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1. Introduction

Facile synthesis of dual-morphological MgCo,04
with remarkable performance for
pseudosupercapacitorst

Hang Ni, Zunjie Ke, Tanwei Hu, Wanneng Liu, Yu Tian,
Guang Zheng

* Xiaolong Zhu and

The facile preparation of electrode materials with superior capacitance can be rationally regarded as a
fast and efficient strategy to improve the electrochemical properties of supercapacitors. In this work,
dual-morphological MgCo,0,4 (DMCO) was successfully synthesized on Ni foam (NF) through a simple
hydrothermal route. Honeycomb-like and urchin-like MgCo,0O, was clearly observed by scanning
electron microscopy (SEM) characterization of DMCO, which exhibited an excellent specific surface area
of 100.62 m? g~*. The as-prepared DMCO was tested in 2 M KOH electrolyte solution using a standard
three-electrode system, and the results showed that DMCO exhibited a superior specific capacitance of
1552.34 F g™t at the current density of 1 A g% After 5500 cycles under the condition of 15 A g%,
110% of the initial capacitance was retained when it is used as a binder-free electrode material for
supercapacitors. Additionally, a DMCO//AC asymmetric supercapacitor (DMCO//AC ASC) was assembled
with DMCO as the binder-free positive electrode and active carbon (AC) as the negative electrode,
which displayed a high energy density of 27.46 W h kg™ at a power density of 8259 W kg~%, and a
yellow light-emitting diode could remain lit for 24 min. The cycling performance of DMCO//AC ASC
was investigated at the current density of 8 A g~%, where 98.8% of its initial capacitance was retained
after 11000 cycles, which undoubtedly demonstrates its outstanding and prolonged cycle stability.
These remarkable electrochemical performances strongly verify that DMCO possesses great potential as
a promising material for energy storage.

and high efficiency.®'® According to these novel merits, super-
capacitors are widely used in daily life, such as small-size

With the fast development of the global economy, energy
sources are severely being depleted, and traditional energy
storage devices cannot satisfy the present development trend
due to their distinct disadvantages, and hence they should be
replaced by sustainable and green energy storage devices.'™
To date, enormous progress has been achieved in the search
for potential devices. Nowadays, supercapacitors, also called
electrochemical capacitors,” are a new type of green energy
storage device with the features of conventional capacitors and
batteries, which can perfectly satisfy the demand for storing
energy. They not only possess a higher energy density
than conventional capacitors and higher power density than
batteries,”® but have numerous attractive advantages of small
size, fast charge-discharge rate, high safety, long lifespan,
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electric vehicles."* Based on the mechanism of charge storage,
supercapacitors can be classified into two types, namely elec-
trostatic double-layer capacitors and pseudo-capacitors (also
known as faradaic pseudo-capacitors).>'*>™* In terms of elec-
trostatic double-layer capacitors, their capacitance mainly
comes from the separation of electric charge at the interface
between the electrode and electrolyte, whereas the capacitance
of faradaic pseudo-capacitors is created by the high-reversible
faradaic redox reaction at the electrode surface.>'®™® Carbon-
based materials such as carbon nanotubes®**! and graphene®*
have been frequently used as electrodes for electrostatic
double-layer capacitors because they have a high specific area
and electrical conductivity. Moreover, metal oxides are always
used as the electrodes for faradaic pseudocapacitors given that
they are redox-active materials. A reversible faradaic process
will occur when metal oxides contact the electrolyte in alkaline
solution, which offer a higher capacitance than electrostatic
double-layer capacitors. Therefore, it is worthwhile to develop
electrode materials for pseudocapacitors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Metal oxides include single>'**** and ternary transition
metal oxides,">**"*® where ternary transition metal oxides not
only have multiple oxidation states but have diverse benefits
such as low toxicity and low cost.> Moreover, they can provide
better electrochemical performances than single transition
metal oxides, and thus they are more suitable as the electrode
materials of faradaic pseudocapacitors. Among them, cobalt-
based transition metal oxides (MCo,0,, where M = Mg, Cu, Ni,
Zn, Mn, Fe, etc.) are representative materials because of their
high capacitance. MgCo,0, has a theoretical specific capaci-
tance of 3122 F g~ ', which is higher than that of other cobalt-
based transition metal oxides, such as NiC0,0, (2682 F g™ ),
CuCo,0, (2620 F g~ ), and ZnCo,0, (2604 F g~"),>***° making
it the best candidate for faradaic pseudocapacitors. Although a
series of MgCo,0, materials has been reported in recent years,
the as-synthesized MgCo,0, shows a low specific capacitance.
Haiwei Gao et al. reported the preparation of an MgCo,O,@ppy
composite via a two-step method, and the specific capacitance
of this composite was 1079.6 F g * at a current density of
1 A g '° The specific capacitance of MgCo,0, twinned-
hemispheres was 626.5 F g~ ' at a current density of 1 A g~*,*"
while the specific capacitance of flower-like MgCo,0, was
749.2 F g~ ' under the condition of 1 A g ".** Huiyu Chen
et al. reported the synthesis of an MgCo,0, nanoflake electrode
material with a specific capacitance of 7341 Fg 'at1 Ag %
Generally, a low specific capacitance is caused by a small
specific area, porous structure, poor conductivity, high resis-
tance, poor redox-active sites, and use of binder reagents,
resulting in mass powder accumulation in the traditional
preparation process. Hence, it is our goal to effectively solve
these complex problems and improve the specific capacitance.
To overcome these flaws perfectly, Yifeng Teng et al. prepared
MgCo,0,4 nanosheets directly grown on NF via the hydrother-
mal route using ethanol, and consequently these MgCo,0,
nanosheets showed an outstanding specific capacitance of
1706 F g ' under the condition of 1 mA cm™*.** Yanan Meng
et al. fabricated a ZnCo,0,@NiMo00O, composite on NF, posses-
sing a superior specific capacitance of 2316 F g~ under the
current density of 10 mA cm™ =%’

