCMG. (a) 5 K magnification, (b) 10 K magnification, (c) 50 K magnification
and (d) 100 K magnification.

BET analysis of nitrogen adsorption–desorption isotherm was carried out (Figure 5f)
to characterize the effective surface area [38], and the BET specific surface area for ZCM
and ZCMG are 115 and 162 m2 g−1, respectively. Obviously, the addition of rGO leads to
an enlarged effective surface area.

The chemical composition and surface states of ZCM and ZCMG were further deter-
mined by XPS analysis (Figures 6 and S2. The XPS survey shown in Figure 6a demonstrates
the existence of Zn, Co, Mo, O, and C, which is consistent with the EDS results. All the
peaks of Zn 2p, Co 2p, and Mo 3d have slightly shifts (about 0.45−0.7 eV, Figure 6b–d) due
to the addition of rGO, which indicates the interaction between rGO and metal elements.
In detail, Figure 6b shows the Zn 2p spectrum, as well as the two fixed peaks at 1022.6 and
1045.7 eV, which are accredited to Zn 2p3/2 and Zn 2p1/2, respectively, for Zn2+ oxidation
states in ZCMG [6]. As for the Co 2p spectrum (Figure 6c), the peaks at 781.59 and 797.27 eV
originate from Co 2p1/2 and Co 2p3/2, indicating the presence of Co2+ and Co3+, in addition
to the two satellite peaks at 788.29 and 804.13 eV (identified as “Sat.”) [17]. The C 1s
spectrum of ZCMG (Figure S2a) shows three distinct peaks at 284.79, 286.13 and 287.27 eV,
corresponding to the oxygenated carbon species: C-C, C-O [39], and C=O [18], separately.
The Mo 3d spectrum (Figure 6d) corresponds to the two main peaks at 232.80 and 235.95 eV
with a width of 3.2 eV, which are ascribed to Mo 3d5/2 and Mo 3d3/2, implying the present
of Mo6+ [19]. The O 1s spectrum of ZCMG (Figure S2b) is fixed with three components,
and the peaks at 530.93, 531.50 and 533.48 eV are related to the metal–oxygen bonds (O1),
as well as adsorbed water on or within the surface (O2) and OH− (O3), respectively. The
XPS results indicate the presence of different cations with multiple valence (Zn2+, Mo6+,
Co2+ and Co3+), and it facilitates the occurrence of redox process.
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Figure 5. (a–c) TEM images of ZCMG. (d) EDS mapping of ZCMG for elements Zn, Co, Mo and C.
(e) SAED pattern of ZCMG. (f) BET analysis of nitrogen adsorption-desorption isotherm curves.

Figure 6. XPS spectra of ZCM and ZCMG. (a) XPS Survey, (b) Zn 2p, (c) Co 2p, (d) Mo 3d.
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The electrochemical properties of ZCM and ZCMG were evaluated in a three-electrode
measurement with 2 M KOH aqueous. Figure 7a shows the CV profiles of ZCM and
ZCMG in voltage range of 0–0.65 V at a scan rate of 10 mV s−1. By contrast, the ZCMG
displays larger CV curve closure area and higher peak current, indicating the larger specific
capacity of ZCMG. Figure 7b,d depict the CV curves of ZCM and ZCMG at different scan
rates, and distinct redox peaks indicate their typical Faradaic characteristics [21,40]. As
a result of the electrode polarization [41], the reduction and oxidation peaks of the redox
couples shifted toward low and high potential direction, respectively, as the scanning rates
increased from 5 to 50 mV s−1. In addition, the shape of CV curve does not change as
the scan rate increases, meaning the good rate capability and rapidly reversible Faradaic
reactions. Figure 7c,e show the constant current charge/discharge curves of ZCM and
ZCMG at different current densities, respectively. The charge/discharge plateau in the
GCD curves corresponds to the redox peak in CV curves, and the highly symmetrical GCD
curve indicates the high reversible Faradaic redox reaction. The specific capacity of ZCM
and ZCMG at different current densities are shown in Figure 7f. By contrast, ZCMG exhibits
higher specific capacity due to the ultra-thin nanosheet structure, which is beneficial to
the redox reaction, indicating sufficient charge storage capacity. As the current density
increases from 1 to 10 A g−1, the specific capacity of ZCMG decreases from 713 to 572 C g−1

