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Abstract

The ZnCo,0,/MnO, nanosheets composite is prepared through a facile solvothermal method. It is shown that the ZnCo,0,/
MnO, electrode can exhibit a higher capacity of 286 F/g in three-electrode systems. Moreover, an asymmetric supercapaci-
tor (ASC) is fabricated, in which the as-prepared ZnCo,0,/MnO, and active carbon are used as the positive and negative
electrodes, respectively, delivering a maximum energy density of 16.94 W h/kg (based on the total materials’ mass of two
electrodes, at a power density of 750 W/kg) and an excellent specific capacity of 54.2 F/g. The exceptional retention of
98.5% initial capacitance is obtained after 1500 cycles. This ASC’s practical energy-storage is demonstrated by light a LED
belt when two such setups are charged. Thus, these excellent electrochemical performances make the composite hold great
potential for next-generation supercapacitor applications.
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Nowadays, with environmental pollution getting more seri-

ous, the development of clean, environment-friendly and
sustainable energy is imminent. Super-capacitors (SCs),
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can deliver superior power and energy. SCs have two main
types by their working mechanism: the electrical double-
layer capacitors can store charges by charge separation; and
the pseudo-capacitors, which offer a much higher specific
capacitance, benefit from the reversible faradic reactions
[1-3]. Compared to the former, the electrode materials of
pseudo-capacitors have been strong concerned due to their
enhanced capacitance and excellent electrochemical behav-
ior. It is well known that metal oxides are commonly used
as pseudo-capacitor electrode materials.

Among various metal oxides, ZnCo,0, has attracted a
special attention, due to its unique cubic spinel structure.
The Zn>* and Co®* occupy the tetrahedral and octahedral
positions, respectively, forming a multivalent state, and the
electron transporting activity can be reduced. This is an out-
standing electronic conductivity of ZnCo,0, compared with
single metal oxides (cobalt oxide and zinc oxide) [4]. The
special structure of ZnCo,0, leads to stronger electrochemi-
cal activities, higher electron transport capacity and richer
redox reactions, which enables ZnCo,0, to be one of the
most promising electrode materials [5]. However, ZnCo,0,
limits application on high-performance devices due to
the low specific capacity as well as rapid capacity-fading
caused by repeated charge and discharge. Thus, seeking out
arational design and suitable material to improve ZnCo,0,’s
capacity is generally regarded as an effective method.

As is well known, MnO, has been widely used as an ideal
electrode active material owing to its superior electrochemi-
cal activity and high theoretical capacity (about 1370 F/g),
as well as other advantages, such as low cost, environmental
friendliness and abundant natural resources. Hence, various
MnO, based composite electrode materials were obtained,
in which MnO, was used to improve the specific capacitance
of the composite electrode [6—10]. However, the poor con-
ductivity of MnO, limits its practical application on high-
performance energy storage devices [11-13]. Recently,
two-dimensional (2D) nanomaterials, particularly ultrathin
nanosheets with the thickness of several nanometers, have
generated considerable interest in the field of energy stor-
age due to their unique properties [14, 15]. Generally, the
ultrathin 2D nanomaterials are nearly made up of surfaces
with molecular-scale thickness, causing a high percent-
age of surface atoms and high efficient active sites on the
exposed surface. The unique structure and surface properties
of the ultrathin 2D nanomaterials make them more attrac-
tive in energy devices. More importantly, the ultrathin 2D
nanostructures can provide short ion and electron diffusion
path distances, large electrochemical active sites and elec-
trode—electrolyte interface, high electronic conductivity, and
improved structural stability [16, 17].

Based on the above analysis, it can be an ideal design
to combine the merits of ZnCo,0, and MnO,, which pro-
duces a hopeful electrode material for high performance
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supercapacitor. Hence, ZnCo,0,/MnO, nanosheets are con-
structed by solvothermal method. In this system, ZnCo,0,
is considered as an excellent conductive substrate covered
by MnO,. Moreover, the nanosheets structure can provide
more active sites that contribute to the attachment of MnO,,
offering fast transmission channels for electron. MnO, can
improve the whole capacity, the synergetic effect between
ZnCo,0, and MnO, result in that the entire system has
excellent electrochemical performance.