Greatly inspired by the above-mentioned experiments,
MgCo,0, with two distinct morphologies (honeycomb-like
MgCo0,0, and urchin-like MgCo,0,4) grown on NF was success-
fully prepared, where the dual morphologies possess the merits
of accessible surface area and substantial mesopores, resulting
in an excellent electrochemical performance. In addition,
the as-assembled asymmetric supercapacitor showed high
potential as an energy storage device.

2. Experimental

2.1. Materials and methods

The six main chemical reagents including magnesium nitrate
hexahydrate (Mg(NO;),-6H,0), cobalt nitrate hexahydrate
(Co(NO3),-6H,0), urea (CO(NH,),), ammonium fluoride (NH,F),
potassium hydroxide (KOH), and AC were purchased from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sinopharm Chemical Reagent Co., Ltd (China). All chemical
reagents were of analytical grade and used as received without
further purification. DMCO grown on 3D NF was fabricated via
a simple hydrothermal method. The NF (2 ecm x 3 cm) was
ultrasonicated and treated with 3 M HCI solution for 15 min to
remove NiO on its surface, and subsequently with acetone,
ethanol and de-ionized (DI) water for 15 min respectively, and
then dried at 40 °C in an oven. In a typical synthesis, 3 mmol
Mg(NO;),-6H,0, 6 mmol Co(NOj3),-6H,0, 30 mmol CO(NH,),
and 10 mmol NH,F were dissolved in 70 mL of deionized (DI)
water and stirred for at least 1 h to form a pink solution. This
solution, coupled with the clear NF, was transferred to a 25 mL
Teflon-lined stainless steel autoclave. The autoclave was sealed
and heated to 120 °C for 10 h. After it was cooled to room
temperature, the sample was taken out and washed many times
with DI water and ethanol, respectively. Next, the sample was
dried at 60 °C for 5 h. Finally, it was annealed via chemical
vapor deposition (CVD) at 350 °C for 2 h in air at a ramping rate

of 5 °C min~*.

