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ABSTRACT: Aligned spinel Mn—Ni—Co ternary oxide (MNCO) nanowires
are synthesized by a facile hydrothermal method. As an electrode of
supercapacitors, the MNCO nanowire array on nickel foam shows an
outstanding specific capacitance of 638 F ¢! at 1 A ¢! and excellent cycling
stability. This exceptional performance benefits from its nanowire architecture,
which can provide large reaction surface area, fast ion and electron transfer, and
good structural stability. Furthermore, an asymmetric supercapacitor (ASC)
with high energy density is assembled successfully by employing the MNCO
nanowire array as positive electrode and carbon black as negative electrode. The
excellent electrochemical performances indicate the promising potential

application of the ASC device in the energy storage field.
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1. INTRODUCTION

Among various energy storage devices, electrochemical
capacitors, also called supercapacitors, which is a new kind of
energy storage device combining the features of conventional
capacitors (high power density, long cycling life) and
rechargeable batteries (high energy density), have been
extensively studied.'™"* Various applications in electric equip-
ment and hybrid electric vehicles make electrochemical
capacitors highly desirable. However, the energy density of
existing supercapacitors is far from meeting the requirement. For
practical applications, advanced supercapacitors must be
developed with higher operating voltage and higher energy
density without sacrificing power delivery and cycle life in the
future."

To improve the cell voltage and energy density of super-
capacitors, considerable research efforts have been focusing on
developing asymmetric supercapacitors (ASCs) comprising an
electric double layer capacitor electrode (negative electrode) and
a redox-active material electrode such as transition-metal oxides
(positive electrode).'"*" ASCs can make full use of the different
potential windows of the two electrodes to increase the
maximum operation voltage in the cell system, thus resulting in
an enhanced specific capacitance and significantly improved
energy density.”” The negative electrodes are always carbon
materials, while the positive electrodes widely employ metal
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oxides. Now the main focus of the ASC research is to develop
advanced positive electrodes.

Nowadays, many nanostructured transition-metal oxides, such
as C0;0,,°27>° Ni0O,**"* Mn0,,*** have been extensively
investigated as pseudocapacitors and ASC electrodes. Among
them, Co;0, has attracted much attention for its high theory
specific capacitance and high conductive property. However, its
high cost and potential to contaminate the environment limit the
applications of the Co;0, electrode, so to partly replace the
cobalt atoms with other elements while the nanostructure is
maintained has been a feasible and promising strategy to address
the issue. For instance, Zhang et al. synthesized mesoporous
spinel NiCo,O,, which presented a high specific capacitance of
1619.1 F g”"ata current density of 2.0 A g~" and excellent cycling
stability;> Gomez and Kalu fabricated a thin film binder-free
MnCo,0, electrode, and a specific capacitance around 832 F g™*
at a scan rate of 20 mV s~ was obtained.>® As far as we know,
there are few reports about ternary composite oxide used in a
supercapacitor electrode. As the atom radii of Mn, Ni, and Co are
similar to each other, here, we introduce the elements Mn and Ni
into Co;0, to partly replace Co atoms, in order to obtain a Mn—
Ni—Co ternary oxide (MNCO) without crystal structure change.
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Compared to Co;0,, the MNCO greatly reduces the cost and at
the same time possesses better safety performance. Besides, it is
expected to offer a synergistic effect on redox reactions, including
contributions from cobalt, nickel, and manganese ions, compared
to the corresponding single component oxides.

In this present work, the MNCO nanowire array directly
grown on nickel foam is synthesized by a facile hydrothermal
method, which yields the spinel structure reported for Co;0,.
The MNCO electrode shows high specific capacitance and
excellent cycling stability. At the same time, the ASC device is
fabricated by using the MNCO nanowire array and carbon black
as the positive and negative electrode, respectively, which also
exhibits high energy and power density, as well as excellent
electrochemical stability, indicating its promising application in
energy storage.

2. EXPERIMENTAL SECTION

2.1. Preparation of Materials. All the reagents used in the
experiment are of analytical grade and used as received without further
purification. The cobalt nitrate, manganese nitrate, nickel nitrate, urea,
and ammonium fluoride are obtained from Shanghai Chemical Reagent
Co. All aqueous solutions were freshly prepared with high purity water
(18 MQ resistance).

