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A B S T R A C T

Nanostructured three-dimensional (3D) CoMoO4 nanorods/nanographene composites were produced on a
macroporous electrically conductive network (MECN). The nanographene with more defects serving as the ac-
tive center enhances the conductivity and faradic charge transfer of the composite, and more, the porous 3D
structure of the MECN increases the specific area, improves the mass loading of active materials, and enhances
transport behaviors of ion and electron, leading to large specific capacity and excellent rate capability. The
CoMoO4/nanographene/MECN electrode has a capacity of 85.5 mA h/g (855 μA h cm−2) at a discharge current
density of 1 A g−1 (10 mA cm−2) and capacity loss of 13.6% after 5000 cycles. The hybrid device composed of
CoMoO4/nanographene/MECN ll AC/Ni-foam exhibits excellent capacities of 112.4 μW h cm−2 and
5.62 mW h cm−3 at power densities of 675.5 μW cm−2 and 33.78 mW cm−3, respectively, in addition to 74.4%
capacity retention after 5000 cycles.

1. Introduction

Much attentions are being paid to advanced energy storage systems
[1–3] and supercapacitors including electrochemical double layer ca-
pacitors (EDLCs) and pseudocapacitors (PCs) are potential candidates
due to the high power density, long cycling life, fast charging/dis-
charging rate, and high reliability [4–8]. Different from carbon-based
electrochemical double layer capacitors (EDLCs), pseudocapacitors
(PCs) have larger energy densities because the energy is stored based on
the reversible faradic reactions inside the electrode instead of charge
accumulation at the electrolyte/electrode interface in the EDLCs [9,10].
Various single-component transition metal oxides such as MnO2

[11,12], Co3O4, [13,14] RuO2 [15], and NiO [16,17] have been de-
veloped as the faradic electrode. In addition, MnO2 has several merits
as pseudocapacitive materials, for instance, the high specific capaci-
tance, low cost, and nontoxicity, however the poor electrical con-
ductivity has hampered wider adoption [18,19]. In comparison, RuO2

also has large specific capacitances but the high cost and toxicity are
drawbacks [20] (see Table 1).

In addition to the aforementioned single-component transition
metal oxides, binary metal oxides such as MnMoO4 [21], ZnCo2O4 [22],
NiMoO4 [23], and CoMoO4 [24] have good electrochemical properties
because of high electrical conductivity in the oxidation states. In par-
ticular, CoMoO4 has attracted much attention because it is non-toxic
and economical and delivers good electrochemical performance due to
the combination of high specific capacitance of Co2O3 and reversible
small ion storage and rich polymorphism of MoO3 [25,26]. Since na-
nostructures can increase the contact area more between the electrode
and electrolyte and facilitate electrolyte transportation, nanostructured
CoMoO4 such as CoMoO4 nanoplate arrays [20], hierarchical CoMoO4

nanoflakes [27], CoMoO4 nanorods [28], and CoMoO4 nanospheres
[29] have been proposed and synthesized. The CoMoO4 nanoflakes
fabricated by Li et al. exhibited a large specific capacity of 32.40 mA h
g−1 at a current density of 1 A g−1 and excellent rate capability [27]
and the CoMoO4 nanorods synthesized by Liu et al. showed a high
specific capacitance of 286 F g−1 at a current density of 5 mA cm−2

[28]. Furthermore, fabricating nanocomposites with highly conductive
materials such as carbon spheres, carbon nanotubes (CNTs), and
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graphene can improve the electrical conductivity of the electrode. The
CoMoO4/carbon nanotube composites reported by Xu et al. had a high
specific capacitance of 170 F g−1 at a discharge current density of
0.1 A g−1 [30] and Xia et al. reported that the CoMoO4/graphene
composites had low electrochemical resistance and large specific ca-
pacitance of about 394.5 F g−1 according to CV curves obtained at
1 mV s−1 [31].

