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In this work, uniform MnCo,0O4 5 nanowires (NWs) on stainless steel foil (SSF) were prepared through a facile,
cost-efficient, and eco-friendly hydrothermal method at 120 °C with a post-calcination process in air. The
microstructure of MNnCo,04 5 samples could be tuned at different hydrothermal temperatures and quasi-
cubes (QCs) were obtained in high yield at 150 °C. The MnCo,045 NW powder peeled off from the SSF
delivered an outstanding capacity of 248.62 C g~ at 1 A g~* with a capacity preservation of 179.43 C g~*
at 8 A g%, while the QCs exhibited 177.19 and 111.73 C g%, respectively. To assess the possibility of its
actual applications, a hybrid supercapacitor (HSC) device has been assembled by utilizing these
MnCo,045 NWs (QCs) and activated carbon (AC) as the cathode and anode, respectively. The
MnCo,045 NWs//AC HSC delivered a maximum capacity up to 116.95 C g~* and extraordinary cycling
durability with only 3.56% capacity loss over 5000 cycles. Besides, the MnCo,045 NWs//AC HSC
achieved a maximum energy density of 25.41 W h kg™ at a power density of 782.08 W kg™, and for the
QC-based HSC, it showed a lower energy density of 20.54 W h kg™ at 843.34 W kg™™. These remarkable

Received 14th April 2021 . .
Accepted 2nd June 2021 electrochemical properties demonstrate that the porous MnCo,0O45 NWs and QCs may serve as
promising cathodes for advanced hybrid supercapacitors with superior performance, and the present

DOI: 10.1039/d1na00271f synthetic methodology may be applied to the preparation of other cobalt-based binary metal oxides
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1. Introduction

As efficient energy conversion and storage devices, super-
capacitors have triggered remarkably increasing attention in the
past years owing to their relatively high power density, better
cycling durability, faster charging-discharging capability and
good rate performance in comparison with conventional
rechargeable batteries and capacitors.'” However, the lower
energy density of supercapacitors than that of batteries limits
their extensive practical application. As a consequence, an
urgent concern is to overcome the challenge in the promotion of
charge storage capability of supercapacitors without sacrificing
the connaturally excellent power density and long cycling life.’
Generally, energy density is directly determined by the capaci-
tive performance of the cathode and anode in supercapacitors.
Therefore, an efficient method to overcome the obstacle of low
energy density is to develop electrode materials with porous
architectures which can provide large specific surface area and
numerous reactive sites.*” Based on the comprehensive
knowledge of different energy storage mechanisms, the
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with excellent electrochemical properties.

electrode materials of supercapacitors are usually divided into
three sorts such as pseudo-capacitive electrode materials, elec-
tric double layer capacitive (EDLC) type materials, and battery-
like electrode materials.®®

The energy storage of EDLC electrode materials was achieved
through the physical electrostatic charge accumulations in the
vicinity of interfaces between the electrode and electrolyte, and
no charge transfer during the charging-discharging cycles.*
Carbonaceous materials are among the typical EDLC electrode
materials, and they are extensively studied because of their
naturally large specific surface area and they exhibit almost no
volume change over long-term cycling processes.''> However,
the relatively low specific capacitance may limit the practical
application of EDLC electrode materials in some fields where
high energy density is required. In pseudo-capacitive electrode
materials, the energy storage mechanism is dominated by
rapidly reversible faradaic reactions of electrode materials with
electrolyte.”® Metal oxides such as ruthenium dioxide (RuO,)
and manganese dioxide (MnO,) are widely known to display
typical pseudo-capacitive behavior." Moreover, the charge
storage of battery-type electrode materials is mainly contributed
by the faradaic process which is controlled by ion diffusion
kinetics. The main difference is that pseudo-capacitive mate-
rials are characterized by EDLC-like electrochemical responses
such as distorted rectangle cyclic voltammetry (CV) curves and
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triangular galvanostatic charge-discharge (GCD) curves,
whereas battery-type materials exhibit both a CV curve with
obvious redox peaks and a nonlinear GCD curve with an overt
plateau region.*

According to the characteristics of electrode materials,
supercapacitors are categorized as symmetric supercapacitors
(SSCs) and asymmetric supercapacitors (ASCs). The SSCs, such
as AC//AC devices, are mainly assembled using the same
materials in the cathode and anode through weight matching
over charge conservation. However, the low voltage window and
rapid attenuation of capacitance along with current density
increase limit their widespread applications. In contrast, the
ASCs can exhibit wider operating voltage windows and further
lead to enhanced capacity/energy density because of the
combined contributions from different electrode materials.
Particularly, ASCs assembled with battery-type materials as the
cathode and carbon-based materials as the anode are called
hybrid supercapacitors (HSCs), and the HSCs are expected to
show improved energy storage capability.*®

