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Hierarchical MnO, nanosheets attached on hollow NiO microspheres have been designed by a facile
hydrothermal process. The core—shell structure is achieved by decorating an MnO, nanosheet shell on
a hollow NiO sphere core. The highly hollow and porous structure exhibits a high surface area,
shortened ion diffusion length, outstanding electrochemical properties (558 F g~* at a current density of

5 mA cm™?)

, and excellent cycling stability (83% retention after 5000 cycles). To further evaluate the

NiO/MnO, core-shell composite electrode for real applications, three asymmetric supercapacitors (NiO/
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MnO,//pomelo peel (PPC), NiO/MnO,//buckwheat hull (BHC), and NiO/MnO,//activated carbon (AC))

are assembled. The results demonstrated that NiO/MnO,//BHC delivered a substantial energy density
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1. Introduction

Owing to energy depletion, energy storage has become a key
technological challenge in the 21st century. Among various
emerging energy storage technologies, supercapacitors have
attracted great research interest owing to their advantages and
potential applications."™ According to the energy storage
mechanism, supercapacitors can be classified into two types:
electric double-layer capacitors (EDLC) and Faraday pseudoca-
pacitors. Recently, owing to the rapid reversible redox reaction,
the specific capacitance has become larger. So, pseudocapaci-
tors are studied by many researchers. Pseudocapacitors can be
classified into symmetrical and asymmetric supercapacitors
according to the way the positive and negative electrodes store
energy. Asymmetric supercapacitors have attracted increasing
amounts of attention because they can achieve the highest
voltage window of the devices. Generally, transition metal
oxides are used as cathodes and carbon materials are used as
anodes for asymmetric supercapacitors.

As is well known, electrode materials play a key role in
improving the electrochemical properties of the super-
capacitors. Transition metal oxides are of special interest owing
to their different oxidation states, which play a vital role in the
effective transfer of redox charge. Ruthenium oxide (RuO,) has
shown excellent capacitive properties as a supercapacitor elec-
trode with a capacitance as high as 1300 F g ', but the high
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(20.37 W h kg~ at a power density of 133.3 W kg™ and high cycling stability (88% retention after 5000
cycles) within a broad operating potential window of 1.6 V.

production cost limits its wide application. The applications of
cheap metal oxides (such as Fe,03,°* MnO,,” C030,,* and NiO?)
have been widely researched. However, in their application in
supercapacitors, each material has its own advantages and
disadvantages. NiO is considered to be the most promising
supercapacitor electrode material and it exhibits many unique
properties. However, low ion insertion/release at the electrode/
electrolyte interface limits its application.'” Owing to its wide
operating potential window and high theoretical capacity,
MnO, has received increasing amounts of research attention.
However, its disadvantages are its low surface area and poor
electrical conductivity."**> In order to utilize the benefits of
metal oxides and overcome their disadvantages, an emerging
attractive concept is to study metal oxide composites as elec-
trode materials. For example, Zhao et al.*®* prepared a porous
composite of Mn,0;/C@Co0;0, by a facile two-step hydro-
thermal route. The composite showed superior reversible
specific capacitance (523.8 F g~ ' at a current density of
0.3 Ag~ ") and good cycling stability (90.6% retention after 3000
cycles). Wang et al.'* synthesized NiO@Co0;0,@MnO, particles
via a three-step hydrothermal method. The particles had an
excellent specific capacitance (792.5 F g~ at a current density of
2 A g~ ') and superior cycling stability (>90% capacity retention
after 1000 cycles). Liu et al.** fabricated a NiO/NiC0,0,4/C030,
composite by a sol-gel method, which had a high specific
surface area and a mesoporous structure. In addition, a large
number of studies have shown that the fabricated composite
exhibits high specific capacitance and excellent electrochemical
stability.’**® Carbon materials (carbon,' graphene aerogel,*
graphene,* biochar,* etc.) are widely used as anode materials in
asymmetric supercapacitors. Among them, biochar is attracting
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growing attention due to its environmental friendliness, low
cost and extensive sources.