2 Experimental
2.1 Preparation of ZnCo,0, precursor

ZnCo,0, precursor were prepared by a facial solvother-
mal method. Typically, put 5 mmol Co(NH,),, 1 mmol
ZnCo,0,:6H,0, 2 mmol Co(NO;),:6H,0, 2 mmol NH,F
and 30 mL ethyl alcohol sequentially into 45 mL deionized
water, and stirred to a pink solution. Then, transferred the
solution into four 25 ml Teflon-lined and heated to 140 °C
for 4 h, dried after washing several times with deionized
water. Subsequently, under the protection of N,, heated it
at 400 °C for 4 h and then ZnCo,0, precursor is obtained.

2.2 Synthesis of ZnCo,0,/Mn0, nanosheets
composites

ZnCo,0,/MnO, composites were fabricated by taking three
samples of ZnCo,0, precursor, and, respectively, added in
0.063, 0.031, 0.015 g KMnO, and 20 mL deionized water
solutions. Stirred for 10 min and heated to 160 °C for 2 h
in Teflon-lined. Finally, the samples were washed and dried
at room temperature. We have separately sorted these three
samples as ZM-1, ZM-2, ZM-3, respectively. Detailed prep-
aration process was presented in Fig. 1.

2.3 Materials characterization

The samples’ microstructure was conducted through a FEG
250 field-emission scanning electron microscope (SEM)
system (FEI Co., Hillsboro, OR, USA) and further obtained
using a JEM 2100F transmission electron microscopy
(TEM). The TEM was made by JEOL Ltd., Tokyo, Japan
and accelerated to a voltage of 200 kV. The material’s crystal
structure was measured via powder X-ray diffraction (XRD)
patterns with Cu-Ka radiation 10-70°. X-ray photoelectron
spectrometer (XPS) was characterized to investigate the
chemical structure of the samples (VG Scientific ESCALAB
LK II spectrometer; Thermo Fisher Scientific Inc., Waltham,
MA, USA).
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Fig. 1 Preparation process for
the ZnCo,0,/MnO, nanosheets
composites

Zn%
Co%*
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2.4 Fabrication of an ASC

To fabricate an ASC device, ZM-2 and active carbon (AC)
were used as positive and negative electrodes of superca-
pacitor, respectively. Active materials (ZM-2/AC) loading
mass ratio was determined by the charge balance relation-
ship of gt =¢~. Typically, g* and g~ were used to represent
the electrode charges. The mass balance of composite aimed
to meet g* =g, which depended on the following equation
[18-21]:

g=mxXCxXAV (1)

mt/m~ = (C”x AV")/(C* x AV™T) 2)
where m (g), C (F/g) and AV (V) represent the active mate-
rial mass, the electrode specific capacitance, and the operat-
ing voltage, respectively. And the specific capacity Cs could
be calculated according to the following equation:

Cs=1At/(mAV) 3)
where I, A t, m, AV represent the power current, the dis-

charge time, the total mass of working electrode and operat-
ing voltage window, respectively.

2.5 Electrochemical measurements

All the electrochemical performances were tested by a CHI
660E electrochemical workstation (Shanghai Chenhua Co.
Ltd, China), and 6M aqueous KOH solution was treated
as electrolyte. In the three-electrode system, galvanostatic
charge and discharge, cyclic voltammetry and electrochemi-
cal impedance spectroscopy (EIS) were measured. ZnCo,O,/
MnO,, platinum wire and Hg/HgO were, respectively, used
as a working electrode, a counter electrode and a reference
electrode. Based on a weight ratio of 8/1/1, mixed ZnCo,0O,/

CO(NH2)2

.~

ZnCo,0,

- =

ZnCo,0,/MnO,

-

i
i

MnO, composite, acetylene black and polyvinylidene fluo-
ride binder ethanol mixture to make working electrodes and
then pressed onto nickel foam current collectors, dried at
353 K for 12 h [22-24].