In this work, multilayered nanographene is prepared on the mac-
roporous and electrically conductive network (MECN) by hydrothermal
carburization [32]. The MECN prepared by the micro-electro-
mechanical system (MEMS) technology and electro-less deposition of
nickel [33–36] has an ordered porous and stable architecture which
supports the nanographene while avoiding aggregation to turn into
graphite. The three-dimensional macroporous structure of MECN also
facilitates access of electrons and electrolyte ions to the active surface
and improves the electrochemical response on the electrode. Compared
to MECN, nanographene/MECN has a larger specific area, active sur-
face, and better electrical conductivity due to defects in the nano-
graphene. The ordered CoMoO4 nanorods are prepared on the nano-
graphene/MECN electrode hydrothermally for different time durations
of 0.5, 1.5, 2.5, and 3 h. The CoMoO4 nanorods are formed on the
surface and the micro-channels in nanographene/MECN provide a large
surface area for the active materials. The nanostructured CoMoO4/na-
nographene/MECN composites electrodes are studied systematically
and the electrochemical performance as a faradic electrode is de-
termined.

2. Experimental details

2.1. Chemicals and materials

All the chemical reagents were of AnalaR grade and used as received
without further purification. Nickel chloride (NiCl2·6H2O), ammonium
chloride (NH4Cl), ethanol, sodium hypophosphite (NaH2P2·H2O), so-
dium acetate (C3H3NaO2), triethylene glycol (C6H14O4), cobalt chloride
hexahydrate {CoCl2·6H2O}, and ammonium molybdate tetrahydrate
[(NH4)6Mo7O24·4H2O] were purchased from Sinopharm Chemical
Reagent Co. Ltd. The aqueous solutions were prepared with de-ionized
water.

2.2. Fabrication of the macroporous electrically conductive network
(MECN)

The silicon microchannel plates (Si-MCPs) were fabricated by
electrochemical etching of p-type silicon [33,34] and electroless de-
position of Ni was performed in a plating bath by liquid flowing de-
position [35,36]. The Si-MCPs were dipped in a solution composed of
HF: C2H5OH:H2O (100:125:10, V/V) for 2 min to remove the native
oxide and immersed in a plating bath for 18 min at 90 °C. The plating
solution was prepared by dissolving 3 g of NiCl2·6H2O, 5 g of NH4Cl,
and 1 g of NaH2PO2·H2O in 100 ml of deionized water and 30 ml of
NH4OH were added to maintain the pH of the platting solution between
9 and 11.

2.3. Fabrication of nanographene/MECN

5 ml of 1 M sodium oxalate (C3H3NaO2) were dissolved in 100 ml of
triethylene glycol (C6H14O4) and stirred for 40 min with a magnetic
stirrer. The Ni/Si-MCPs (MECN) were introduced into the solution and
sonicated for 5 min to let the solution fill the channels
(5 × 5 × 200 μm, length × width × height) in the MECNs. The
MECNs and solution were then put in a Teflon-sealed stainless steel
autoclave and placed in a vacuum oven heated to 260 °C. The tem-
perature was maintained for 6 h to produce the carbon-nickel alloyed
Ni3C/MECN. After the autoclave was cooled naturally to room tem-
perature, the Ni3C/MECN samples were washed with de-ionized water
for 20 min and dried at 80 °C in vacuum oven for 6 h. Afterwards, the

Table 1
The common abbreviations in this paper.