The electrochemical performance of electrodes plays
a significant role in charge storage capability of HSCs. Thus, the
key to improving charge storage behavior of HSCs is the
controllable fabrication of hierarchical porous active materials
with high specific capacity. To date, cobalt-based binary tran-
sition metal oxides (BTMOs) with spinel structures, such as
MgC0,04,"” NiC0,04,"® ZnCo,04,"*° CuCo0,0,4,"*" and
MnCo,0,5,”> have drawn considerable interest as super-
capacitor electrode materials because of their rich valence
states, synergistic effects between mixed metal cations, and
enhanced capacity features. Among these BTMOs, MnCo,0,
and MnCo,0, 5 are the most promising battery-grade electrode
materials, since the high theoretical specific capacities are
mainly ascribed to the multiple valence states of Mn and Co as
well as their synergistic influence. But the relatively low
conductivity restricts their further wide application to a certain
extent. Although significant research efforts have been made
with regard to MnCo,0, s, it is still difficult to achieve its high
theoretical specific capacity or extensive operating potential
window.” Up to now, various microstructures of MnCo,0, 5
have been reported. For instance, urchin-like MnCo0,0, s with
diameter ranging from 4-6 pm was synthesized through
a hydrothermal approach and it showed only a capacity of 64.6
C g ' (129.2 F g ").** Liao and coworkers prepared spindle-like
MnCo,0, s microstructures via a solvothermal approach, and
the specific capacity of the MnCo,0, s microspindles (MSs) was
calculated to be 147.49 C g~ " (343 F g~ ).>* Cage-like MnC0,0, 5
NPs were prepared through a soft-template assisted method
with a calcination process at 600 °C. These irregular MnCo0,0, 5
NPs exhibited a poor energy storage capability with 119.2 C g~*
(149 F g%, 0-0.8 V) at 0.2 A g !, but lost 41.7% of the initial
capacity as the current density was enhanced 20 times.*® Kuang
and coworkers reported the growth of MnCo,0, s nanoneedle
arrays on nickel foam via a hydrothermal route, and a high
capacity up to 517.9 C g ' could be obtained from these
MnCo,0, s mesoporous nanoneedle structures.”” These efforts
not only demonstrate that the efficient way to improve energy
storage capability and structural stability is controllable
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preparation of MnCo,0, s mesoporous architectures, but also
supply an approach to achieve controlled synthesis of
MnCo,0, s with an appropriate structure providing more redox
active sites. Although growing the active material on a substrate
can easily control its morphology, the substrate may influence
the final capacity to a certain extent. The specific capacities of
some MnCo,0, s-based electrode materials are listed in Table 1.

In this work, we hydrothermally synthesized MnCo,0, s with
different microstructures on a stainless steel foil (SSF) substrate
by changing the hydrothermal reaction temperature. The SSF-
supported MnCo,0, s has some negative effects when serving
as a binder-free electrode material for supercapacitors. It
usually possesses large resistance, and the shape exhibits a rigid
plate without a three-dimensional porous structure, which may
weaken the electron transport and ion diffusion. Particularly,
the composition of stainless steel foil from different producers
varies, and the accurate composition is difficult to control. In
strongly alkaline media, corrosion is probably generated in
stainless steel foil more or less, leading to a relatively poor
performance of energy storage. Considering the above, the
MnCo,0, s samples were peeled off from the SSF substrate and
the related powder samples were obtained. Grass-like
MnCo,0,5 nanowires (NWs) showed a capacity as high as
248.62 C g ' at 1 A g~'. Meanwhile, 72.17% of the original
capacity was preserved as the current density was boosted from
1to 8 A g, indicating an outstanding rate performance. An
HSC device with a high operating voltage of 1.75 V in a strongly
alkaline electrolyte was assembled using MnCo,0, s NWs as the
cathode and AC as the anode, respectively. The MnCo,0, 5
NWs//AC HSC displayed both a high energy density of
25.41 W h kg™" at a power density of 782.08 W kg~ ' and
a superior cycling stability with 96.44% capacity retention over
5000 cycles at 4 A g~ .

2. Experimental section
2.1 Synthesis of MnCo0,0, 5 on SSF

Chemical reagents of analytical grade were used directly as
received, and no additional purification was employed. Before
preparing MnCo,0, 5 samples, stainless-steel foil (SSF, 1 cm X
5 ¢cm) was ultrasonically cleaned in diluted hydrochloric acid
solution to wipe off surface pollutants, and then washed with
anhydrous ethanol and de-ionized (DI) water in sequence. In
a typical hydrothermal procedure, 1 mmol of manganese chlo-
ride tetrahydrate (MnCl,-4H,0) and 2 mmol of cobalt dichlor-
ide hexahydrate (CoCl,-6H,0) powders were placed in a beaker,
which contained 40 mL DI water. After all the powders were
completely dissolved with magnetic stirring, NH,F (5 mmol)
and urea (5 mmol) were added. With continuous stirring, a pink
homogeneous solution was eventually obtained. Later on, the
mixed solution and SSF were sealed into a 50 mL autoclave.
After a hydrothermal reaction for 6 h at 120 °C, the autoclave
was cooled down naturally. The SSF covered with the precursor
was rinsed several times using water and anhydrous ethanol,
respectively. The dried SSF-supported precursors were placed in
a furnace and annealed at 400 °C for 3 h in air. The rate for
temperature increase was set to be 5 °C per minute. As the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The specific capacity of MNnCo,0,4 5-based electrode materials
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Specific surface Pore size