In the present work, the NiO/MnO, core-shell composite is
prepared by a facile method, and the core-shell composite is
formed of a MnO, nanosheet shell and a hollow NiO sphere core.
Research shows that a nanosheet shell decorated on a hollow
sphere core can provide highly hollow and porous structures,
which can shorten the ion diffusion length and exhibit a high
surface area.”®?® This structural feature is in favour of increasing
the electrochemical performance. Furthermore, asymmetric
supercapacitors based on a core-shell NiO/MnO, cathode and
a biochar anode are assembled (Scheme 1). Two types of biochar
(pomelo peel (PPC) and buckwheat hull (BHC)) are processed. For
comparison, three asymmetric supercapacitors (NiO/MnO,//PPC,
NiO/MnO,//BHC, and NiO/MnO,//AC) are assembled. The results
demonstrated that NiO/MnO,//BHC delivered substantial energy
density (20.37 W h kg™ " at a power density of 133.3 W kg ), and
excellent cycling stability (88% capacitance retention after 5000
cycles).

2. Experimental
2.1 Preparation of NiO/MnO, core-shell composites

The NiO/MnO, nanocomposite was prepared in two steps. First
of all, the hollow NiO nanospheres were synthesized by a facile
hydrothermal route.>*® In a typical process, 2.0 g of Na,SO,
salt, 2.0 g of glycine, and 5.0 mmol of Ni(NO;),-6H,O were
dissolved in 25 mL of deionized water. 10 mL of a NaOH solu-
tion was gradually dropped into the above solution by syringe
pump. The solution was then shifted to a 40 mL Teflon-lined
autoclave and kept at 170 °C for 24 hours. Under ultra-
sonication, the samples were washed with deionized water
several times and then dried at 60 °C. After that, the precursors
were converted to NiO hollow spheres by calcining at 400 °C for
2 hours. Then the growth of the MnO, shell was studied using
the NiO hollow spheres as the skeleton.
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Fig. 1 XRD pattern of the NiO/MnO, core-shell nanocomposite.

Secondly, 4.0 g of NiO hollow spheres were dissolved in
40 mL of 0.02 mol L™ potassium permanganate (KMnO,) under
vigorous magnetic stirring, and then transferred into a 50 mL
Teflon-lined autoclave and kept at 120 °C for 12 h. Under
ultrasonication, the samples were washed several times with
deionized water and then dried at 60 °C for 6 h. The final
product was denoted as the NiO/MnO, core-shell composite.

2.2 Preparation of PPC and BHC

The pomelo peel was cut into small pieces and then dried to
constant weight at 60 °C. Then, 5 g of pomelo peel was
immersed in 0.1 M citric acid, then heated to 200 °C and
maintained for 6 h in a 100 mL Teflon-lined stainless steel
autoclave.

After washing and drying, the sample was soaked in 40 mL of
4 M KOH solution for 12 h. After filtration and drying, the
sample was heated to 350 °C (heating rate: 5 °C per minute) and
held at that temperature for 0.5 h, heated up to 550 °C (heating
rate: 5 °C per minute) and held for 0.5 h, and heated up to

Scheme 1 Preparation process for the asymmetric supercapacitor device based on a core—shell NiO/MnO, cathode and biochar anode.
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Fig. 2 Nitrogen adsorption—desorption isotherm of hollow NiO spheres
shell nanocomposite (b).

700 °C (heating rate: 5 °C per minute) and held for 2 h under N,
flow in a tubular oven. Finally, the activated samples were
dipped in 1 M HCI solution and then washed with deionized
water several times. The obtained sample was marked as PPC.
Using the same synthesis method, BHC was obtained.
AC was provided by Changchun Industrial Activated Carbon
Co. Ltd.

2.3 Material characterization

The phase composition and crystal structure of the electrode
materials were characterized by powder X-ray diffraction (XRD),
which was conducted on a Rigaku D/max-IIIB diffractometer
with the following test conditions: Cu Ko as the X-ray source,

wavelength of 0.15405 nm, and scanning speed of 10° min .

12, 888

Fig. 3 (a) SEM image of the as-prepared precursor Ni(OH),. (b) Magnified
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(a). Nitrogen adsorption—desorption isotherm of the NiO/MnO, core—

Scanning electron microscopy (SEM) was carried out using
a Hitachi S-4800 with the following test conditions: working
voltage of 10 kV and work distance of 12 mm. Transmission
electron microscopy (TEM) was carried out using an FEI Tecnai
G2 S-Twin. Nitrogen adsorption-desorption measurements
(BET method) were performed at liquid nitrogen temperature
with an ASAP 2010 apparatus from Micromeritics.