2.2. Characterization

The crystal structure of the as-synthesized product was inves-
tigated by powder X-ray diffraction (XRD). The morphology and
structures of the product were observed via field-emission
scanning electron microscopy (SEM, SU8000) with an accelera-
tion voltage of 3 kV and high-resolution transmission electron
microscopy (HRTEM, JEM 2100F). The composition and oxida-
tion state of the product were investigated using X-ray photo-
electron (XPS, Thermo Fisher Scientific K-Alpha).

2.3. Electrochemical test

The electrochemical performance of the obtained product was
conducted on a CHI660E electrochemical workstation (made in
Shanghai, China) at room temperature using a three-electrode
system composed of a working electrode (DMCO), counter
electrode (platinum plate), and reference electrode (saturated
calomel electrode) in 2 M KOH electrolyte. The mass loading of
active material was about 5 mg. The mass loading was equal to
the weight of the annealed NF minus pure NF. Cyclic voltam-
metry (CV) tests were performed at various scan rates from 1 to
10 mV s ! in the potential range of 0-0.55 V. Galvanostatic
charge-discharge (GCD) tests were carried out at a current
density of 1-15 A g ' in the range of 0-0.5 V. Electrochemical
impedance spectroscopy (EIS) was conducted in the frequency
range of 0.01 Hz-100 kHz. The specific capacitance (C, F g~ ') of
the as-synthesized DMCO was calculated using the GCD curve,
as follows:

C = IAt/mAV (1)

where I (A) is the discharge current,A¢ (s) is the discharge time,
m (g) is the active mass of the working electrode, and I/m (A g™ )
is the current density.

2.4. Assembly of an asymmetric supercapacitor

DMCO//AC ASC was assembled with DMCO as the binder-free
positive electrode and AC as the negative electrode in 2 M KOH
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electrolyte using a two-electrode system. The AC electrode was
prepared by mixing AC, acetylene black and polyvinylidene
(PVDF) in N-methyl pyrrolidone (NMP) with mass ratio of
8:1:1. The uniform mixed slurry was finally coated on nickel
foam and dried at 80 °C for 12 h. To obtain the best mass ratio
of positive and negative electrode, the charge balancing theory
equation was used, as follows:

my/m_=C_AV_|C,AV, (2)

where m, and m_ represent the positive and negative electrode
mass, respectively. C, and C_ are the specific capacitance of the
positive and negative materials, respectively. AV, and AV_
denote the potential range of the positive and negative materi-
als in the three-electrode measurement, respectively. In the
case of the DMCO//AC ASC, we found that the best mass ratio
was 0.28 according to eqn (2), and consequently the mass
loading of the AC electrode was calculated to be around
18 mg and the total mass was around 23 mg. The potential
window of the ASC was decided by the current density I/S
(where S (cm?®) is the sum of the area of the positive and
negative electrodes). The capacitance (C, F g~ "), energy density
(E, W h kg™ ), and power density (P, W kg™ ') were calculated
based on eqn (1), eqn (3), eqn (4), respectively, as follows:*®

(3)
(4)

where m (g) represents the total mass of the positive and
negative materials.

E=CAV*7.2

P = 3600E/At

120°C @ 10 h 4@
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Step 2
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Schematic illustration of the preparation of the dual-morphological MgCo,0,.

3. Results and discussion

3.1. Morphological and structural characterization

Fig. 1 shows the process for the preparation of the dual-
morphological MgCo,0,. Initially, the NF was treated in a
chemical bath for 15 min to remove its oxide layers and
impurities, making its surface clear. Subsequently, in the first
step, the Mg-Co precursor was formed on the surface of the NF
via the hydrothermal method (step 1). In the second step, the
MgCo,0, crystal was formed in an air environment (step 2).
Additionally, there was direct contract between the MgCo0,0,
active material and NF, which effectively avoided the use of a
conductive and binder agent as in the traditional process,
consequently ensuring the utilization of the active material in
the electrolyte.