Morphology area (m> g™ ") (nm) Specific capacity Ref.
MnCo,0, ; microspindles 83.3 8.5 147.49Cg 'at0.5A¢ ' (343 Fg ', 0-0.43 V) 25
Urchin-like MnC0,0, 5 22.4 — 59.4Cg 'at1Ag ' (118.8F g ', 0-0.5V) 24
Pod-like MnC0,0, 5 73.7 12.3 138.03Cg "at1Ag ' (321 Fg ', 0-0.43 V) 22
MnCo,0, 5 nanoneedles — 6.2 517.9Cg 'at3.6 Ag" 27
Particle-like MnCo0,0, 5 97.8 — 1056 Cg 'at1Ag ' (132 F g%, 0-0.8 V) 26
C0304/MnCo,0, 5 core-shell polyhedra — — 286.2Cg 'at1Ag ' (636 Fg ', 0-0.45 V) 36
MnCo,0, ;@GQDs nanoneedles — — 8125Cg 'at1Ag ' (1625 Fg ', 0-0.5 V) 31
MnCo,0, s NWs@3-MnO, nanosheets 42.3 — 357.5Cg 'at0.5A¢g ' (357.5 F g~ ', —0.2-0.8 V) 40
Grass-like MnCo0,0, 5 NWs 47.03 13.27 248.62Cg 'at1Ag " This work
MnCo,0, 5 QCs 62.64 7.3 177.19Cg "at1Ag™" This work

annealing process was completed, the SSF-supported precur-
sors were converted into black MnCo,0, 5 samples. To find out
the morphology difference due to the temperature effect,
a series of MnCo,0, s microstructures were prepared using the
same hydrothermal method but at various hydrothermal reac-
tion temperatures of 100, 130, 140 and 150 °C.

2.2 Material characterization

The detailed structural characterization of the electrode mate-
rials is provided in the ESI (S1).t

2.3 Electrochemical measurements

2.3.1 Electrochemical measurements in a three-electrode
system. The fabrication of the working electrode and the
detailed electrochemical tests in a three-electrode configuration
are provided in the ESI (S2).T The specific capacity (Cs, C g ') of
MnCo,0, 5 on the working electrode is obtained according to
eqn (1).

C, = &Y

In which I (A) corresponds to the discharging current, At (s)
denotes the discharging time, and m (g) stands for the mass of
MnCo0,0, 5.

2.3.2 Electrochemical tests of a HSC in a two-electrode
system. A HSC was assembled to further evaluate the electro-
chemical performance of the MnCo,0, ;5 electrode material. The
nickel foam loaded with porous MnCo,0, ;s NWs and activated
carbon (AC) served as the cathode and anode, respectively, and
the device was denoted as MnCo0,0, ; NWs//AC HSC. To obtain
the best electrochemical properties, the weight of active mate-
rials loaded on the cathode and anode is calculated using eqn
(2).28

m C,~ x AV~
o 2)

In which m, and m_ mean the weights of active materials
loaded on cathode and anode electrodes, respectively. Cg~
represents the specific capacitance (F g ') of the anode elec-
trode, AV corresponds to the potential of the charge-discharge

© 2021 The Author(s). Published by the Royal Society of Chemistry

curve, and Q" means the capacity of the cathode electrode. The
specific capacity of the HSC (Cysc) and its related energy density
(E, W h kg™ ")/power density (P, W kg™ ") are obtained on the
basis of eqn (3)-(5), respectively.">** The units of specific
capacity are C g~ ! herein.

IN;

Cusc = M (3)

R vyde

= T 36M )
3600E

P==x 5)

In which I (A) is the constant current used in the HSC, At (s)
corresponds to the discharge time, M (g) means the gross weight
of MnCo,0, 5 NWs and AC on the positive and negative elec-
trodes, and ¢; and ¢, stand for the preliminary time after IR drop
and ending time of the discharging process, respectively.

3. Results and discussion

The crystalline structure of the as-synthesized MnCo,0, s was
analyzed using XRD. As displayed in Fig. 1a, diffraction peaks
centered at 26 values of 19.0°, 31.3°, 36.8°, 38.5°, 44.8°, 55.8°,
59.5° and 65.3° could be observed, which well correspond to
the (111), (220), (311), (222), (400), (422), (511), and (440) planes
of MnCo,0, 5 with a spinel structure (JCPDS no. 32-0297),
consistent with those in the reported literature.>*** No other
characteristic peaks appeared in the XRD pattern, indicating
that high purity of the MnCo,0, s sample was obtained after
a thermal annealing in air. The sharp peaks in the XRD pattern
implied that the MnCo,0, s microstructures calcined at 400 °C
for 3 h were well-crystallized. In the synthetic process, urea
serves as a precipitator for the fabrication of the precursor
because it can provide an alkaline medium. The urea molecules
undergo hydrolysis at high temperature, and the final product
of the hydrolysis reaction contains CO;*>7,NH,", and OH™ ions,
so a weakly alkaline medium can be formed. The manganese
and cobalt cations in the solution may react with the anions to
form a precursor, and then the precursor will be converted into
related metal oxides during annealing treatment. The surface

Nanoscale Adv., 2021, 3, 4447-4458 | 4449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00271f

Open Access Article. Published on 03 June 2021. Downloaded on 2/22/2026 1:50:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

JCPDS No. 32-0297
31

(a)

222 422

11 2204 /400 '\ 511440
y \

g Y
L 1l,|

10 20 30 40 50 60 70
2-Theta degree

Intensity (a.u.)