2.4 Electrochemical tests

The working electrodes were fabricated by mixing 10 mg of the
NiO/MnO, core-shell composite with 1.33 mg of acetylene
black, 1.33 mg of graphite and two drops of polytetrafluoro-
ethylene (PTFE). A drop of ethanol was added to the above
mixture to form a homogeneous paste with the assistance of

SEM image of the as-prepared precursor Ni(OH),. (c) SEM image of NiO

after being annealed at 400 °C. (d) SEM image of the NiO/MnO, core—shell composite.

This journal is © The Royal Society of Chemistry 2019
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ultrasonication. The above homogeneous paste was then coated
on a nickel foam substrate (1 x 1 cm).

A three-electrode electrochemical cell was used to investigate
the electrochemical properties of the as-obtained samples. The
as-prepared NiO/MnO, composite was used as the working
electrode, a saturated calomel electrode (SCE) was used as the
reference electrode and platinum foil (1 x 1 cm) was used as the
counter electrode. 6.0 M KOH aqueous solution was used as the
electrolyte. Cyclic voltammograms, galvanostatic charge/
discharge curves, and electrochemical impedance spectros-
copy (EIS) were employed to inspect the electrochemical
performance of the NiO/MnO, core-shell composite using
a CHI 660D electrochemical workstation. Cyclic voltammetry
(CV) curves were conducted at scan rates of 3,5, and 10 mV s "
and the voltage range was from 0 to 0.5 V (vs. SCE). Galvano-
static charge/discharge tests were carried out at different
current densities (5, 10, and 20 mA cm ™ ?) in the voltage range
from 0 to 0.5 V (vs. SCE). EIS measurements were also taken in
the frequency range from 100 kHz to 0.005 Hz.

The preparation process used for the working electrodes of
the two kinds of biomass carbon (PPC and BHC) is the same as
that for the NiO/MnO, core-shell composite.

Three asymmetric supercapacitors (NiO/MnO,//PPC,
NiO/MnO,//BHC, and NiO/MnO,//AC) were assembled.
According to charge balance theory,*® the mass ratios of the
positive and negative electrodes of NiO/MnO,//PPC, NiO/
MnO,//BHC, and NiO/MnO,//AC were fixed at 1 : 3,1 : 2, and
1: 4, respectively.

Fig. 4
MnO, core-shell composite.
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3. Results and discussion

Fig. 1 shows the XRD pattern of the NiO/MnO, core-shell
composite. The cubic MnO, phase (JCPDS: 44-0992) diffraction
peaks and the cubic NiO phase (JCPDS: 47-1049) diffraction
peaks® indicate that the NiO/MnO, composite has been
formed.

Fig. 2 presents the nitrogen adsorption-desorption isotherm
of the NiO hollow spheres and the NiO/MnO, core-shell
composite. Both of the materials display type IV isotherms,
which are representative of mesoporous materials according to
the IUPAC classification. The surface areas of the NiO hollow
spheres and the NiO/MnO, core-shell composite calculated
using a multipoint BET model are 63 m*> g~ and 89 m”> g™/,
respectively.

The SEM image of the Ni(OH), sample (Fig. 3(a)) indicates
that the particle size, ranging from 3 to 5 pm in diameter, is
uniform. A hollow structure can be observed at higher magni-
fication (Fig. 3(b)), and the sample is composed of many NiO
nanosheets, which facilitate rapid ion/electron transport. After
being calcined at 400 °C (Fig. 3(c)), the diameter was reduced by
2-4 um, and the spheres still have a hollow structure. However,
because the wall of the spheres is too thick, the hollow structure
cannot be found in the TEM image (Fig. 4(a)), but the image
shows that the surface of the hollow NiO spheres is smooth. For
the NiO/MnO, core-shell composite (Fig. 3(d)), the MnO,
nanosheet shells can be seen on the hollow NiO sphere cores,
and the MnO, nanosheets are interlinked with lengths up to
100 nm. This structure makes the composite more closely

(a) TEM image of NiO after being annealed at 400 °C. (b) TEM image of the NiO/MnO, core-shell composite. (c) HRTEM image of the NiO/