To gain a good understanding of the stability of the NF,
its XRD pattern was analysed. Fig. 2a shows photographs of NF,
which appeared silvery white before annealing, and then
golden yellow after annealing. Subsequently, Fig. 2b exhibits
the corresponding XRD patterns, where it can be found that the
NF was not greatly different before and after annealing.
Undoubtedly, the results suggest that the NF was very stable
after annealing.

Fig. 3a shows the XRD pattern of DMCO, confirming its
crystal structure and phase purity, where it can be seen that
there are 6 main diffraction peaks corresponding to the crystal-
line planes of (111), (220), (311), (422), (511), and (440) according
to the standard card of spinel MgCo,0, (JCPDS No. 81-0667).
Additionally, no other peaks can be observed, suggesting the high

—— After annealing
Before annealing

JLA

b

Intensity (a.u.)

10

Fig. 2 Photographs (a) and XRD patterns (b) of NF.
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Fig. 3 (a) XRD pattern of DMCO. (b) Unit cell of MgCo,04. XPS (c) full survey spectrum, (d) Mg 1s, (e) Co 2p, and (f) O 1s spectra of DMCO.

purity of the as-prepared DMCO. Meanwhile, Fig. 3b shows the
unit cell of MgCo,0,, where the Mg ions occupy the tetrahedral
sites and the Co ions occupy the octahedral sites.** Fig. 3c-f
display the information on the surface chemical element compo-
sition and oxidation state of DMCO obtained from the in-depth
XPS analysis. Specifically, five elements, i.e., Mg, Co, O, C, and
F, appear in the full survey spectrum (Fig. 3c), where the element F
comes from the NH,F in the solution, and the peak of C 1s at
284.8 eV (Fig. 3d) was used to calibrate all the binding energies.
In addition, Mg 1s at the binding energy of 1304.4 eV and
1306.6 eV was split into two peaks, which indicates the presence
of magnesium oxide.*”*® The Co 2p spectrum in Fig. 3e exhibits
two strong peaks, which correspond to Co 2p3/, and Co 2p;,, and
can be split into four peaks. The fitted peaks at binding energies
of 781.6 eV and 796.9 eV are related to Co*", while the fitted peaks
at binding energies of 780. 3 eV and 795.6 €V are related to Co™,
which suggest the coexistence of Co”" and Co’*. The O 1s
spectrum is displayed in Fig. 3f, distinctly revealing two peaks
at the binding energies of 530.8 eV and 529.8 eV.

To investigate the thermal stability and components of the
as-prepared material, thermogravimetric (TG) and derivative
TG (DTG) measurements were further performed. Fig. 4 shows
the TG and DTG curves of DMCO. The test was carried out from
room temperature to 800 °C at a heating ramp of 10 °C min—".
As depicted in Fig. 4, DMCO has a weight loss process with
three steps. The first step of weight loss (2.64%) below 200 °C is
due to the dehydration (the absorbed water and crystalline
water) of the material.’ The second and third weight loss steps
(16.76% and 8.64%) below 387 °C are due to the decomposition
of the metal salt.” Additionally, distinct peaks appeared at
about 208 °C and 350 °C. Meanwhile, no apparent peaks were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TG and DTG curves of DMCO.

observed above 350 °C, indicating that material structure was
formed and no additional phases existed. Thus, the above-
mentioned results prove that DMCO with high purity was
synthesized.

The surface morphologies of DMCO were observed by SEM
for its physical characterization (Fig. 5a—f). The low- magnification
SEM image in the inset of Fig. 5a shows that DMCO possesses the
feature of dual morphology (marked as “®” and “@”). According
to Fig. 5a (corresponding to “®”), there are plentiful urchin-like
MgCo,0, whose shapes show a uniform distribution and excel-
lent morphology features. According to the side-magnification
SEM image in Fig. 5b, their diameters are about 11 pm. Fig. 5c
suggests that the urchin-like MgCo,0, is made up of substantial

Mater. Adv,, 2023, 4,134-149 | 137
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Fig. 5 (a)-(f) SEM images of DMCO at different magnifications.