3 Results and discussions

The ZnCo,0,/MnO, nanosheets’ morphologies were meas-
ured via a scanning electron microscopic (SEM). Figure 2a
showed the structure of ZM-1 composite, it could be clearly
seen that composite was nanosheet composed of nanoparti-
cles, and the thickness was about 30 nm, the over-all struc-
ture relative loose or even collapsed. The morphology of
ZM-2 was presented in Fig. 2b, comparing with the ZM-1,
the nanosheet structure of ZM-2 became more compacted
and denser. It was clear that ZM-2 nanosheets’ thickness
was increased to 50 nm. The nanosheets were well covered
by MnO, and the structure was also accumulated of nano-
particles, providing other transmission channels for ions and
electrons. With increasing MnO, loading, the structure of
ZM-3 nanosheets composite was displayed in Fig. 2c, the
surface became rougher than former due to the increasing of
MnO,. The nanoparticles on the surface of nanosheets had
gradually agglomerated. What’s more, the nanosheets had
been severely damaged.

To further analyze the nanosheets’ composition and
morphology, ZM-1 and ZM-2 composite took transmis-
sion electron microscopy (TEM) and high-resolution TEM
(HRTEM) observations. Figure 3a was the TEM image of
ZM-1 nanosheet, it could be clearly seen that the nanosheet
was constructed by loosen nanoparticles. HRTEM image of
ZM-1 was shown in Fig. 3b, which displayed two types of
clear lattice fringes, the fringes spacing was ca. 0.241, cor-
responding to the crystal structure of ZnCo,0,, and another
set of the clear fringes spacing measure ca. 0.237 nm, which
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Fig.3 a, b TEM and HRTEM
images of ZM-1 nanosheets
composite; c—f TEM and
HRTEM images of ZM-2
nanosheets composite

10 nm ;

corresponded to the lattice spacing of the MnO,. Figure 3c
showed that ZM-2 composite exhibited a geometrical sheet-
like 2D structure. Figure 3d further revealed the structure of
ZnCo,0,/Mn0O, composite, the nanosheets was constructed
by nanoparticles and well combined with MnO, nanoparti-
cles uniformly, the TEM images were in good agreement
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with the SEM analysis in Fig. 2. From Fig. 3e, f, it was
very easy to see clear lattice stripes and an obviously grain
boundary. In Figure E. The crystal lattice spacings were
0.241 and 0.237 nm, which corresponded to the (311) (211)
crystal planes of a-MnO, and ZnCo,0O, crystals, respectively
[25, 26].
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The composition, internal structure and morphology of
fabricated composite were detected by X-ray diffraction
(XRD). From the patterns of Fig. 4, the main diffraction
peaks of ZnCo,0, (JCPDS card no. 81-2299) were found
in composite material, and the diffraction peak about
260=~36.5 correspond well to the (311) planes of ZnCo,0,.
Meanwhile, all MnO, diffraction peaks were well indexed
to reflection peaks that consistent with the a-MnO, (JCPDS

ZnCo,0,/Mn0O,

ZnCo,0,(JCPDS card no. 81-2299)

1 I L 1 1 I l
MnO,(JCPDS card no. 44-141)

|
2 Theta (degree)

Intensity (a.u.)

Fig.4 The XRD patterns of ZnCo,0,/MnO, composite with pure
ZnCo,0, and MnO,
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card no. 44—141). Furthermore, the peak of 20=~37.0 was
found that indexing MnO,’s (211) planes [27, 28]. The char-
acteristic peaks of MnO, and ZnCo,0, could indicate the
nanosheets of ZnCo,0,/MnO, composite were successfully
synthesized.