This journal is © The Royal Society of Chemistry 2019
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arranged and the small gaps in the composite can provide
channels for electrolyte insertion and extraction. Finally, full
use can be made of the effective area of the active material. The
TEM image (Fig. 4(b)) further confirms that thin MnO, nano-
sheets uniformly grew on the surface of the hollow NiO spheres.
HRTEM (Fig. 4(c)) was performed to further elucidate the
surface plane of the NiO/MnO, core-shell composite. In
Fig. 4(c), the lattice fringes can be observed. However, the lattice
structure of MnO, (d(120) = 0.28 nm) is not obvious, which may
be caused by its poor crystal shape, which is consistent with the
XRD results. The lattice fringe corresponding to the (200) (d =
0.20 nm) crystallographic plane of NiO is shown.

Fig. 5 exhibits EDS images of the NiO/MnO, core-shell
composite. O, Ni, Mn and K elements are observed. K element is
from the raw material KMnO,. The mass percentages of O, Ni
and Mn are 30.7%, 14.20% and 20.31%, respectively. Fig. 5(d)-
(f) present the EDS mapping for the NiO/MnO, core-shell
composite, showing the distribution of elements Ni, Mn, and O.

Fig. 6(A) shows the CV curves of the NiO/MnO, core-shell
composite at different scan rates ranging from 5 to 20 mv s~ .
All the CV curves have similar shapes, and these shapes indicate
that the capacitance characteristic is different from that of
traditional electric double-layer capacitance. As the scan rate

View Article Online
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increases, the current increases subsequently. This indicates
that NiO/MnO, core-shell composite has fast electron and ion
diffusion rates. The specific capacitance of the electrode can be
obtained from the following equation:*

1 e
C= (Vo= 7)) JVa lidV (1)
where C is the specific capacitance of the electrode (F g™ '), » is
the scan rate (V s '), i is the current density (A cm™?), m is the
mass of the active electrode materials (g), V. is the final voltage
(V), and V, is the initial voltage (V). The specific capacitances of
the NiO/MnO, core-shell composite at 5, 10 and 20 mV s~ were
calculated to be 552 F g~ !, 452 F ¢~ ' and 320 F g, respectively.
This implies that with the increase of sweep rate, only a few
OH™ can achieve electrode materials, which means that the
active material can not be made full use, and the specific
capacitance is reduced. Fig. 6(B) presents the CV curves of the
NiO/MnO, core-shell composite and the hollow NiO spheres at
the scan rates of 5 mV s~ . It can be seen that the enclosed area
of the CV loop of the hollow NiO spheres is smaller than that of
the NiO/MnO, core-shell composite. According to eqn (1), the
specific capacitance of the NiO/MnO, core-shell composite is
552 F g '. This indicates that the NiO/MnO, core-shell

Ni

Fig. 5
of O, Ni and Mn elements.

This journal is © The Royal Society of Chemistry 2019

Mn

(a and b) EDS image of NiO/MnO, core/shell composites; (c) SEM image of NiO/MnO, core/shell composites; (d-f) elemental mappings
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Fig. 6 CV curves of the NiO/MnO, core—shell composite after being calcined at 400 °C at different scan rates of 5, 10 and 20 mV st in 6.0 M KOH
solution (A). CV curves of the NiO/MnO, core-shell composite and hollow NiO spheres at a scan rate of 5 mV s+ in 6.0 M KOH solution (B). Galva-
nostatic charge/discharge curves of the NiO/MnO, core—shell composite at different current densities of 5, 10 and 20 mA cm~2 (C). Galvanostatic
charge/discharge curves of the NiO/MnO, core—shell composite and hollow NiO spheres at a current density of 5 mA cm~2in 6.0 M KOH solution (D).
The NiO/MnQ, core—shell composite at the 1st and 5000th cycles at a scan rate of 5mV s~2, in 6.0 M KOH solution (E). Cycling performance of the NiO/
MnO, core—shell composite at a constant current of 10 mA cm™~2. The inset shows the last 16 cyclic charge—discharge curves at a constant current of 10
mA cm™~2 (F). Electrochemical impedance spectra (EIS) of the hollow NiO spheres and the NiO/MnQ, core—shell composite (G) and equivalent circuit (H).
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Table 1 Comparison of electrode properties with reported literature
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Sample Specific capacitance Working potential Electrolyte Energy density, power density Supp. ref.
NiO@MnO, core-shell structure 766.8 Fg ' (10 A g™V 0-0.5 Vvs. SCE 2.0 M KOH — 35
NiO@MnO, core-shell nanocomposite 266.7 F g~ * (0.5 A g~ 0-0.45Vvs. SCE 2.0 M KOH — 36
NiO/MnO, core-shell nanoflakes 241 mF ecm ™ > (1 mA em™>) 0-0.7 V vs. SCE 1.0 M KOH — 37
NiO/MnO, core-shell composite 528Fg ' (1mvs ") 0-0.5 Vvs. Ag/AgCl 1M LIOH — 30
NiO/MnO, core-shell composite 558 Fg ' (5 mA cm ?) 0-0.5 V vs. SCE 6.0 M KOH 20.37 W h kg™ ", 133.3 W kg™ This work