with a rate performance of 80.2%, which is still much higher than that of ZCM (69.1%).
The excellent electrochemical performance of ZCMG may benefit from the ultra-thin and
interconnected nanosheets, which ensure larger specific surface area and more active sites
than ZCM nanosheets, shorten electron transport path during charge/discharge process,
and accelerate the electron diffusion between electrolyte and active materials.

The electrochemical impedance spectroscopy (EIS) of ZCM and ZCMG are further
investigated at an amplitude of 5 mV and depicted as Nyquist plots. The Nyquist plots
(inset of Figure 7a) could be divided into two regions: straight line in low-frequency and
semicircle in high-frequency [42]. The slope of the straight line of ZCMG (74◦) is larger
than that of ZCM (70◦), meaning the smaller ionic diffusion resistance (RW) of ZCMG,
indicating the faster electron transport and ion diffusion during charge/discharge process.
In addition, smaller semicircular diameter of ZCMG electrode could be observed, and
it means the smaller charge transfer resistance (Rct) between the ZCMG electrode and
electrolyte. Besides, the intercept value on the X-axis represents the intrinsic resistance
(RS) [43] of electrode and electrolyte. The RS of ZCMG (0.96 Ω) is smaller than that of
ZCM (1.56 Ω), implying that ZCMG has stronger ion diffusion and charge transfer ability
during the redox reaction. The electrochemical properties of ZCMG are also superior
compared to those of related electrode materials reported in recent years (Table 1). By
comparison, we combined the advantages of ternary metal oxides and rGO. For example,
compared with single metal oxides and binary metal oxides, more elements participated in
the redox reaction, and hence displayed higher electrochemical activity. The addition of
rGO improved the conductivity and cycle performance of as-prepared materials.

To investigate the feasibility of ZCMG as electrode material, asymmetric supercapaci-
tors (ASCs) were assembled using the ZCMG cathode and an activated carbon (AC) anode.
A value of 2M KOH aqueous solution was used as electrolyte, and cellulose filter paper
acted as separator. The CV curves of ZCMG and AC at 20 mV s−1 are shown in Figure 8a,
where the voltage range of AC electrode is −1.0–0 V, and the voltage range of ZCMG is
0–0.65 V. Therefore, the voltage limit value of ASC is 1.65 V. The CV curves and GCD curves
of the AC electrode are shown in Figure S3a,b, and the quasi-rectangular shape CV profile
of AC indicates the typical double-layer capacity. The CV curves of ASC (Figure 8b) were
tested in a voltage window from 1.0 to 1.6 V with a scan rate of 10 mV s−1, and a trailing
was observed when the voltage exceeded 1.5 V, probably due to the electrolyte decomposi-
tion [41]. Therefore, the operating voltage range of 0–1.5 V is selected. Figure 8c shows the
CV curves of the ASC at different scan rates, and the CV curves shape do not change as
the scan rate variation, indicating its good rate performance. Figure 8d shows the GCD
curves of ASCs at different current densities, and the almost symmetric curves indicates
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that ASC have good Coulombic efficiency. The specific capacity values of the device are
calculated from the GCD curves and shown in Figure 8e, which displays a decrease trend
(68, 51, 38, 31, 26 and 25 C g−1) with the increase in current densities due to the high ion
diffusion resistance and slow electrolyte penetration at higher current densities [8]. In
addition, the CV and GCD curves of ZCM//AC ASC are depicted in Figure S3c,d, and
they showed poor performance than these of ZCMG//AC ASC.