Si-MCPs silicon microchannel plates
MECN macroporous electrically conductive network
EDLCs electrochemical double layer capacitors
PCs pseudocapacitors
AC/Ni-foam active carbon/Ni-foam
PE poly-ethylene
CV cyclic voltammetry

Fig. 1. Illustration of procedures to fabricate the CoMoO4/
nanographene/MECN electrode.
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samples were placed in a tube furnace and annealed at 650 °C for 1 h
under argon atmosphere to obtain the nanographene/MECN. The Ni3C
phase is unstable at temperatures between 325 °C and 480 °C and it will
completely decomposes into a mixture of nickel phases and graphite
phases after annealing at 650 °C due to the carbon segregation. More
details about the process can be found in [37]. The decomposition re-
action for Ni3C in argon atmosphere can be described as following:

= +Ni C(s) 3Ni(s) C(s)3 (1)

2.4. Fabrication of nanostructured CoMoO4/nanographene/MECN and
CoMoO4/ MECN

The CoMoO4 nanorods were prepared directly on nanographene/
MECN or MECN hydrothermally. The solution was produced by mixing
0.6 mmol CoCl2·6H2O and 0.6 mmol (NH4)6Mo7O24·4H2O in 150 ml of
deionized water under magnetic stirring. The solution and nano-
graphene/MECN (or MECN) were transferred to a Teflon-sealed stain-
less steel autoclave and kept at 180 °C for 0.5 h, 1.5 h, 2.5 h, or 3 h

[samples designated as CoMoO4/nanographene/MECN (0.5 h, 1.5 h,
2.5 h, 3 h) or CoMoO4/ MECN (0.5 h, 1.5 h, 2.5 h, 3 h)]. Afterwards,
the samples were removed from the autoclave, washed with deionized
water and ethanol few times, and dried in an oven at 80 °C for 6 h. The
nanographene/MECN or MECN with the as-grown hydrate precursors
was annealed at 300 °C for 2 h under argon to obtain the nanos-
tructured CoMoO4/nanographene/MECN or CoMoO4/ MECN. The re-
action is described in Eq. (2) [30]:

+ → + +

+

(NH )6Mo O 4·4H O 7CoCl ·6H O 7CoMoO 6NH 14HCl

42H O
4 7 2 2 2 2 4 3

2 (2)

2.5. Assembly of the hybrid device

In the hybrid device, the CoMoO4/nanographene/MECN (2.5 h) was
the anode, active carbon/Ni-foam (marked as AC/Ni-foam) was the
cathode, and 2 M KOH was the electrolyte. The AC/Ni-foam electrode
was fabricated by a coating method [38]. The active carbon (80 wt%),
polytetrafluoroethylene suspension (10 wt%), and acetylene black

Fig. 2. FE-SEM images: (a) Top surface of the Si-MCPs, (b)
Cross-sectional morphology of the Si-MCPs, (c) Top sur-
face of MECN, (d) Cross-sectional morphology of the
MECN, (e) Top surface of nanographene/MECN, and (f)
Cross-sectional morphology of the nanographene/MECN.
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(10 wt%) were dispersed in isopropanol and sonicated for 30 min to get
a homogeneous slurry. The slurry was uniformly coated onto the nickel
foam substrate and dried in a vacuum oven overnight at 60 °C to pro-
duce the active carbon/Ni-foam electrode. The anode and cathode were
separated by a poly-ethylene (PE) membrane and assembled in a
RS2032 battery case.

2.6. Materials characterization

The microstructure and morphology were characterized by field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4800,
Japan) and high-resolution transmission electron microscopy (HR-TEM,
JEM-2010F). The crystal structure and elementary composition were
measured by X-ray diffraction (XRD, Rigaku, RINT2000, Japan), Raman
scattering (T6400 Jobin Yvon triple monochromator, Tokyo, Japan,
using a 532 nm argon ion laser), X-ray photoelectron spectroscopy
(XPS; Kratos AXIS Ultra DLD) and energy-dispersive X-ray spectrometry
(EDS) (Fig. 1).

2.7. Electrochemical measurements

The electrochemical characteristics of the electrodes were de-
termined on an electrochemical workstation (Shanghai Chenhua,
CHI660D) in 2 M KOH. The saturated calomel electrode and platinum
foil served as the reference electrode and counter electrode, respec-
tively. The cyclic voltammetry (CV) scans were acquired from 0 to 0.6 V
at different scanning rates and galvanostatic charging-discharging was
conducted in the potential range between 0 and 0.45 V. The CV scans
were obtained from the hybrid device from 0 to 1.6 V at different
scanning rates and the galvanostatic charging-discharging cycling tests
were conducted in the potential range between 0 and 0.9 V.