View Article Online

Paper

Fig.1 Crystal phase and morphological investigations of the SSF-supported MnCo,0,4 5 NWs prepared at 120 °C for 6 h followed by an annealing
treatment at 400 °C for 3 h: (a) XRD pattern, (b and c) SEM images at different magnifications, and the related EDS elemental mapping images

taken from the position of (b) for (d) Co, (e) Mn, and (f) O, respectively.

morphology and structures of MnCo,0, 5 were investigated by
FESEM. As presented in Fig. 1b and c, grass-like MnCo,0, s NW
arrays could be observed in the SEM images. It was clearly seen
that the SSF substrate was nearly completely covered by luxu-
riant grass-like NWs with a diameter of approximately 50-
200 nm in the middle positions. Fig. 1d-f display the corre-
sponding elemental distributions of Co, Mn and O. Obviously,
the three elements were uniformly distributed in these
MnCo0,0, 5 NWs.

TEM and high-resolution TEM (HRTEM) characterization
studies were performed to acquire insights into the morphology
and microstructure of MnCo,0, 5 NWs. Fig. 2a shows the TEM
image of a MnCo,0,; NW with a diameter of approximately
100 nm. Meanwhile, it could be seen that the individual NW was
assembled by numerous nanoparticles (NPs). Plenty of pores
between the adjacent NPs were also observed, and they could
facilitate the diffusion of electrolyte ions. The selected area
electron diffraction (SAED) pattern (Fig. 2b) showed that the ED
rings consisted of dispersive spots, indicating the poly-
crystalline characteristic of these MnCo,0, 5 NWs. The high-
resolution TEM image shown in Fig. 2c exhibits distinct
lattice fringes with different orientations. The close-up high-
resolution TEM image (Fig. 2d) for the selected position in
Fig. 2c shows an interplanar spacing of 0.234 nm, which is well
ascribed to the (222) crystal planes of cubic spinel MnCo,0, 5.

The elemental valence states of MnCo,0, ;s NWs were further
identified through X-ray photoelectron spectroscopy (XPS)
analysis, and Fig. 3 presents the corresponding XPS spectra. The
binding energies of Co 2p, Mn 2p, and O 1s were revised by
referring them to the 284.6 eV of C 1s. The full survey XPS
spectrum (Fig. 3a) confirmed the coexistence of Co, Mn, and O.
As depicted in the Co 2p XPS spectrum (Fig. 3b), the

4450 | Nanoscale Adv., 2021, 3, 4447-4458

characteristic peaks of Co 2p,,, and Co 2p3, were centered at
795.3 and 780.1 eV (energy gap: 15.2 eV), accompanied by two
shake-up satellite peaks at 786.4 and 803.2 eV. It indicated the
coexistence of cobalt species including Co>* and Co®" in the
MnCo,0,4 5 NWs.>>*° By refined fitting, the two major peaks in
the Co 2p spectrum could be divided into four sub-peaks using
the Gaussian fitting method, and the peaks at 781.7 and
797.1 eV were assigned to Co**, whereas the peaks at 780.0 and
795.2 eV were ascribed to Co®". Similarly, two closely adjacent
peaks at 641.9 and 653.5 eV were observed in the fitted XPS
spectrum of Mn 2p (Fig. 3c), which correspond to Mn 2p3/, and
Mn 2p,,. The fitted peaks at the positions of 641.6 and 653.2 eV
were ascribed to Mn**, while the other two sub-peaks at 643.5
and 655.2 eV were attributed to Mn>*.** Furthermore, the O 1s
spectrum in Fig. 3d exhibits three fitted peaks at 529.9 (O1),
531.2 (02), and 532.6 eV (03), which determined the oxygen in
the metal-oxygen bond (Mn/Co-O), the oxygen in hydroxyl
groups, and the oxygen in water molecules physically and
chemically absorbed on the surface of MnCo0,0,5 NWs,
respectively.’> On the whole, the XPS data proved that Co>",
Co**, Mn”*, and Mn** appeared simultaneously in MnCo,0, s,
and it also directly confirmed the successful preparation of
MnCo,0,45 NWs in a highly pure phase through an easy and
cost-effective  hydrothermal with  post-annealing
treatment.