thin and dense nanowires, which possess the characteristics of
different angles and sufficient interval space between nanowires,
where a great number of OH™ ions can be filtered and electrons
transported for redox reactions according to their overall angle.
As shown in Fig. 5d (corresponding to “@”), numerous MgCo,0,
sheets are densely interwoven to a honeycomb-like structure on
the NF, by which numerous pores can be formed, which can fully
contact with OH ", greatly favoring an improvement in electro-
chemical performance. Fig. 5e shows that the honeycomb-like
MgCo,0, is composed of sheets on which a small quantity of
needle-like MgCo,0, grew. Meanwhile, the abundant space
between the sheets, which allow the entry of large OH™ ions,
increases the access for their surface to contact the alkaline
solution when used as an electrode. The high-magnification
SEM image in Fig. 5f obviously shows that the thickness of a
sheet is about 325 nm. According to SEM, the characteristics of
urchin and sheet structures were observed on the electrode, which
can be considered a unique morphology, and therefore the value
of the electrode is obvious in the electrolyte.

To further explore the microstructure of the as-fabricated
DMCO, TEM and high-resolution TEM (HRTEM) were also
performed, as important methods for observation. As depicted
in Fig. 6a, it can be found that several urchins are intercon-
nected. The TEM image shows that the urchins are comprised
of disorderly nanowires interwoven with each other, which is
well consistent with Fig. 6e. Furthermore, abundant mesopores
were observed on their surface, fully facilitating the transport of
ions in the electrolyte. The area marked with a red dotted line
in Fig. 6a is enlarged in Fig. 6b, which shows that the nanowires
with ultrastructural feature are composed of numerous
MgCo,0,4 nanoparticles, and Fig. 6¢ depicts that the thickness
of a nanowire is around 24.44 nm. As shown in Fig. 6d, the
HRTEM image exhibits that the interplanar distance of about
0.18 nm can be indexed well to the (331) crystalline planes of
MgCo,0,4. As shown in Fig. 6e, a single MgCo,0, sheet can be
clearly observed and the area with a blue dotted line suggests
that needle-like MgCo,0, grew on the edge of it, which is

138 | Mater. Adv, 2023, 4,134-149

consistent with Fig. 5e and f. Fig. 6f is a magnified view of
the area with a red dotted line in Fig. 6e, and coupled with
Fig. 6g, it can seen that the sheet is also comprised of MgCo0,0,
nanoparticles and possesses several mesopores. This micro-
structure can absorb substantial OH™ ions in alkaline solution
to improve the electrochemical performance. The HRTEM
image in Fig. 6h shows the interlayer spacings of 0.20 and
0.28 nm, which are assigned to the (400) and (220) planes of
spinel MgCo,0,4. To get in-depth information of the material
structure, selected-area electron diffraction (SAED) charac-
terization was performed. As exhibited in Fig. 6i and j, the
diffraction rings are very clear, which suggests that DMCO
possesses high crystallinity.** In addition, though calculation,
there are six crystalline planes from the urchin (Fig. 6i) and
sheet (Fig. 6j), corresponding to spinel MgCo,0,. Thus, the
results from the HRTEM and SAED analyses agree well with the
XRD results. Fig. 6k and | display the element mapping images
of the urchin and sheet, respectively, where the Mg, Co, and
O elements show uniform distribution on their surface. Based
on this, DMCO has the merits of ultrathin structure and
mesopores.

To determine the growth mechanism of DMCO in this work,
as shown in Fig. 7a and b, different reaction times were used to
observe their surface morphologies. As shown in Fig. 7a, the
urchin-like MgCo,0, composed of straight and thin nanowires
looked undamaged when the reaction time was up to 3 h. Upon
close observation, it was apparently found that nanowires
varied from straight to bent slightly at 7 h and the urchin-like
MgCo,0, was made up of numerous dense nanowires with a
round feature with the reaction reaching 10 h. In the case of the
honeycomb-like MgCo0,0,, it can be seen it was not formed
when the reaction time was 3 h, as shown in Fig. 7b. Interest-
ingly, several sheets began to connect with each other (the
inset) with a smooth surface and edge, as shown in the
enlarged SEM image, at 7 h. Subsequently, the MgCo,0, sheets
became greatly interpretated to form a honeycomb-like struc-
ture (the inset) and the sheets had a smooth surface and edge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Corresponding element mapping images of (k) urchin and (1) sheet.

with needle-like MgCo,0, at 10 h, as shown in the enlarged
SEM image. Based on the results, it can be seen that the urchin-
like MgCo,0, has the growth process of “straight — bent
slightly — dense”’, and the honeycomb-like MgCo,0, possesses
that of “none — several — honeycomb-like”. Meanwhile, Fig. 7
also illustrate the growth mechanism.