3. Results and discussion

3.1. Discussion of the fabrication process of CoMoO4/nanographene/
MECN electrode

As shown in Fig. 2(a) and (b), the micro-channels of Si-MCPs have a
depth of about 200 μm and size of 5 × 5 μm giving an aspect ratio
about 40 and the surface area gain can be larger than 100.
Fig. 2(c) and (d) depict the FE-SEM images of the MECN. After elec-
troless Ni plating, a thin nickel particulate layer about 0.5 μm thick
uniformly covers the sidewall and surface of the Si-MCPs to provide
good electrical conductivity. The porous nickel particles increase the
specific surface of the MECN [Fig. 2(e)] and the nanographene is uni-
formly coated on the nickel particles in the channels of the MECN. The
nanographene/MECN retains the original 3D morphology of the MECN
after annealing at 650 °C.

Fig. 3 shows the growth of the CoMoO4 nanorods. The nanos-
tructured CoMoO4 resemble small nanodots (Fig. 3a) and nanoflakes
(Fig. 3b) on the surface of the supporting materials in the early nu-
cleation stage. As shown in Fig. 3(b), the nanostructured CoMoO4

preferentially grows on the middle of the wall and crossing points of the
nanographene/MECN because there have a larger area (Fig. 2 e) for the
growth of heteromorphic CoMoO4. As time elapses, the nanostructured
CoMoO4 layer becomes thicker and the CoMoO4 nano-flakes transform
into CoMoO4 nanorods (Fig. 3c). As shown in the Fig. 3(c), the crossing
points of MECN form the nucleation centers for the growth of the
CoMoO4 nanorods. As the hydrothermal time is increased further
(Fig. 3d), the cubic holes of the substrate are blocked by the CoMoO4

nanorods which are unfavorable to the transport of electrolyte ions.

3.2. Characterization of the CoMoO4/nanographene/MECN composites

Fig. 4 (a)–(c) show the top-view morphology of the CoMoO4 na-
norods. The diameter of a single nanorod is about 100 nm. The

Fig. 3. Top surface FE-SEM images of the CoMoO4/
nanographene/MECN prepared for different hydro-
thermal time: (a) 0.5 h, (b) 1.5 h, (c) 2.5 h, and (d) 3 h.
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nanorods can further improve the specific surface area which is im-
portant to the active materials capacity. As shown in Fig. 4(d)–(f), the
CoMoO4 nanorods are also formed in the microchannels of the nano-
graphene/MECN, thus improving the performance of the electrode by
providing more electroactive sites for the reactions and increasing the
total contact area between the active materials and electrolyte.

The chemical composition and phase structure of the samples are
determined by EDS, Raman scattering, and X-ray diffraction (XRD).
Fig. 5 (a) shows that the nanographene/MECN contains carbon, nickel
and silicon and the atomic ratio of carbon to the other elements are
19.66% and 46.09% respectively, indicating that multilayered nano-
graphene is synthesized on the MECN by hydrothermal carburization.
As shown in Fig. 5 (b), the CoMoO4/nanographene/MECN contains
carbon, oxygen, nickel, silicon, molybdenum, and cobalt. Fig. 5 (c)
shows the Raman spectrum of the CoMoO4/nanographene/MECN and
peaks at 335, 373, 821, 887, 940, 1350, and 1580 cm−1. According to
previous reports [21,38,39], the Raman bands at 880 and 940 cm−1

and broad band at 350 cm−1 correspond to Mo–O–Co stretching vi-
brations in cobalt molybdate. The bands at 812 and 332 cm−1 are at-
tributed to MoO4 vibrations whereas those at 1350 cm−1 (D band) and
1580 cm−1 (G band) are characteristic peaks of nanographene in-
dicating the nanographene have not aggregated into graphite after the
preparation of CoMoO4 nanorods [40]. The strong D band demonstrates
that the nanographene coated on MECN has many defects which in-
crease the electrochemically active surface for absorption/desorption of
OH− and improves the electrochemical performance of the CoMoO4/
nanographene/MECN electrode. Fig. 5 (d) depicts the phase changes in
MECN, Ni3C/MECN, nanographene/MECN, and CoMoO4/nano-
graphene/MECN. The MECN exhibits three peaks from the cubic phase