There are some parameters including concentration of
chlorates, hydrothermal temperature, and the dosage of NH,F
and urea which may play significant roles in the growth of
MnCo,0, s microstructures with diverse shapes. In this work,
control experiments were conducted at different hydrothermal
temperatures. As shown in Fig. 4, the SEM images displayed the
morphological changes of different MnCo0,0, 5

route

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM characterization of a MnCo,045 NW removed from the SSF substrate: (a) TEM image, (b) related SAED pattern, (c) high-resolution
TEM image, and (d) magnified high-resolution TEM image from the selected position in (c).

microstructures prepared at various hydrothermal temper-
atures. Fig. 4a shows that the clusters of grass-like
MnCo,0, 5 microstructures were homogeneously distrib-
uted on the SSF substrate when the hydrothermal tempera-
ture was as low as 100 °C, but the yield was not high to some
extent. After 6 h of reaction at 100 °C, the solution in the
autoclave still remained pink, suggesting that the reaction
was not totally completed. A large amount of NWs were ob-
tained at 120 °C (Fig. 1b). When the temperature was
increased to 130 °C, a few MnCo,0,5 quasi-cube (QC)
microstructures emerged in the NWs (Fig. 4b). The QCs were
composed of a lot of microflakes, and some cusps of NWs on
the surface of layered QCs were also observed. MnCo,0, 5
QCs gradually dominated in the products with the increase
of hydrothermal temperature (Fig. 4c). Finally, the grass-like
MnCo,0,,5 NWs completely disappeared as the temperature
was further increased to 150 °C, and these QCs possessed
three edges perpendicular to each other (Fig. 4d). As the
temperature was increased, the reactions proceeded more
rapidly, leading to the formation of less anisotropic QCs. To
synthesize micro-/nano-structures with a more anisotropic
shape, the reaction should proceed slowly enough in order
that the initial nucleation stage can be isolated from the

© 2021 The Author(s). Published by the Royal Society of Chemistry

subsequent crystal growth stage. Anisotropic MnCo0,0, 5
NWs as the sole final product could be obtained at temper-
atures below 120 °C.

The porosity and pore size distribution as well as the
surface area for MnCo,0,; NWs at 120 °C and MnCo,0, 5
QCs at 150 °C were examined utilizing N, adsorption-
desorption isotherms, and the isotherms in Fig. 5a and c
were categorized as type-IV with an obvious type-H3 loop,
indicating the typical mesoporous nature of MnCo0,0, s
samples. The BET specific surface area of MnCo0,0, 5 NWs
was evaluated to be 47.03 m? g ', and the corresponding pore
size distribution was found to be centered at 8.7 nm with an
average pore size of 13.27 nm. The existence of mesopores
confirmed the observation from the TEM image. In contrast,
the MnCo,0, 5 QCs possessed a BET specific surface area of
62.64 m”> g, a smaller BJH average pore size of 7.38 nm and
a main pore size of approximately 7.3 nm. Obviously, the
specific surface areas increased with the shape of MnCo,0, 5
changing from NWs to QCs. Similarly, both the average pore
size and main pore size distribution of MnCo0,0, 5 QCs were
smaller than those of MnCo,0, s NWs. The QCs exhibit a very
large size of about 10-15 um (Fig. 4d), and smaller pores may
be generated in the inside during the calcination process. In

Nanoscale Adv., 2021, 3, 4447-4458 | 4451
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Fig. 3 (a) XPS survey spectrum of the MnCo,0O4 5 NW powder separated from stainless steel foil and high resolution XPS spectra for (b) Co 2p, (c)
Mn 2p, and (d) Ols, respectively.

Fig. 4 SEM images of MnCo,0,45 samples prepared at different hydrothermal temperatures of (a) 100, (b) 130, (c) 140, and (d) 150 °C,
respectively. All samples were processed with an annealing treatment at 400 °C for 3 h.

comparison, the NWs are relatively thin in diameter, and they The electrochemical storage performances of MnCo,0, s
can experience sufficient calcinations, resulting in larger NWs and QCs were investigated in a three-electrode system
pores as well as smaller surface area. through CV, GCD and EIS tests. The typical three-electrode

4452 | Nanoscale Adv, 2021, 3, 4447-4458 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00271f

Open Access Article. Published on 03 June 2021. Downloaded on 2/22/2026 1:50:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale Advances
140 0.012
o (a) —=— Adsorption {“ — fq (b)
() . Py b L]
g 1054 +— Desorption 'J- g 0.0094 /_ \.
ol -
3 i’ o i \
£ 70 b, z 0.006- \
2} - 9/ -
2 o g ooos| 4 *
- | = ] 1 [ ]
2 354 ~ 5 ‘ \
% - .r" % i \-
& ——— 0.000 ¥ i .
00 02 04 06 08 1.0 30 60 90 120
{6 Relative pressure (P/Pg) BidD Pore size (nm)
> c ' d
2 ( ) =— Adsorption .._f o b ( )
£ 90 o Desorption  ¢*"%" £ 0.0105; ':'.
~ s ¥ [
" < |
F B o] B
! © 1 =
5 60- 1 £ 0.0070 : \
£ < S !
< o u = [l
- < 0.0035q =
.%‘ 30 Leett 5 ' \\
5 o > LN
5, - © 00000{ ~ *-=
00 02 04 06 08 10 0 50 100 150 200 250
Relative pressure (P/P,) Pore size (nm)
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different current densities of 1-8 A g%, (e) GCD curves of MNCo,045 NWs and MnCo,0,45 QCs at 1 A g™, and (f) the rate performances of

MnCo,045 NWs and MnCo,04 5 QCs at various current densities.