The BET test plays an indispensable role in analysing the
microstructure of materials. Fig. 8 shows the N, sorption
isotherm and pore size distribution of DMCO. It is obvious
that there are hysteresis loops in Fig. 8a ranging from 0.2 to
1.0 P/P, and the specific surface area of DMCO in the Fig. 8b
exhibits a superior result of 100.62 m> g~ ', which shows that
the urchin-like MgCo,0, and honeycomb-like MgCo,0, have a
significant contribution to the outstanding specific surface area
and is superior to that of 63.8°> and 65.25 m> g~ " reported in
the literature.*® Generally, a larger specific surface area indicates
that the electrode exposes large accessible electrochemically active
sites, where the chemical redox reaction occurrs.*® With an
increase in the number of electrochemical reaction sites, the
chemical effect of the reversible redox reaction enhanced between
the electrolyte and active materials on the electrode surface.
Meanwhile, a large specific surface area can also improve the
electrochemical performance by accelerating the insertion and
extraction of ions in the electrolyte.>® The pore size distributions
are shown in Fig. 8b. The pore size of DMCO is 6.806 nm, which

© 2023 The Author(s). Published by the Royal Society of Chemistry

belongs to the range of mesopores (2-50 nm) and the pore volume
of DMCO is 0.221 cc g ', which far exceeds that of the
NiCo0,0,@MnMo0, composite (0.1372 cc g *).*® Therefore, the
large specific surface area, substantial mesopores and suitable
pore size to absorb large ions are obviously beneficial for enhan-
cing the specific capacitance of the material.

3.2. Electrochemical performance of DMCO

The electrochemical performance of the DMCO electrode
material was investigated in 2 M KOH using the standard
three-electrode system, including CV, GCD, EIS and cycle
performance. Fig. 9a-i show the information from the CV
curves of the DMCO electrode, which is an extremely efficient
method to observe the electrochemical behavior of the material
in the electrolyte. Fig. 9a shows the CV curve of the DMCO
electrode at a scan rate of 1 mV s~ in the potential range of 0 to
0.55 V. It can obviously be found that the sharp of CV curve
exhibits an irregular rectangular, which means a typical pseu-
docapacitive characteristic. The redox peak observed in the
range of 0-0.55 V originates from the faradaic redox reactions
related to M—~O/M-O-O-H with the alkaline electrolyte,*® where
M represents Mg or Co ions. The CV curves at different scan
rates of 1, 3, 5,and 8 mV s~ " are presented in Fig. 9b, where the
redox peaks of all the CV curves are distinct. Furthermore, the
pair of redox peaks gradually shifts towards the positive

Mater. Adv., 2023, 4,134-149 | 139
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Fig. 7 Growth mechanism of (a) urchin-like MgCo,04 and (b) honeycomb-like MgCo,04.

140 —Q@— Adsorption
a —@— Desorption C?
— 120 /9
L0 oa
[} *)
21004 / /
= o9
»n 80 9 °/
® )
g 60 - o9
- 40 6’0' 2
5 | .
= ﬁ%g"
20 Ms
0 T T

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P()

Fig. 8

potential and negative potential with an increase in the scan
rate, leading an increase in the peak currents. This is due to the
ohmic resistance and polarization effect in the electrode.*?
Meanwhile, Fig. 9c shows the square root of the scan rate vs.
cathodic peak current curve, directly reflecting their linear
relationship, which suggests that DMCO shows battery-
type behavior in KOH solution.”® Fig. 9d shows the linear
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(a) N, adsorption—desorption isotherm and (b) corresponding pore size distributions of DMCO.