Ni metal [JCPDS card No. 70-1849, marked with a hollow diamond,
with the peak (1 1 1) at 2θ = 44.7°, peak (2 0 0) at 2θ = 52.1°, and
peak (2 2 0) at 2θ = 76.6°] and the rest stems from the Si substrate
[marked with a solid diamond, with peak (4 0 0) at 2θ = 69.3°]. After
the first hydrothermal process, the peak of nickel carbide [JCPDS card
No. 77-0194, marked with a circle, with peak (2 1 2) at 2θ = 39.1°,
peak (4 1 1) at 2θ= 41.6°, peak (3 1 2) at 2θ= 44.6°, peak (6 1 1) at
2θ = 58.4°, peak (4 3 3) at 2θ = 71.2°, peak (3 1 4) at 2θ = 78.1°]
shows that carbon permeates into the Ni nanoparticles. After annealing
at 650 °C for 1 h in argon, the nickel carbide peaks disappear and a
broad peak at 2θ = 24°of graphite (0 0 2) appears from the nano-
graphene/MECN. The peak of CoMoO4 (JCPDS card No. 00-021-0868)
in the XRD patterns of the CoMoO4/nanographene/MECN electrode
indicates that heteromorphic CoMoO4 is synthesized. Fig. 5 (e) shows
the typical TEM image of CoMoO4 nanorods and as shown in the HR-
TEM image in Fig. 5 (f), the interplanar spacing of 0.33 nm corresponds
to the (0 0 2) plane of the CoMoO4, which is consistent with the crystal
structure of CoMoO4 in the XRD pattern in Fig. 5(d).

In order to further analyze the existence of covalent bonds in the
samples, X-ray photoelectron spectroscopy spectra were acquired in
Fig. 6. As shown in Fig. 6 (a), the sample contains Ni, C, Mo, Co and O
element. The C 1s core-level spectrum of CoMoO4/nanographene/
MECN (Fig. 6 b) show four peaks with binding energies at about 284.5,
285.4, 286.7, and 288.6 eV, attributable to the sp2 hybridized carbon,
sp3 hybridized carbon, C-O, and C-OO species, respectively. Fig. 6 (c)
depicts the XPS spectrum of Mo 3d with the binding energies at 232.1
and 235.2 eV which corresponding to Mo 3d5/2 and Mo 3d3/2 respec-
tively. The binding energy and splitting width (ΔMo 3d = 3.1 eV) are in
good agreement with Mo6+ [31]. The Co 2p core-level spectrum (Fig. 6

Fig. 4. FE-SEM images: (a)–(c) Top surface of the CoMoO4/
nanographene/MECN (2.5 h) at different magnifications,
(d)–(f) Cross-sectional morphology of the CoMoO4/nano-
graphene/MECN (2.5 h) at different magnifications.

Y. Fu et al. Materials Science & Engineering B 226 (2017) 177–187

181



d) displays two peaks at 782.6 and 798.2 eV, attributing to the Co 2p3/2
and Co 2p1/2, respectively, which belongs to Co2+ [31].