configuration contained the Ni foam loaded with MnCo,0, 5
powder scraped from the SSF substrate, Hg/HgO, and Pt-foil as
the working, reference, and counter electrodes, respectively.
Freshly prepared 2 M KOH solution served as the electrolyte. As
exhibited in Fig. 6a and b, the CV curves of MnCo0,0, s NWs and
MnCo,0, 5 QCs were obtained at different scan rates (5-50 mV
s') under potential windows between 0 and 0.75 V. All CV
curves exhibited a similar shape with a couple of well-defined

© 2021 The Author(s). Published by the Royal Society of Chemistry

cathodic and anodic peaks, indicating that MnCo0,045 NWs
and QCs delivered an obvious battery-type electrochemical
response rather than pseudo-capacitive (quasi-rectangular CV
curves) or EDLC-type (rectangular CV curves) electrochemical
behavior. The plausible redox reactions can be described as
follows:*

MnCo0,0,45 + H,O + OH™ < MnOOH + CoOOH + ¢~ [6)

Nanoscale Adv., 2021, 3, 4447-4458 | 4453
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MnOOH + OH™ < MnO, + H,O + ¢~ (7)

Meanwhile, the cathodic/anodic peaks shifted to more
negative/positive directions with an increase of scan rate,
respectively, which could be mainly ascribed to the polarization
at high sweep rate. These observations suggested that fast and
reversible faradaic reactions proceeded at the electrode-elec-
trolyte interface, which well matched with that reported in
previous literature.*® Furthermore, the CV curves of MnCo0,0, 5
NWs exhibited higher cathodic and anodic current densities as
well as an apparently larger integrated area compared with
those of MnCo,0, 5 QCs, indicating that the MnCo,0, 5 NW
electrode possessed higher specific capacity than MnCo,0, 5
QCs. Fig. S1f provides the curves of peak current (i) vs. the
square root of scan rate (vl/ ?) for both MnCo,0, 5 NWs and QCs,
and the proportional relationship indicated that the charge
storage procedure was governed by ion diffusion. In addition,
the capacitive contribution can be determined using (V) = k;» +
k,w'?. At a fixed potential V, the total current response i can be
divided into both the current resulting from capacitive reac-
tions (k;#) and the current induced by diffusion-controlled
reactions (kzvm). After determining the k; and k, constants,
the quantitative analysis in Fig. S2a and bt indicated that the
capacitive contributions were 85% and 88% of the entire charge
storage for MnCo,0, 5 NWs and QCs at 40 mV s~ . With the
scan rate increasing from 5 to 50 mV s ', the capacitive
contribution for MnCo,0, ; NWs increased from 56% to 92%
(Fig. S2ct), while for the QCs, the value improved from 59% to
93% accordingly (Fig. S2d¥).

GCD measurements were carried out to study the specific
capacity and rate performance of the MnCo,0, s NWs and QCs,
and Fig. 6¢ and d present the corresponding GCD curves at
different current densities in the potential window of 0-0.55 V.
The specific capacity of MnCo,0,; NWs was calculated from
eqn (1) and it delivered the values of 248.62, 232.42, 207.12,
192.24,and 179.43 Cg ‘at1,2,4,6,and 8 Ag ', respectively. In
comparison, the MnCo,0, 5 QCs exhibited specific capacities of
177.19, 156.35, 132.03, 123.73, and 111.73 C g " at each current
density, respectively. The specific capacity of MnCo,0,.5 NWs
was higher than that of MnCo,0,5 QCs. The remarkably
enhanced specific capacity of MnCo,0,4 s NWs could be ascribed
to the existence of mesopores in the thin NWs, which generated
numerous channels for ion diffusion and electron transport.
However, for the MnCo,0, 5 QC electrode material, due to the
huge total size of QCs, the diffusion of ions and electrons was
hampered in the inside of QCs, and therefore, slower reaction
kinetics could occur during the charge-discharge process.
Fig. 6e shows the GCD curves of NWs and QCs at 1 A g~ ', and
obviously the discharge time of NWs was longer than that of
QCs, suggesting the higher capacity of NWs. Fig. 6f illustrates
the relationship between specific capacity and corresponding
current density. It was clear that capacity decreased with current
density increasing, which could be explained by two reasons.
On the one hand, a large voltage drop always appears at high
current density, and it may cause negative influence on the
capacity. On the other hand, inadequate contact between
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Fig. 7 The Nyquist plots of MNnCo,045 NWs and QCs, and the inset
shows the enlarged plots in the high-frequency region as well as
a fitted equivalent circuit.

MnCo,0, s and the electrolyte was also negative for the contri-
bution of capacity because of the short discharging time at high
current density.

To further evaluate the internal resistance and reaction
kinetics of the MnCo,0, 5 NWs and QCs, EIS tests were carried
out at frequencies between 0.01 Hz and 100 kHz under an open
circuit potential by applying an AC voltage of 5 mV amplitude.
The Nyquist plots of MnCo,0,5 NWs and QCs at room
temperature are shown in Fig. 7, which were fitted with an
equivalent circuit. The equivalent circuit comprised an internal
resistance Ry (including the intrinsic resistance of MnCo,0, s,
contact resistance between MnCo,0, ; and Ni foam, and ionic
resistance of KOH aqueous electrolyte), an electron transfer
resistance R, and a Warburg resistance W. The R was directly
determined from the intercepts of the X-axis, and the values for
MnCo,0, 5 NWs and QCs were found to be 0.81 and 0.67 Q,
respectively. With respect to the R resistance, the determined
values for NWs and QCs were 0.83 and 0.76 Q. Both the
MnCo,0,.5 NWs and QCs in this work exhibited much lower Ry
values than the previously reported Mn/Co-oxide-based mate-
rials.***”** In addition, the slope of the straight line at the low
frequency region reflected Warburg resistance, which was
influenced by the ion diffusion in faradaic reactions between
the interface of MnCo,0, 5 electrodes and KOH electrolyte. It
indicated the good conductivity of both MnCo0,0, 5 NWs and
QGCs.