composite has low internal resistance and that electron/ion
transport is fast. Fig. 6(C) shows the galvanostatic charge/
discharge curves of the NiO/MnO, core-shell composite at
different current densities, and the specific capacitance can be
calculated from the following equation:**

I x At

Cp= 220
TTAV xm

(2)
where C,, is the specific capacitance of the electrode (F g '), AV
is the potential drop during discharge, At is the discharge time
(s), m is the mass of the active electrode materials, and I is the
charge/discharge current (A). At current densities of 5, 10 and 20
mA cm 2, the specific capacitance of the NiO/MnO, core-shell
composite electrode was calculated to be about 558, 466 and 388
F g~ ', respectively. The results indicate that the smaller the
current density, the slower the rate of movement of OH™ ions,
enabling good contact between the active material and the ions.
Fig. 6(D) shows the galvanostatic charge/discharge curve of the
NiO/MnO, core-shell composite at a current density of 5 mA
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Fig. 7 SEM image of PPC (A). SEM image of BHC (B). CV curves of PPC,

cm 2 and the galvanostatic charge/discharge curve of the
hollow NiO spheres at a current density of 5 mA cm ™2, Signifi-
cantly, at the current density of 5 mA cm™?, the galvanostatic
charge/discharge curve of the hollow NiO exhibits a much
shorter discharge time compared to that of the NiO/MnO,, core—
shell composite and the specific capacitance of the NiO/MnO,,
core-shell composite is calculated to be about 558 F g~". The
results indicate that MnO, nanosheets grown on the surface of
the hollow NiO greatly improved the active area. Furthermore,
MnO, nanosheets are not a closed structure, and there is plenty
of space for electrolyte ion penetration. Therefore, the core-
shell structure not only provides a greater active surface area but
also greatly reduces the OH™ insertion and extrusion pathways.
Compared to previous reports, the NiO/MnO, core-shell
composite in our work is much superior to those of other core-
shell architectures, as shown in Table 1. Such outstanding high
electrochemical performance further proves the great advan-
tages of the present core-shell heterostructured composite.
Fig. 6(E) shows the cyclic performance of the NiO/MnO, core-

Potential/(V vs.SEC)

10
0 100 200 300 400 500 600 700 800 900 1000
Timel/(s)

BHC and AC at the scan rates of 5 mV s™%, in 6.0 M KOH solution (C).

Galvanostatic charge/discharge curves of PPC, BHC and AC at the current density of 5 mA cm™2, in 6.0 M KOH solution (D).

This journal is © The Royal Society of Chemistry 2019
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shell composite at the 1st and 5000th cycles at a scan rate of
5 mV s~ '. As one can see, the curves have a high degree of
overlap and this shows that the sample has good cyclic stability.
Fig. 6(F) shows the cycling performance of the NiO/MnO, core-
shell composite at a constant current of 10 mA cm ™. It can be
seen that after 5000 cycles the capacitance decreases by 17%,
demonstrating the excellent cyclic stability and long cycle life-
time of the NiO/MnO, core-shell composite. Fig. 6(G) shows the
EIS of the hollow NiO spheres and the NiO/MnO, core-shell
composite, and the equivalent circuit diagram is presented in
Fig. 6(H), where R, is the Faradaic interfacial charge transfer
resistance, Cq is a double-layer capacitor, Ry is the solution
resistance of the electrochemical system, W is the Warburg
impedance, and Cr is a faradaic pseudocapacitor.®® It can be