3.3. Electrochemical characterization

To evaluate the electrochemical performance of the different elec-
trodes, cyclic voltammetry (CV) and chronopotentiometry are con-
ducted. Fig. 7 (a),(b) disclose that the CoMoO4/nanographene/MECN
(2.5 h) has the largest capacity because of the large enclosed area in the
CV curve (10 mV s−1) and longest discharging time. Compared to
CoMoO4/nanographene/MECN (0.5 h and 1.5 h), CoMoO4/nano-
graphene/MECN (2.5 h) has more abundant CoMoO4 nanorods to
provide a larger active area. With regard to CoMoO4/nanographene/
MECN (3 h), the abundant nanorods of CoMoO4 block the micro-
channels in the backbone materials consequently reducing the contact
area between the electrolyte and active substance. As shown in the
Fig. 7 (c), the MECN electrode contributes negligibly to the capacity
and the enclosed area in the CV curve of the CoMoO4/nanographene/
MECN electrode is large than that of the CoMoO4/MECN and nano-
graphene/MECN electrodes, indicating the highest capacity. Fig. 7 (d)
reveals that the CoMoO4/nanographene/MECN electrode has the
longest discharging time demonstrating that it has the highest specific

capacity than the other electrodes.
Fig. 8 (a) shows the CV curves of the CoMoO4/nanographene/MECN

(2.5 h) electrode at different scanning rates in 2 M KOH. The peak
current increases with scanning rates. The peak shape is similar ex-
hibiting apparent oxidation and reduction peaks. Nevertheless, the peak
potential shifts to the cathode or anodic direction, respectively, because
of more substantial polarization at larger scanning rates. The Faradic
reactions correspond to the redox peaks are shown in the following
[41]:

⇔ + + +
− − −3[Co(OH) ] Co O 4H O OH 2e3 3 4 2 (3)

+ + ⇔ + +
− −Co O H O OH 3CoOOH H O e3 4 2 2 (4)

+ ⇔ + +
− −CoOOH OH CoO H O e2 2 (5)

The reactions suggest that the electrochemical capacitance of the
CoMoO4/nanographene/MECN electrode is mainly attributed to the
quasi reversible electron transfer process that involves the Co2+/Co3+

redox couple and mediated by OH− in the alkaline electrolyte. Fig. 8
(b) depicts the galvanostatic charging–discharging curves of the
CoMoO4/nanographene/MECN electrode at different current densities
(10, 16, 20, 24, 34 mA cm−2) at voltages between 0 V and 4.5 V. Ac-
cording to the galvanostatic charging–discharging curves, the specific

Fig. 5. EDS spectra of (a) Nanographene/MECN and (b) CoMoO4/nanographene/MECN; (c) Raman scattering spectrum of CoMoO4/nanographene/MECN; (d) XRD patterns of MECN,
Ni3C/MECN, nanographene/MECN, and CoMoO4/nanographene/MECN; (e) Low-magnification TEM image of the CoMoO4 nanorods; (e) High-resolution TEM image of the CoMoO4

nanorods.
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capacities of the CoMoO4/Graphene/MECN electrode are 85.5, 75.42,
70, 63.6, and 55.68 mA h g−1 (855, 754.2, 700, 636, and 556.8 µA h
cm−2) at 1.0, 1.6, 2.0, 2.4, and 3.4 A g−1 (10, 16, 20, 24, and 34
mA cm−2) respectively. The specific capacities (85.5 mA h g and 855
µA h cm−2) at a discharge current density of 1 A g−1 (10 mA cm−2) are
larger than that of the pure nano-CoMoO4 (20.68 mA h g−1 at a dis-
charge current of 1 A g−1) described by N. Padmanathan et al. [42],
hierarchical 3D CoMoO4/MECN electrode (32.40 mA h at a discharge
current of 1 A g−1) reported by M. Li et al. [27], CoMoO4/MWCNT
electrode (21.33 mA h/g at a discharge current density of 1 A g−1) by
Xu et al. [30], and even hierarchical CoMoO4@NiMoO4 core–shell na-
nosheet arrays (458.3 µA h cm−2 at a discharge current of 10
mA cm−2) reported by Zhang et al. [43].