In order to investigate the actual application of porous
MnCo,0,4s NWs and QCs, a hybrid supercapacitor (MnCo0,0, 5
NWs//AC HSC and MnCo,0,5 QCs//AC HSC) device was
assembled with the NWs (QCs) and AC as the cathode and
anode, respectively. As we reported previously, the AC used
herein possessed a specific capacitance of 178.5 F g~ ' (—1.0-0.0
V) at 1 A g " and splendid rate durability (retained 87% of the
original capacitance at 16 A g~ '),? illustrating that the AC was
suitable as the anode material for supercapacitor applications.
The optimal weight ratio of m,/m_ was determined according to
eqn (2). To achieve the optimal electrochemical properties of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the HSC, a series of CV tests were conducted at a scan rate of
10 mV s~ with the voltage varying between 0-1.2 and 0-1.8 V to
ascertain the voltage window of the MnCo,0, 5 NWs//AC HSC.
The CV curves obtained with the voltage window of 0-1.8 V
(Fig. S3at) showed a distinct polarization phenomenon. The
GCD curves shown in Fig. S3bf were recorded under various
voltage windows from 0-1.2 to 0-1.75 Vat 1 A g ', and all GCD
profiles displayed a typical feature of quasi isosceles triangle
with an imperceptible IR drop. As a consequence, the appro-
priate operating voltage window of the MnCo,0, 5 NWs//AC
HSC was demonstrated to be 0-1.75 V. Fig. S3c7 illustrates the
specific capacities under different voltage windows, and the
capacity increased from 62.34 Cg~ ' at 0-1.2Vt0 116.95Cg ' at
0-1.75 V. Moreover, energy density showed an upward trend
from 10.76 to 25.41 W h kg™~ * accordingly (Fig. S3d7).

CV and GCD measurements of the MnCo,0, 5 NWs//AC HSC
were carried out within the voltage window of 0-1.75 V. Fig. 8a
shows that all the corresponding CV curves manifested a dis-
torted rectangular shape containing broad redox peaks, and the
shape remained unchanged with the increase of scan rate,
indicating a characteristic capacitive behavior caused by the
assembly of battery-type and EDLC electrodes. Symmetrical
GCD curves with a nonlinear nature as shown in Fig. 8c were
obtained with a variety of current densities, and the plateau
region on these curves verified the existence of faradaic reac-
tions during the charge-discharge process. Meanwhile, the
specific capacity of the MnCo,0, s NWs//AC HSC was calculated
through eqn (3), and the values could reach 116.95, 103.80,
92.96,87.34and 82.44Cg 'at1,2,4,6and 8 Ag ', respectively.
Approximately 70.49% of the initial capacity was retained when
the current density was raised from 1 to 8 A g™, indicating that
the MnCo,0, s NWs//AC HSC possessed a good rate capability.
To make a comparison, the MnCo,0, 5 QCs//AC HSC was also
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assembled with a fabrication process similar to that of the
MnCo,0, 5 NWs//AC HSC, and CV and GCD measurements were
performed under the same conditions (Fig. 8b and d).
Compared with the MnCo,0, 5 NWs//AC HSC, the MnCo0,0, 5
QCs//AC HSC exhibited lower specific capacities of 87.67, 75.93,
65.70, 61.42, and 56.90 C g ' accordingly. Fig. 8e directly
provides the GCD curves of the HSCs at 1 A g™, which clearly
exhibited the longer discharging time of the MnC0,0,4 5 NWs//
AC HSC than that of the MnCo0,0, 5 QCs//AC HSC. The rate
performances of both NW- and QC-based HSCs are shown in
Fig. 8f, respectively.

It is generally known that the cycling property of HSC devices
plays a vital role in determining the actual application of
electro-active electrode materials. Repeated GCD tests were
performed to study the cycling performance of MnCo,0, 5
NWs//AC and MnCo,0, 5 QCs//AC HSCs at 4 A g’l, as presented
in Fig. 9. Over 5000 continuous cycles, the MnCo,0, 5 NWs//AC
HSC device exhibits a long-term cycling durability with 96.44%
retention of its initial capacity. The inset in Fig. 9a displays the
last ten cycles, and no obvious changes in the symmetrical
curves were observed, demonstrating an excellent cycling
durability of the MnCo,0,5 NWs//AC HSC. In addition, the
MnCo,0,45 QCs//AC HSC maintained a specific capacity from
the initial 65.70 to final 64.25 C g~ " after 5000 cycles, suggesting
97.79% capacity retention. The coulombic efficiency (n) can be
calculated using eqn (8), and both the HSCs achieved almost
perfect n values (~100%) during the entire 5000 GCD cycles.