MNCO nanowire array was synthesized by a facile hydrothermal
method according to the following steps. The reaction solution was
obtained by mixing 1 mmol of Mn(NOs;),, 1 mmol of Ni(NO;),, 1
mmol of Co(NO,),, 6 mmol of NH,F, and 15 mmol of urea in 70 mL of
distilled water under magnetic stirring for 30 min in air. Nickel foam
substrates 3.5 X 5.0 cm” in size were pressed into thin plates under a
pressure of 10 MPa and cleaned ultrasonically in ethanol for 20 min. The
top sides of the substrates were uniformly coated with a polytetrafluoro-
ethylene tape to prevent the contamination of the solution. Then the
resulting solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave, and the nickel foam substrates were immersed into it.
After 4 h at 120 °C, the autoclave was then naturally cooled down to
room temperature. Subsequently, in order to remove the free debris and
residual reactant, the hydroxide precursor film was washed with distilled
water repeatedly. Finally, the precursor film was annealed at 350 °C in
argon gas for 2 h to make a full transformation of precursor into the
Mn—Ni—Co ternary oxide.

2.2. Characterization of Materials. The structure and morphol-
ogy of the as-synthesized MNCO were characterized by X-ray diffraction
(XRD, RIGAKU D/Max-2550 with Cu Ka radiation), scanning electron
microscopy (Hitachi S-4800 equipped with GENENIS 4000 EDAX
detector), and transmission electron microscopy (TEM, CM200,
PHILIPS). The chemical composition of the product was examined
by means of energy dispersive X-ray spectroscopy (EDX). The specific
surface area was measured following the multipoint Brunauer—
Emmett—Teller (BET) procedure from N, adsorption—desorption
isotherms using an AUTOSORB-1-C gas sorption analyzer.

The electrochemical properties, as both supercapacitor electrode and
asymmetric electrochemical capacitor, of the MNCO nanowire array
grown on nickel foam were investigated. The mass of the active material
loaded on the Ni foam substrate is 1.84 mg cm™ and is obtained from
the difference between the substrate mass measured before and after the
hydrothermal-annealing procedure.

The electrochemical measurements of the MNCO nanowire array
electrode were carried out in a three-electrode electrochemical cell
containing 6 M KOH aqueous solution as the electrolyte with Pt foil and
Ag/AgCl electrode as the counter and reference electrode, respectively.
Cyclic voltammetry (CV) measurements were performed on a
CHI660D electrochemical workstation (Chenhua, Shanghai, China)
in the potential range of 0—0.5 V (vs Ag/AgCl) at scanning rates of S0,
20, 10, and S mV s™". The galvanostatic charge—discharge tests were
conducted on a LAND battery program-control test system. The specific
capacitance is calculated according to the following equation: C = IA¢t/
MAV, where C (F g") is the specific capacitance, I (mA) represents the
discharge current, and M (mg), AV (V) and At (s) designate the mass of
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active material, potential drop during discharge, and total discharge time,
respectively. The energy density (E) is calculated according to the
equation E = CAV?/2, and the power density (P) is calculated according
to the equation P = E/AT.

The electrochemical measurements of the ASC device were carried
out in a two-electrode electrochemical cell containing 6 M KOH
aqueous solution as the electrolyte. The ASC was assembled using the
MNCO as positive electrode, the carbon black electrode as negative
electrode, and the cellulose acetate as separator. The scheme is shown in
Figure S1 (see Supporting Information). Particularly, the negative
electrode was prepared as follows: First, 90 wt % carbon black and 10 wt
% polyvinylidene fluoride binder dispersed in 1-methylpyrrolidone
solvent were mechanically mixed to produce a homogeneous paste.
Then the mixture was coated onto the nickel foam substrate to form the
electrode layer. Finally, the fabricated electrode was pressed and then
dried at 60 °C for 12 h. The electrochemical performances of the ASC
device were measured by the same procedure as mentioned above. All
the electrochemical measurements were conducted at room temper-
ature.