The bonding configuration and chemical composition of
the ZnCo,0,/MnO, nanosheets composites were analyzed
through X-ray photoelectron spectroscopy (XPS). Figure 5a
shown the fully scanned spectra of XPS that Mn, Zn, O,
Co, C were determined, certificating the chemical compo-
nents of ZnCo,0,/MnO,. To reveal the elemental valence,
the peaks in 641.7 and 653.5 eV in Fig. 5b corresponded to
Mn 2p;;, and Mn 2ps,, respectively, demonstrating exist-
ence of Mn*" of MnO,. The amplified spectrum of Zn in
Fig. 5¢ showed two strong characteristic peaks at 1021 and
1044 €V, pointing to Zn 2p,,, and Zn 2p,, to explain the
presence of Zn”>*. In Fig. 5d, the enlarged spectra O 1 s was
further demonstrated two characteristic peaks pointing to
oxygen species of ZnCo,0, and MnO,, the peaks at 529.6
and 531.3 eV were attributed to the O~ forming oxide with
cobalt and manganese elements, respectively. All above test-
ing methods were to illustrate the formation of ZnCo,0,/
MnO, composite [29-32].

The electrochemical performance of samples was inves-
tigated through Galvanostatic charge—discharge (GCD) and
Cyclic voltammograms (CV) via a three-electrode configu-
ration test, which made 6 M KOH solution as the electrolyte.
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Fig.5 a XPS fully scanned spectra of ZnCo,0,/MnO,. b Mn 2p scan ¢ Zn 3p scan and d O 1 s scan
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The CV curves reflected the stability of electrode materi-
als and the curve area represented the specific capacitance.
Obviously, in Fig. 6a, all the CV curves exhibited well-
defined redox peaks which were very different from the
Electric Double-Layer Capacitance (EDLC). After adding
MnO, the composite materials had strong pseudo-capacitive
behavior due to a pair of obvious redox peaks at ~0.28 and
~0.37 V. It could be found that pure ZnCo,0, had rela-
tively weak response current, indicating that MnO, indeed
increased the capacitance of ZnCo,0, electrode. The redox
peaks of composite shifted because the rich pseudo-capaci-
tive reaction of the Mn**/Mn** and Co(OH),/CoOOH redox
couples [33, 34]. The symmetrical curves of GCD implied
excellent reversible behavior. According to the Eq. (3), we
obtained samples’ capacitance 230, 286, 280, 190.6 F/g in
Fig. 6b, respectively. From ZM-1, ZM-2 and ZM-3, capac-
ity changes can be drawn, the capacity of ZnCo,0, does not
increase in proportion to the load of MnO,. ZM-3 capacity
reduction might be due to the MnO, agglomeration, and the
load of MnO, should had the best conditions. The proper
content of MnO, would make sure that the electrode mate-
rial had a better electrochemical performance, and exces-
sive MnO, could lead to the reduction of effective area with
which electrolyte is in contact.

Moreover, a series of electrochemical measurements were
performed to investigate the electrochemical properties of
the electrode. The samples’ charge—discharge and cyclic vol-
tammetry performance were separately tested at different
current densities and sweep rates. Figure 7a, ¢, and e showed
the CV performance and Figure b, d, and f exhibited the
GCD curves of the samples respectively. Figure 7a showed
the curves shape of ZM-1 was not significantly influenced
by the increasing of scan rates. It indicated that the electron
conduction improved and the electrochemical performance
in the materials was very stable. Figure 7b revealed that
the curves of ZM-1 remained symmetrical when density