As shown in Fig. 8 (c), the specific capacity of the CoMoO4/nano-
graphene/MECN electrode is larger than that of other electrodes at the
same discharging current density. The specific capacity decreases with
discharging current density because the charge diffusion rate of ad-
sorption/desorption cannot catch up with the rapid increment in the
charging-discharging current density. However, the specific capacity is
still retained at 63.27% of its initial capacity when the charging-dis-
charging current densities are increased from 10 to 44 mA cm−2, in-
dicating that the CoMoO4/nanographene/MECN electrode has fast
charge-discharge rates and excellent rate capability.

Long-time cycle tests are carried out to determine the stability of the
nanographene/MECN, CoMoO4/MECN, and CoMoO4/nanographene/
MECN electrodes at a current density of 20 mA cm−2 as shown in Fig. 8

(d). The CoMoO4/nanographene/MECN electrode exhibits excellent
cycling stability and the capacity retention (86.4%) is better than that
of the CoMoO4/MECN electrode (80.5%) after 5,000 cycles due to the
superior electrical conductivity of nanographene and good adhesion
between the active materials and substrate.

Fig. 8 (e) shows the Nyquist plots and equivalent circuits of the
electrodes. The ohmic resistance of the electrolyte and internal re-
sistance are simulated as resistor R1 and the capacitance C1 models the
double layer capacitance at the electrolyte/electrode interface. The
charge transfer resistance is modeled by resistor R2 which is in series
with the pseudocapacitance CPE1 [44]. As shown in the inset in
Fig. 7(d), both the internal resistance and charge transfer resistance of
the CoMoO4/nanographene/MECN electrode (1.287 Ω and 0.0269 Ω)
are smaller than those of the CoMoO4/MECN electrode (3.195 Ω and
0.0530 Ω), demonstrating that the CoMoO4/nanographene/MECN
electrode has excellent electrical conductivity and rapid charge transfer
rate. Fig. 8 (f) shows the Nyquist plots of the CoMoO4/nanographene/
MECN (2.5 h) electrode before and after 5000 cycles. The internal re-
sistance R1 before and after 5000 cycles of the CoMoO4/nanographene/
MECN electrode is 1.287 Ω and 1.378 Ω, respectively, indicating a
highly conductive electrode. After 5000 cycles, the CoMoO4/nano-
graphene/MECN electrode shows a small faradic charge transfer re-
sistance (R2 of 0.261 Ω) demonstrating that the CoMoO4/nano-
graphene/MECN electrode has good cycling stability. In addition, the
slope of the impedance plots is greater than the 45° straight line at low
frequencies after 5000 cycles suggesting that the CoMoO4/

Fig. 6. XPS spectra of the CoMoO4/nanographene/MECN: (a) survey spectrum, (b) C 1s core-level spectrum, (c) Mo 3d core-level spectrum and (d) Co 2p core-level spectrum.
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nanographene/MECN electrode has good capacitive behavior due to
rapid ion diffusion.

For further testing, an asymmetrical hybrid device is fabricated. As
shown in Fig. 9 (a), the oxidation and reduction peaks can be observed
and the peak current becomes larger with scanning rates. The CV curves
do not show obvious distortion at a scanning rate of 120 mV s−1 in-
dicating fast charging-discharge of the hybrid device [45]. Fig. 9 (b)
shows the galvanostatic charging–discharging curves of the hybrid de-
vice between 0 V and 0.9 V at different current densities. Compared to
the CoMoO4/nanographene/MECN electrode (0.45 V), the potential
window of the hybrid device increases to 0.9 V which is beneficial to
the energy density of the hybrid device. The energy densities are cal-
culated to be 112.4 μW h cm−2 and 5.62 mW h cm−3 at power densities
of 675.5 μW cm−2 and 33.78 mW cm−3, respectively. Fig. 9 (c) pre-
sents the cycling stability of the hybrid device at a current density of 10
mA cm−2. It has excellent cycling stability showing 14.6% deteriora-
tion after 3000 cycles and capacitance retention of 74.4% after 5000
cycles.