View Article Online

Paper

seen from Fig. 6(G) that in the high frequency region, the two
samples have different solution resistance, Rg; the Rg of the
hollow NiO spheres is 1.9 Q and the R of the NiO/MnO, core-
shell composite is 0.5 Q. From the diameters of the semicircles,
the charge transfer resistance, R, of the hollow NiO spheres
and the NiO/MnO, core-shell composite can be estimated to be
4 Q and 0.5 Q, respectively. The results indicate that the NiO/
MnO, electrode has a higher specific surface area and more
active material, which makes it easier to reach the active site,
shortens the ion transport path, and reduces charge transfer
resistance. For the hollow NiO sphere electrode, the increase in
charge transfer resistance is attributed to the decreased amount
of active material.**

0.020 18
“g 0.015 (A) 16 (B) (2)— NiO/MnO,//BH(
S 0.0104 O 14] (b)—NiO/MnO,//PPC

’ w .
5 0.005 0 121 )—NnO/MnOZ//AC
@
= 0.000 ; 10]
£.0.005- 2 05!
T-0.010 =
€ _0.015 e 061
£ o020] (8) —NiO/MnO,/BHC (c) 9 4]
- o S)
3.00s] (b)) ——NiOMROyPPC (b) & o2l
0.030 (c) —NiO/MnO,//AC (a) o0 (c) {(b) \(a)
700 02 04 06 08 10 12 14 16 18 " 200 400 600 800 1000 1200 1400 1600
Potential/(V vs.SCE) Timel(s)
20 % 60
(C) '17-."' —1 3 |D (2) 3~ NiO/MnO,//BHC
® e L i .

154 d ‘ﬁs ST W % 50 (b)~®—NiO/Mn0,//PPC
® $ £ oo K O 40l (C)-A—NiO/MnO,//AC
= 10 JE § (a)~Nionmoymuc |
S Jlsos a5 =
= Pred i (b) + NOMnOy/PPC S 30-

N 5] 10 i 1 (C) = NiOMnO,//AC % (a)
5 | «©) O 201
aof O 0 (b)

0+ 25 30 35 40 45 sh = 10.

Z'(ohm) § (C)

-5 T T T T (/)] 0+ T T T T T

10 20 30 40 50 0 10 20 30 40 50 60
Z'(ohm) Current Density/(mA/cm?)
) — 60
P (E) (a)—D—NlO/MnOZ//BHC o DOOOOOOOOOOOOOOOQOOO (F)
2 (b)=—NiO/MnO,//PPC % 504 (2)——NiO/MnO,/BHC @
; 100 (C)==NiO/MnO,//AC 2 4 (b)——NiO/MnO,//PPC
[
-l =2 1 €)——NiO/MnO,//AC
z 5 g | {S NOMuO /A b
7 © NN NN
z ) D\D-"D\D\D % [Seoesesccsssscossessssccoocec. N
& 104 J—C\O\ (a) 8 2! \\ i
& <o (b) g
= 10
£ (c) S
= Q
1 T T T w 0 T L) T T
100 1000 10000 1000 2000 3000 4000 5000

Power Density(W-kg")

Cycle number

Fig. 8 CV curves of the different supercapacitors at a scan rate of 5mV st in 6.0 M KOH solution (A). Galvanostatic charge/discharge curves of
the different supercapacitors at a current density of 5 mA cm™2 in 6.0 M KOH solution (B). Electrochemical impedance spectra (EIS) of the
different supercapacitors (C). Specific capacitances of the different supercapacitors at different current densities (D). Ragone curves of the
different supercapacitors (E). Cycling performance of the different supercapacitors at a constant current of 5 mA cm™~2 (F).
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In order to further determine the morphologies and prop-
erties of different biochar, the SEM images and electrochemical
properties are shown in Fig. 7. It can be seen that there are
a large number of pores in the PPC (Fig. 7(A)) and BHC
(Fig. 7(B)). However, the channels in the BHC are connected,
while the channels in PPC are closed. The rapid diffusion of
electrolyte ions and the fast transfer of electrons are attributed
to this highly connected structure. CV curves of the different
samples (PPC, BHC and AC) are shown in Fig. 7(C). A nearly
rectangular shaped loop can be observed, which indicates that
the materials have typical and ideal capacitive behaviors.*? As is
known, the capacitance of the electrode material is directly
proportional to the area it encloses, so according to eqn (1),
BHC has the highest specific capacitance. The galvanostatic
charge/discharge curves of the different samples (BHC, PPC and
AC) are presented in Fig. 7(D). According to eqn (2), the specific
capacitances of BHC, PPC and AC can be calculated to be 176.1
Fg ', 105.4 Fg ' and 83 F g, respectively. The results are in
agreement with Fig. 7(C).