3. RESULTS AND DISCUSSION

3.1. Characterization. The structure of the precursor and
the final product were characterized by XRD analysis. The XRD
pattern of the precursor film is shown in Figure S2 (Supporting
Information). Besides three strong peaks from the nickel foam
substrate, all the reflection peaks of the precursor film can be
indexed to cobalt hydroxide Co(OH), (JCPDS 02-0925). After
annealing treatment, the Mn—Ni—Co ternary oxide is formed by
the substitution of Mn and Ni atoms for Co atoms in Co;0,
structure. All of the XRD diffraction peaks of the MNCO can be
indexed as a spinel structure phase of space group Fd3m (Figure
1). It is noted that the diffraction peaks of both the precursor and
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Figure 1. XRD pattern of the MNCO nanowire array.

the ternary oxide shift slightly compared to those of the
Co(OH), and spinel Co,0, (PDF No. 74-1657). This is due to
the differences of the metal ionic radii of Co, Mn, and Ni.
However, the substitution of Mn and Ni does not affect the
crystal structure of spinel Co;0, significantly. Furthermore, no
additional peaks for other phases are observed. The composition
of MNCO nanowires is investigated through EDX (Figure S3,
Supporting Information), which confirms the existence of the
elements Ni, Co, Mn, O, and C (originating from the conducting
resin). We operate the EDX instrument equipped with SEM, and
the sample is obtained by scratching the Ni foam. Wherein the
atom ratio of Ni:MnCo is 1.46:0.36:1.18, indicating that cobalt
atoms are partially replaced by both nickel atoms and manganese
atoms. The specific surface area of the MNCO nanowires,
calculated by employing the Brunauer—Emmett—Teller (BET)
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method, is found to be 84.52 m* g~' (Figure S4, Supporting
Information).

Figure 2 shows the SEM images of the MNCO nanowire array
and its precursor. The morphologies of the MNCO nanowires

Figure 2. SEM images of (a, b) the hydroxide precursor and (c, d) the
MNCO nanowire array.

and their hydroxide precursor are almost the same (Figure 2a,b),
maintaining the nanowire array structure. Figure 2c,d clearly
indicates that the nanowires with an average diameter of 50 nm
grow directly on the nickel foam, forming a nanowire array.
These nanowires dispersively distribute on the surface of Ni
foam, which means the reduction of self-aggregation. From the
mapping results shown in Figure 3, the three elements (Co, Mn,
and Ni) distribute uniformly on each nanowire.

Figure 3. EDX mapping of the MNCO nanowire array.

Further insight into the detailed nanostructure is elucidated by
TEM results, further confirming the nanowire architecture. The
structural characterization of a single nanowire is performed in
detail by HRTEM and selected-area electron diffraction (SAED).
In Figure 4a, the typical TEM image confirms that the average
diameter of nanowires is about 50 nm. In addition, the MNCO
nanowires present a mesoporous structure, which is ascribed to
the successive release and loss of CO, and H,O during the
thermal decomposition of the precursor. Figure 4b shows a
HRTEM image of the MNCO nanowires. The lattice fringes
with a lattice spacing of about 0.47 nm correspond to the (111)
planes of space group Fd3m. The SAED pattern of the nanowire
is also presented in Figure 4c, which confirms the polycrystalline
teature of MNCO nanowires. Apparently, the SAED pattern can
be well-indexed to the spinel structure. The high specific surface
area and mesoporous structure of the MNCO product provide

low-resistance pathways and more active sites, which can help to
improve ion and electron transfer, thus leading to enhanced
electrochemical performances.

3.2. Electrochemical Studies. 3.2.1. Electrode Perform-
ances. The redox reaction mechanism for the pseudocapacitance
of MNCO is described by the following equations, and the
chemical transformations are highly reversible. The redox
reactions in the alkaline electrolyte are based on the following

. 7,38
equatxons:3 3

MNCO + H,0 + OH"~
< CoOOH + MnOOH + NiOOH + e~ (1)

CoOOH + MnOOH + OH™
< Co0O, + MnO, + H,0 + e ()

CV analysis is considered to be a suitable tool for estimating
the difference between the non-Faradaic and Faradaic reactions.
Figure Sa shows the CV curves of the MNCO nanowire array
electrode in the voltage region of 0—0.5 V (vs Ag/AgCl) at
different scan rates. There is one oxidation peak, P1, observed in
the anodic process and one reduction peak, P2, observed in the
cathodic process, which indicates that the capacitive character-
istics are mainly governed by Faradaic reaction. The observed
peak potentials are centered at about 0.42 V (P1) and 026 V
(P2) vs Ag/AgCl, respectively, at a scan rate of SO mV s}, which
may come from the reversible reactions of Mn*"/Mn*, Ni**/
Ni**, and Co**/Co** redox pairs in 6 M KOH aqueous solution,
as the above redox reactions. With the increase of scan rate, the
anodic peaks shift toward positive potential and cathodic peaks
shift toward negative potential, due to the limited diffusion
time,””*" indicating the quasireversible feature of the redox
couples.