—2ZM-1

—ZM-2
ZM-3

—2ZnCo204
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increased. It was clearly shown that ZM-2 nanosheets com-
posite had a steady voltage of 0.5 V at different scan rates,
ranging from 5 to 100 mV/s as shown in Fig. 7c. At a scan
rate of 5 mV/s, the strong faradaic reaction generated the
anodic peak lay near 0.28 V and the cathode peak lay around
0.37 V, revealing the mechanism of energy storage. In addi-
tion to its stable properties, with the scan rate increasing, the
anodic/cathodic peak, respectively, shifted toward positive/
negative potential due to the kinetic irreversibility during the
faradaic process in ZnCo,0,/MnO, composite. At change-
able current density ranging from 1 to 10 A/g, Fig. 7d based
on Eq. (3), shown that the ZM-2 composites’ specific capac-
ity varies from 286 to 176 F/g. The total capacitive increase
of ZnCo,0,/MnO, electrode may be attributed to the domi-
nant contribution of the nanosheet structure, providing the
faraday reaction with sufficient active sites and channels for
rapid transportation of electrons/ions. From Fig. 7e, ZM-3
area decreased in comparison to ZM-2 composite. Figure 7e
was consistent with the calculation results of Fig. 7f. From
the above analysis, it was shown that the suitable load of
MnO, in ZM-2 possessed the best electrochemical perfor-
mance and stability [35].

The specific capacitance of ZM-1, ZM-2, ZM-3 and
ZnCo,0, electrodes were tested in Fig. 8a. The specific
capacitance reduced with the current density enhancing.
The ZM-2 electrode exhibited higher capacity than other
samples’ results through in comparison with the various
electrode types. Meanwhile, the capacitance of the ZM-2
composite material accounted for 61.53% of the initial
capacitance. The electrochemical performance was further
investigated by an electrochemical impedance spectroscopy
in Fig. 8b to test the kinetic properties of electrode mate-
rials. The three electrodes displayed a similar curve-form,
in which the intercept with the real axis represented the
equivalent series resistance (R,), the semicircular area in
high frequency equivalent to charge transfer resistance (R,

Potential (V)

|

0.0 A A A A A A n
0 50 100 150 200 250 300 350 400
Time (S)

Fig.6 a Cyclic voltammograms curves of ZM-1, ZM-2, ZM-3 and pure ZnCo,O, electrodes at a scan rate of 5 mV/s. b Galvanostatic charge—

discharge curves of the ZM-1, ZM-2, ZM-3 and ZnCo,0, at 1 A/g
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Fig.7 The cyclic voltammograms and galvanostatic charge—discharge curves of ZM-1 (a, b), ZM-2 (c, d), ZM-3 (e, f) at different scan rates and
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Fig.8 a Specific capacitance for all obtained samples at different densities of 1-10 A/g and the electrochemical impedance spectroscopy (EIS)

in (b)

and the low-frequency area line showed the rate capability
of the composite. Based on samples’ comparison, the line of
ZM-2 at low frequency stayed away from real axis that have
better rate capacity. Due to faster kinetic diffusion processes,
ZM-2 presented a slow specific capacitance decrease with
increased current densities. The equivalent series resistance
(R,) of ZM-2 was the lowest, resulting from good dynamic
diffusion performance. As mentioned above, as the MnO,

content in nanosheets increased, the electrochemical reaction
of the electrode was promoted. Because the composite pro-
vided more active sites and ion/electron transport channels,
reducing internal resistance and promoting rate capability.
Thus, the composite R, was smaller than pure ZnCo,O,, but
only very small amount of MnO, went into contact with
the electrolyte and the excess MnO, would agglomerate to
prevent the transfer of ion/electron [36, 37]. From these two
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figures, we could see that the composite electrochemical
performance was much better than the pure ZnCo,0, and
MnO, at a concentration of 0.031 g to achieve the best.