n= "5 100% (8)

where ¢4 and t. are defined as the discharging and charging
time, respectively. Thus, it suggested that the faradaic reactions
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Fig. 8 Electrochemical tests of MNCo,045 NWs//AC and MnCo,045 QCs//AC HSCs in a two-electrode system using 2 M KOH electrolyte: CV
curves of (@) MNCo,045 NWs//AC and (b) MnCo,0,4 5 QCs//AC HSCs at different scan rates, GCD curves of (c) MnCo,045 NWs//AC and (d)
MnCo,045 QCs//AC HSCs at different current densities, (e) GCD curves of MNCo,04 5 NWs//AC and MnCo,045 QCs//ACHSCsat1A g~ and (f)
the rate performances of MNCo0,045 NWs//AC and MnCo,045 QCs//AC HSCs.
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the insets provide the last ten GCD curves.

are almost completely reversible during the operations of
HSCs.

The Ragone plots of MnCo0,0,5 NWs//AC and MnCo0,0, 5
QCs//AC HSCs are illustrated (Fig. 10) along with a comparison
of some Mn/Co-based asymmetrical supercapacitors (ASCs) re-
ported in recent literature. The corresponding energy density
and power density were obtained through eqn (4) and (5). The
MnCo,0,5 NWs//AC HSC achieved an energy density of
25.41 W h kg™' at a power density of 782.08 W kg™ ' and still
retained 18.18 W h kg™ ' even at a higher power density of 6.35
kW kg~ '. In contrast, the MnCo0,0, 5 QCs//AC HSC exhibited
a lower energy density of 20.54 W h kg™ " at 843.34 W kg . As
illustrated in the Ragone plots, the MnCo,0, 5 NWs//AC HSC
possessed superior or comparable energy density to the
MnCo0,0, 5 QCs//AC HSC and some other ASCs assembled with
battery-type Mn/Co-based oxides as the cathode, such as
MnCo,0; nanorods//AC (12.77 W h kg™ " at 138.40 W kg™ 1),*
MnCo,0,4 5 pods//AC (19.65 W h kg ' at 810.64 W kg '),
C030,/MnCo,0,4 s//nanoporous carbon (23 W h kg™ at 796 W
kg™1),3® NigsMn,5C0,0, nanoflowers//AC (20.2 W h kg™ at
700 W kg '), and NiMnCoO,//reduced graphene oxide
(NiMnCoO,//rGO, 20 W h kg™ " at 377 W kg™ ').?* However, the
value was still inferior to some of the ASCs such as MnCo,-
O, s@graphene quantum dots//reduced graphene oxide
(MnCo,0, ;@GQDs//rGO, 44 W h kg™' at 66 W kg !)*

50
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Fig. 10 Ragone plots of the MnCo0,045 NWs//AC HSC, MnCo,045
QCs//AC HSC, and some other related ASCs reported previously.
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MnCo,0, nanosheets//AC (33.8 W h kg™" at 318.9 W kg™ ),
and MnCo,0, porous spheres (PSs)//starch-derived carbon
foam (SCF) (42.27 W h kg~ " at 400 W kg™ ").?* Based on the above
electrochemical performances of MnCo,0, NWs and the cor-
responding HSC, the porous MnCo,0, NWs herein can provide
a promising application as an advanced battery-grade electrode
material for high-performance HSC devices.

4. Conclusions

In conclusion, porous MnCo,0,5 NWs and QCs could be
prepared with a uniform structure using stainless steel foil as
a substrate through a facile, cost-effective, and eco-friendly
hydrothermal method along with an extra calcination in air.
The shape and structure of MnCo,0, 5 were controlled through
hydrothermal reaction temperature. It was demonstrated that
the MnCo,0, s NW powder possessed better electrochemical
performance than QCs. The MnCo,0, 5 NWs achieved a signifi-
cant specific capacity of 248.62 C g~ ' at a current density of
1 A g ! and maintained a capacity of 179.43 Cg ' at 8 A g7,
while the QCs delivered 177.19 (1 A g ') and 111.73 C g '
(8 Ag™ "), respectively. To investigate the practical application of
MnCo,0,45, a HSC device was constructed using MnCo,0, 5
NWs (QCs) and AC as the cathode and anode, respectively. The
MnCo,0,4 s NWs//AC HSC device exhibited a specific capacity of
116.95 C g ' at 1 A g ', a good rate capability with 70.49%
capacity retention at 8 A g ', and an extraordinary cycling
durability with only 3.56% capacity decay after 5000 cycles.
Furthermore, the HSC achieved an energy density of
25.41 W h kg™ " at a power density of 782.08 W kg '. At a higher
power density of 6.35 kW kg™, such a HSC still delivered an
energy density of 18.18 W h kg™ '. These remarkable electro-
chemical results demonstrated an efficient approach to prepare
MnCo,0, s with a controllable structure and superior electro-
chemical properties using stainless steel foil as a supporting
substrate. The present method can also be used for synthesizing
other spinel cobalt-based oxides to serve as battery-type cathode
electrode materials for next-generation high-performance
hybrid supercapacitors.
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