Figure Sb shows the charge—discharge curve of MNCO
nanowire array within the voltage range of 0—0.5 V at a current
density of 1 A g™'. It can be seen that there is an obvious
discharge voltage plateau in the discharge process, which
indicates that the electrode exhibits pseudocapacitance behavior.
According to the equation C = IAt/MAV, the specific
capacitance of the MNCO nanowire array is calculated to be
638 F g7' at 1 A g”'. The charge—discharge curves at current
densities of 1—20 A g~" are shown in Figure Sc. Figure 5d shows
the dependence of specific capacitance on the discharge current
density. The MNCO nanowire array electrode exhibits high
specific capacitance values of 609.6 Fg ' at2A g™, 566 Fg ™' at 4
Ag',4864F¢g 'at8Ag ', 466Fg 'at 10Ag ', and 404 Fg*
at 20 A g7/, respectively; 63.3% of the capacitance is maintained
when the discharge current density increases from 1 Ag™' to 20 A
g~ ". The nickel foam only exhibits small capacitance with several
discharge seconds, which can be neglected.41

Figure 6 indicates the Ragone plot (power density vs energy
density) of MNCO nanowire array electrode. The energy density
can be estimated to be 79.8 Wh kg™ at a power density of 250 W
kg™, and its energy density is still as high as 50.5 Wh kg™ at a
high power density of S kW kg™". The cycle performance of the
MNCO nanowire array is examined at a current density of 2 A
g™, as presented in Figure 7. It can be observed that the specific
capacitance increases gradually at the beginning of the charge—
discharge cycles, which can be attributed to the complete
activation process of the Faradaic pseudocapacitance of the
electrode,™ and then there is a slight decrease. The complete
activation takes almost 2000 cycles; a possible explanation is that
only a part of electrode material is active at first. As the electrolyte
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Figure 4. (a) TEM images, (b) HRTEM image, and (c) SAED pattern of the MNCO nanowire.
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Figure S. (a) CV curves of MNCO nanowire array electrode in the potential region of 0—0.5 V at different scan rates (vs Ag/AgCl), (b) galvanostatic
charge—discharge curve of MNCO nanowire array at a current density of 1 A g™, (c) galvanostatic charge—discharge curves of MNCO nanowire array at
different current densities, and (d) current density dependence of the specific capacitance.

gradually penetrates into the inner region of the electrode, more capacitance. After 6000 cycles, the electrode presents a
and more sites become activated and contribute to the increase of capacitance of 703.5 F g~' with 93.6% of the maximum value.
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Figure 6. Ragone plot of the MNCO nanowire array electrode.
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Figure 7. Cyclability of the MNCO nanowire array between 0 and 0.5V
at a current density of 2 A g™ (vs Ag/AgCl).

Moreover, the nanowire array architecture is well-maintained
after cycling for 4000 cycles (Figure SS, Supporting Informa-
tion), which can also indicate that the nanowire array possesses
good structural stability.

The excellent electrochemical performances of the MNCO
array can be ascribed to its nanostructure. It is suggested that a
high specific surface area and the open geometry between the
nanowires allow easier electrolyte penetration and diffusion into
the inner region of the electrode, resulting in high utilization of
active materials and enhanced diffusion kinetics. Besides, the
nanowire structure stays stable during the charge—discharge
process, helping to alleviate the structural damage caused by
volume expansion during cycling and maintaining the mechan-
ical integrality of the overall electrode. All of the above lead to
excellent pseudocapacitor performances.