To clearly demonstrate the practical performance of as-
prepared ZnCo,0,/MnO, nanosheets electrode, an asym-
metric supercapacitor (ASC) was fabricated, in which
ZM-2 and active carbon were used to be positive and nega-
tive electrodes, respectively. The cyclic voltammograms in
Fig. 9a was carried out to evaluate the ASC potential win-
dows. The unchanged shape of CV curves indicated that the
super-capacitor achieved a 1.5 V stable voltage window at a
mutative scan rate of 5-100 mV/s. Figure 9b was the GCD
curves of ASC, displaying ideal triangular and symmetric
shapes that implies excellent reversibility. Specific capaci-
tance ranged from 54.2 to 36.13 F/g at a variable current
density of 1-10 A/g. Figure 9c showed that the Ragone plots
of the ASC were calculated from GCD curves, the obtained
maximum energy density 16.94 W h/kg (a power density
of 750 W/kg) and maximum power density 7500 W/kg (an
energy density of 11.3 W h/kg) due to the high specific
capacitance and additional electronic transmission channels.
The composite material of ZnCo,0, and MnO, as the elec-
trode of the supercapacitor showed significantly better power
density and energy density than reported literatures [38,
39]. To better understand the electrochemical performance
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Fig.9 Electrochemical performance of the asymmetric supercapaci-
tor based on the ZM-2 and AC as positive and negative electrodes: a
The CV curves of the ASC device in different scan rate. b Galvano-
static charge—discharge curves at different current densities from 1 to
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of ZnCo,0,/MnO, nanosheets in such a hybrid electrode
compared to other related researches, the corresponding data
were listed in Table 1. Cycle stability testing was another
fundamental feature of a high-performance ASC and meas-
ured the device’s capacitance during charge—discharge
cycles at 1 A/g after 1500 cycles. Here, the capacitance of
the ASC retained 98.5% of its initial value in Fig. 9d. The
potential application of ZM-2 in super-capacitor was further
demonstrated by a setup which connected two ASC devices
to give electrical power for a commercial LED bulb belt
(Fig. 9d, inset), explaining that the assembled ASC device
possessed a great prospect in practical energy storage.

4 Conclusions

To sum up, the ZnCo,0,/MnO, nanosheets composite had
been successfully synthesized. The as-prepared composition
exhibited a better specific capacity of 286 F/g. In addition, an
ASC device, based on ZnCo0,0,/MnO,, was well designed,
exhibiting a maximum energy density of 16.94 W h/kg and
a maximum power density of 7500 W/kg. This ZnCo,0,/
MnO,-based ASC system had superior cycling stability
(98.5% capacitance retention after 1500 cycles). The device
could easily light a commercial LED bulb belt, endowing
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in which energy density versus power density. d Cycling performance
after 1500 cycles at 1 A/g of the asymmetric supercapacitor (insert
photograph showing a green LED belt was powered by ASC devices)
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Table 1 The comparison of the electrochemical performance for the composite electrode in our work and other reported electrodes

Electrode materials Capacitance (F/g) Energy density Power density Capacitance Cycle number References
(Wh/Kg) (W/Kg) retention (%)

3D graphene/MnO, 29.8 (1.5 mA/cm?) 6.8 2500 93.28 500 [40]
Graphite/PEDOT/MnO, 20.8 (1 A/g) 31.4 81.1 2000 [41]
Ultrathin porous MnO, nanoflowers 85.8 (200 mA/g) 47.4 2000 90 1000 [42]
ZnCo,0,/CC 423 (2 mA/cm?) 12.5 3600 96.2 1000 [43]
ZnCo,0,/Ni 10.9 (10 mV/S) 0.076 1.9 92 3500 [44]

This work 54.2 (1 Alg) 16.94 7500 98.5 1500

the ASC has new opportunities as energy storage devices.
The excellent electrochemical performance might ascribed
to the excellent conductive substrate of ZnCo,0, covered by
high capacity of MnO,, in addition, the nanosheets structure
provided more active sites that contributed to the attachment
of MnO,, offering fast transmission channels for electron.
The synergetic effect between ZnCo,0, and MnO, result
in that the entire system has superior electrochemical per-
formance. The ZnCo,0,/MnO, nanosheets composite with
these favorable electrochemical properties may provide reli-
able electrode materials for super-capacitors in the future.
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