Fig. 9 (d) shows the Nyquist plots of the hybrid device before and
after 5000 cycles in the long-term performance test. The ohmic re-
sistance of the electrolyte and internal resistance are simulated as re-
sistor R1. The constant phase-angle element CPE1 and resistor R2 are
parallel to each other to simulate the solid electrolyte interface (SEI)
layer. The charge transfer behavior is modeled by the capacitor C1 and

resistor R3 connected parallel to each other. The Warburg impedance
W1 is employed to model diffusion of OH−. As shown on the table in
Fig. 8(d), the internal resistance R1 (5.597 Ω) increases to 8.635 Ω after
7000 cycles due to damage of nanographene and Ni layer with de-
creasing electrical conductivity of the electrode. In addition, resistance
R2 related to the SEI layer increases from 2.668 Ω to 122.2 Ω after 5000
cycles because the porous structure of the electrode is damaged during
the long-term test. Resistance R3 associated with the charge transfer
behavior increases to 0.78091 Ω after 5000 cycles perhaps due to da-
mage of the CoMoO4/nanographene composite active materials.

4. Conclusion

The nanostructured CoMoO4/nanographene/MECN composite
electrode is fabricated by a two-step hydrothermal process. The mul-
tilayered nanographene under the CoMoO4 nanorods facilitates faradic
charge transfer and enhances the electrochemical performance of the
electrodes. The nanostructured 3D CoMoO4/nanographene produced
on a macroporous electrically conductive network has a large specific
surface and excellent electrical conductivity, resulting in a large specific
capacity of 85.5 mA h/g (855 μA h cm−2) at a discharge current density
of 1 A g−1 (10 mA cm−2) and excellent capacity retention of 86.4%
after 5000 cycles. The CoMoO4/nanographene/MECN ll AC/Ni-foam
hybrid device delivers excellent capacity performance, for example,

Fig. 7. (a) CV curves of the CoMoO4/nanographene/MECN electrodes for different hydrothermal time; (b) Galvanostatic charging–discharging curves of the CoMoO4/nanographene/
MECN electrode for different hydrothermal time at a current density of 10 mA cm−2; (c) CV curves of the MECN, nanographene/MECN, CoMoO4/MECN (2.5 h), and CoMoO4/nano-
graphene/MECN (2.5 h) electrodes at a scanning rate of 10 mV s−1 in 2 M KOH; (d) Galvanostatic charging–discharging curves of the MECN, nanographene/MECN, CoMoO4/MECN
(2.5 h), and CoMoO4/nanographene/MECN (2.5 h) electrodes at a current density of 10 mA cm−2.
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112.4 μW h cm−2 and 5.62 mW h cm−3 at power densities of
675.5 μW cm−2 and 33.78 mW cm−3, respectively, as well as 74.4%
capacity retention after 5000 cycles. The nanostructured CoMoO4/na-
nographene/MECN composite electrode delivers superior electro-
chemical performance and has large potential in next-generation en-
ergy storage devices.
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nanographene/MECN (2.5 h) electrode at different current densities; (c) Specific capacity of the nanographene/MECN, CoMoO4/MECN (2.5 h), and CoMoO4/nanographene/MECN
(2.5 h) electrodes at various current densities; (d) Cycling stability of the nanographene/MECN, CoMoO4/MECN (2.5 h), and CoMoO4/nanographene/MECN (2.5 h) electrodes at a
current density of 20 mA cm−2. with the inset showing the capacity retention of the different electrodes; (e) Nyquist plots of the CoMoO4/nanographene/MECN (2.5 h) and CoMoO4/
MECN (2.5 h) electrodes with the inset showing the equivalent circuit and elements fitting the impedance curve; (f) Nyquist plots of the CoMoO4/nanographene/MECN (2.5 h) electrodes
before and after 5000 cycles in the long-term performance test with the inset showing the equivalent circuit and elements fitting the impedance curve.
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