Figure 7. (a) CV plots of ZCM and ZCMG at 10 mV s−1 (Inset shows the Nyquist plots of ZCM and
ZCMG from 0.01 Hz to 100 kHz). (b) CV plots of ZCM at different scan rates. (c) GCD plots of ZCM
at different current densities. (d) CV plots of ZCMG at different scan rates. (e) GCD plots of ZCMG at
different current densities. (f) Specific capacity plots of ZCM and ZCMG at different current densities.

Cycling stability is a key factor in evaluating ASC devices, herein, 1000 cycles are
performed at a current density of 1 A g−1 (Figure 8f), and the capacity retention rate of
ZCMG//AC ASC was 95%, indicating that the ASC has good cycling stability. Figure 8g
shows the Ragone plot of energy density and power density of ASCs. The optimal energy
density of 14 Wh kg−1 is achieved when the power density is 750 W kg−1, and even
5.23 Wh kg−1 when the power density is 7500 W kg−1. Furthermore, two ASCs were
assembled and connected in series. After charging, the device can power a 5 mm red
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circular light-emitting diode (LED lamp, 2 V, 20 mA), and the LED lamp can be lit up for at
least 120 s, indicating the potential applications of the ASC devices.

Figure 8. (a) CV plots of ZCMG and AC electrodes at 20 mV s−1. (b) CV plots of ASCs at different
voltage ranges. (c) CV plots of ASCs at different scan rates. (d) GCD plots of ASCs at different current
densities. (e) Specific capacity plots of ASCs at different current densities. (f) Cycling performance of
ASCs at 1 A g−1, the inset shows the physical demonstration of driving LED lamp with two hybrid
SCs. (g) Ragone diagram of ASCs.
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Table 1. Comparison of relevant electrode materials reported in recent years.

Electrode Materials Specific Capacitance (F g−1)
/Specific Capacity (C g−1) Current Density Ref.

CuZnCo 430 F g−1 1 A g−1 [44]

CoNiMn 612 F g−1 0.5 A g−1 [20]

Ni0.5Mn0.5Co2O4@Co3O4 931 F g−1 1 A g−1 [45]

Co3O4/rGO 1152 F g−1 1 A g−1 [46]

CoAl-
LDH/graphene 864 F g−1 1 A g−1 [47]

ZnFe2O4/rGO 352.9 F g−1 1 A g−1 [48]

NiFe2O4/rGO 584.63 F g−1 1 A g−1 [49]

MnCo2O4@NiO 508.3 F g−1 1 A g−1 [50]

Zn-Co-Mo 384 F g−1 60 mA cm−2 [23]

ZCMG 713 C g−1 1 A g−1 This work

4. Conclusions

In summary, we designed a ZCMG ultra-thin nanosheet arrays-based cathode material
for asymmetric supercapacitor by one-step hydrothermal method. The introduction of
rGO adjusted the morphology of nanosheets, enlarged the specific area, and improved the
conductivity, which were conducive to the redox reaction. In consequence, ZCMG electrode
material presented better specific capacity (1189 F g−1, 713 C g−1) than that of ZCM
(492 F g−1, 295 C g−1) at 1 A g−1. Furthermore, the rate performance of ZCMG electrode
material (80.2%) was also better than that of ZCM (69.1%) at high current density, and the
maximum specific capacity was 68 C g−1 (1 A g−1) when assembled into ZCMG//AC ASC.
Simultaneously, it displayed the capacity retention rate of 95% after 1000 cycles, indicating
good cycling stability. The prepared ZCMG//AC device exhibited an energy density of
14 Wh kg−1 at a power density of 750 W kg−1 and maintains 5.23 Wh kg−1 at 7500 W kg−1.
All the results demonstrated that ZCMG could be used in SCs, and modification of ZCMG
are currently under investigation to further improve their performance.
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