3.2.2. Asymmetric Supercapacitor Performances. In order
to explore the practice application of the MNCO electrode, the
MNCO//C ASC is successfully fabricated. In the MNCO//C
ASC, the weight ratio of MNCO to C is obtained from the
specific capacitance of the MNCO electrode and the carbon
electrode. The specific capacitance of a given electrode (MNCO
or C) is determined by integrating the CV curve to obtain the
voltammetric charge (Q) and subsequently dividing this charge
by the mass of the electrode (m) and the width of the potential
window (AE).**

C = Q/(AEm) (©)

Subsequently, to ensure the charge balance of the hybrid cell,
the optimal weight ratio between the positive and negative
electrodes is 0.89, and the active mass of the ASC includes
materials of both the positive and negative electrodes.
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Figure 8. (a) CV curves of MNCO and carbon electrode performed in a three-electrode cell in 6 M KOH electrolyte at a scan rate of 50 mV's™", (b) CV
curves of the MNCO//C ASC device measured at a potential window of 0—1.5 V at different scan rates, (c) galvanostatic discharge curves of the ASC
device at different current densities, and (d) current density dependence of the specific capacitance.
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To estimate the stable potential window of MNCO//C ASC,
CV measurements were performed on the two electrode
materials in 6 M KOH aqueous solution before evaluating the
asymmetric cell, using a three-electrode system with a platinum
foil as counter electrode and Ag/AgCl electrode as reference
electrode, as shown in Figure 8a. The MNCO electrode is
measured within a potential window of 0—0.5 V, while the carbon
electrode is measured within a potential window of =1 to 0 Vata
scan rate of SO mV s~'. The CV curve of the carbon electrode
exhibits a nearly rectangular shape, which is a characteristic of an
electric double layer capacitor. As for the MNCO, two redox
peaks are easily observed, which have already been analyzed
above. On the basis of these results, it can be seen that the
potential window of MNCO is from 0 to 0.5 V and the potential
window of carbon is from —1 to 0 V with capacitive behavior.
Furthermore, it can be observed that the two materials are stable
in a different range of potentials. Therefore, the overall
capacitance of the MNCO//C ASC device derives from the
combined contribution of electrical double layer capacitance and
redox pseudocapacitance. The total operating cell voltage can be
expressed as the sum of the potential range for the two
electrodes. It is possible to conclude that the cell potential can be
extended up to 1.5 Vin 6 M KOH aqueous solution, if the two
electrodes are assembled into ASC devices. Therefore, we
construct an ASC device by using MNCO as the positive
electrode and carbon black as the negative electrode in a 6 M
KOH electrolyte. Figure 8b shows the CV curves of our ASC
device in a potential window of 0—1.5 V in 6 M KOH electrolyte
at different scan rates of 200, 100, 50, 20, 10, and S mV s~
Compared to that of pure MNCO and carbon electrode, the ASC
device shows relatively rectangular CV curves without obvious
redox peaks, even at the potential up to 1.5V, indicating the ideal
capacitive behavior. In addition, CV profiles still retain a
relatively rectangular shape without obvious distortion with
increasing potential scan rates, indicating the desirable fast
charge—discharge property for power devices. Rate capability is
an important factor for the electrochemical capacitors in power
applications. So we perform galvanostatic charge—discharge tests
at various current densities in 6 M KOH electrolyte. A good
electrochemical energy storage device is required to provide its
high specific capacitance and high energy density at a high
charge—discharge rate. Plots of voltage versus time for the ASC at
various current densities are shown in Figure 8c. Figure 8d
presents the relationship between the specific capacitance of the
ASC device and current density. A linear variation of the voltage
is observed, indicating that the ASC has an ideal capacitive
characteristic, which is in good agreement with CV curves. On
the basis of the equation C = IAt/MAYV, the ASC device delivers
a maximum specific capacitance of 109.9 F g™ at 0.1 A g™* and
shows specific capacitances of 92.7 F ¢! (0.3 Ag™!),87.9F g™!
(0.5Ag™"),8.7Fg ' (1Ag™"),744Fg ' (2Ag™"),644Fg"
(4Ag"),and 60.7 F g7' (5 A g7"), respectively. The specific
capacitance drops 55.1% when the current density increases from
0.1 to 5 A g™". The specific capacitance gradually decreases with
the increase of current density, since diffusion most likely limits
the movement of ions and electrons due to the time constraint.
Nevertheless, the present ASC device still retains a good rate
performance.