To further evaluate the electrochemical performance of the
NiO/MnO, core-shell composite electrode, a series of asym-
metric supercapacitor devices using the NiO/MnO, core-shell
composite electrode as the cathode and biochar as the anode
are assembled. The CV curves of the different supercapacitors
are shown in Fig. 8(A). According to eqn (1), NiO/MnO,//BHC
has the highest current response and the largest integral area
according to its highest specific capacitance. Galvanostatic
charge/discharge curves of NiO/MnO,//PPC, NiO/MnO,//BHC,
and NiO/MnO,//AC are exhibited in Fig. 8(B). According to
eqn (2) (where m is the total weight of the negative and positive
electrode materials), the specific capacitances of NiO/MnO,//
BHC, NiO/MnO,//PPC, and NiO/MnO,//AC can be calculated
to be 57.3 F g !, 33.3 F g ' and 26.5 F g, respectively. The
results indicate that the electrode material of NiO/MnO,//BHC
not only provides a large surface area for charge storage but
also promotes efficient electrolyte/electrode contact and the
specific capacitance is improved. The EIS of the different
supercapacitors are demonstrated in Fig. 8(C). It can be seen
that the three supercapacitors have different solution resis-
tances (R;, x-intercept), and the Ry of NiO/MnO,//BHC, NiO/
MnO,//PPC and NiO/MnO,//AC are 2.8 Q, 2.78 Q and 3.0 Q,
respectively. Furthermore, the charge transfer resistances (R,
the diameter of the semicircles) of NiO/MnO,//BHC, NiO/
MnO,//PPC and NiO/MnO,//AC can be calculated to be 0.7 Q,
1.3 Q and 1.1 Q, respectively. The specific capacitances of the
different supercapacitors at different current densities are
shown in Fig. 8(D). It can be seen that NiO/MnO,//BHC has the
highest rate capability and the highest specific capacitance. In
order to further evaluate the electrochemical properties, Ragone
curves (Fig. 8(E)) are demonstrated. According to eqn (3) and
(4),%** the power density of NiO/MnO,//BHC is calculated to be
133.3 W kg ' and the energy density is 20.37 W h kg™ .
Furthermore, the energy density can still remain 13.55 W h kg "
at a high power density of 810.33 W kg™ .

_CxV? )
T 2x3.6
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The cycling performance of the different supercapacitors is
exhibited in Fig. 8(F). After 5000 cycles, the specific capacitances
of NiO/MnO,//BHC, NiO/MnO,//PPC and NiO/MnO,//AC
remained at 88%, 81% and 77% of their maximums, which
shows that NiO/MnO,//BHC possesses excellent cycling stability
and a long cycle life.

4. Conclusions

Hierarchical MnO, nanosheets attached on hollow NiO micro-
spheres have been fabricated by a facile hydrothermal method.
The core-shell structure is achieved by decorating MnO,
nanosheets on NiO hollow spheres. Batch experiments were
conducted to examine the electrochemical properties. The
results indicated that the NiO/MnO, composite exhibits
outstanding electrochemical properties (558 F g~ * at a current
density of 5 mA cm ?) and excellent cycling stability (83%
capacitance retention after 5000 cycles). For comparison, three
asymmetric supercapacitors (NiO/MnO,//pomelo peel (PPC),
NiO/MnO,//buckwheat hull (BHC), and NiO/MnO,//AC) were
assembled. The results demonstrated that NiO/MnO,//BHC
delivered substantial energy density (20.37 W h kg ' at
a power density of 133.3 W kg~ ') and high long-term stability
(88% capacitance retention after 5000 cycles) within a broad
operating potential window of 1.6 V.
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