Figure 9 shows the Ragone plot of the ASC device measured in
the voltage window of 0—1.5 V. The energy and power densities
are derived from the discharge curves at different current
densities. For comparison, the symmetric supercapacitor devices
on MNCQO//MNCO and C//C are assembled and characterized
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Figure 9. Ragone plots of the as-fabricated ASC device and the
symmetric supercapacitors MNCO//MNCO and C//C.

in 6 M KOH electrolyte. It can be observed that the ASC device
exhibits much higher energy and power densities than the
symmetric supercapacitor cells. The energy density can be
estimated to be 123.6 Wh kg™ at a power density of 264 Wkg™",
and the energy density still retains 68.3 Wh kg™ at a high power
density of 7.5 kW kg™'. The maximum energy density obtained
for our ASC device with a cell voltage of 1.5 V is much higher
than that of other asymmetric supercapacitors with aqueous
electrolyte solutions, such as RuO,—NPG//Co(OH),—NPG
(120 Wh kg_l),43 graphene—MnO//AC (51.1 Wh kg_l),44
Ni(OH),//CNT (50.6 Whkg™),* Ni,Co;_,0,//AC (37.4 Wh
kg™1),* CoO@C//AC (58.9 Wh kg™!),*” PANI//MoO; (71.9
Wh kg™),* and PPy-NPG//MnO,-NPG (86 Wh kg™!).*
Although the energy densities reduce with the increasing power
densities, the energy density of the MNCO//C ASC device at
the same power density is higher than most of the other ASCs
reported, which means that the ASC device can exhibit both high
energy and high power density.

A long cycling test was carried out between 0 and 1.5 V over
6000 cycles at a current density of 2 A g™'. Figure 10 presents the
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Figure 10. Cycling performance of the MNCO//C ASC device.

specific capacitance of the ASC device as a function of cycle
number. The specific capacitance remains almost constant. After
galvanostatic charge—discharge for 6000 cycles, the ASC device
presents a capacitance of 71.4 F g~" with 95.2% of the maximum
value, indicating that the high stability of our ASC device is
suitable for high-performance supercapacitor applications. EIS
measurements were used to investigate the resistance change of
the asymmetric supercapacitor before and after cycling. The
Nyquist plots measured before and after 4000 cycles are
displayed in Figure S6 (Supporting Information). The Nyquist
plots consist of a depressed semicircle and a long low-frequency
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line, and the intercept on the Z real axis in the high-frequency
region corresponds to the resistance of electrolyte (R,). The
semicircle in the middle frequency range indicates the charge-
transfer resistance (R), relating to charge transfer through the
electrode—electrolyte interface.” After 4000 cycles, only a slight
increase of R, is observed.

Several contributing factors are considered for the high specific
capacitance and high energy density of the ASC device: First, the
energy density of electrochemical capacitors is proportional to
the square of operating voltage. The voltage range of our ASC
devise is extended to 1.5 V, consequently resulting in a
significantly increase in energy density.”">> Second, the nanowire
structure with large specific area ensures the high utilization of
active materials, fast ion and electron transfer, and good
structural stability, further decreasing the kinetic limitations of
the pseudocapacitive electrode and hence resulting in the high
specific capacitance and energy density of our ASC device. Third,
the carbon material in the negative electrode, which is widely
used as a conductive additive in electrochemical systems,
possesses excellent electric conductivity as an electric double
layer capacitor electrode. Apart from, the synergistic effect of the
two electrodes is also an important contributing factor of the
excellent electrochemical performances of the ASC device.

4. CONCLUSIONS

A highly crystalline Mn—Ni—Co ternary oxide nanowire array
was synthesized by a facile hydrothermal method. The MNCO
nanowire array electrode delivers noticeable pseudocapacitive
performance with a high capacitance of 638 Fg ™" at 1 Ag™" and
an capacitance retention of 93.6% after 6000 cycles. For more
practical application, a novel and durable ASC on MNCO//C is
fabricated, and the device shows electrochemical capacitance
performance within a voltage range of 0—1.5 V and exhibits high
specific capacitance from 109.9 to 60.7 F g™' as the current
density increases from 0.1 to S A g~', as well as high energy
density and good electrochemical stability. The MNCO
nanowire array is expected to be a promising candidate for
application in high-performance electrochemical capacitors, and
the as-fabricated ASC also shows great potential in the
development of energy storage devices with high energy and
power densities.
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