relationship between the anodic and cathodic current and
scan rate at 0.3 V from the CV test, which suggests that DMCO
possesses excellent conductivity.”’ To represent the electro-
chemical behavior of the DMCO electrode as a specific value,
eqn (5) was employed, as follows:

i=a® (5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and (i) capacitive (black area) and diffusion-controlled (green area) contribution ratio at different scan rates of DMCO.

where a represents the response current (maA), v represents the
scan rate (mV s~ '), and ¢ and b denote constants. Then, eqn (5)
can be transformed into eqn (6), as follows:
logi = blogv + loga (6)

As is known, when the b value is around 0.5, the storage process
is mainly a diffusion-controlled process, surface-capacitive and
diffusion-controlled processes coexist when the b value ranges
from 0.5 to 1 and surface capacitance dominates when the b
value is close to 1.*> As revealed in Fig. 9e, the slope of the
anodic current at 0.45 V divided by different scan rate is about
0.7, elaborating that the reactions between DMCO and the
electrolyte is caused by both diffusion-controlled and surface-
capacitive processes, which is in accordance with the redox
peaks in Fig. 9a and b.

To further explore the pseudocapacitive behavior of the
DMCO electrode, the CV curves in Fig. 9b were considered.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The CV curve usually includes two types of energy storage
modes,** namely a faradaic process (also called faradaic con-
tribution) arising from redox reactions, and a non-faradaic
process (also called non-faradaic contribution) from the electric
double layer. The so-called faradaic contribution includes
a diffusion-controlled OH™ insertion process and a redox
pseudocapacitive process occurring at the surface atoms, even
possibly, with atoms located in the interlayer lattice planes of
the active materials.** Besides, the non-faradaic contribution
comes from double-layer capacitance.** According to the research
by Dunn and co-workers, the contribution from surface pseudo-
capacitance and double-layer capacitance (capacitive contri-
bution, marked as “cap”), as well as diffusion-controlled OH™
insertion contribution (diffusion-controlled contribution, marked
as “diff’) can be calculated using the CV curves in Fig. 9b

according to the following equation:
Z(V) = icap + idiff = klv + kzvo's

)
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where i (A), V, k; and k,, and v (V s~ ) represent the response
current, potential, constants, and scan rate, respectively. Addi-
tionally, kv and k,v° represent the current caused by capaci-
tive contribution and diffusion-controlled OH™ contribution,*?
respectively. The above-mentioned equation can also become
eqn (8), as follows:

MW = k® + &, (8)
only by getting the values of k; at different potentials in the
range of 0-0.55 V to determine the capacitive contribution. In
this work, we took advantage of the four CV curves in Fig. 9b to

View Article Online
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get k;, and subsequently, k; multiplied by the scan rate is the
capacitive contribution of every curve obtained at a particular
scan rate. Through calculation, Fig. 9f was finally obtained,
which shows approximate straight lines, by plotting i/v*> vs. v
at different potentials. The capacitive contribution rate was
determined based on the proportion of the two areas in the CV
area. In Fig. 9g, the capacitive contribution (marked as black
area) to the charge storage in the potential window of 0-0.55 V
was found to be 35.8% in comparison with the diffusion-
controlled contribution (marked as green area) at a scan rate
of 1 mV s~ %, while that in Fig. 9h at 8 mV s~ ' is 61.97% for the
DMCO electrode. Different contributions corresponding to the
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Fig. 10 (a) GCD curves of DMCO at different current densities. (b) Specific capacitance vs. current density histogram for DMCO. (c) Cycle performance

of DMCO at 15 A g~. Comparison curves of (d) first and final 5 cycles and (e) at 1 A g~* after cycling, (f) EIS of DMCO before and after cycling.

Table 1 Comparison of the electrochemical properties between DMCO and other MgCo,0O4 materials in earlier reports

Material Q Stability Potential (V) Ref.
Double-urchin like MgCo,0, 508 Fg ‘@2 Ag! 95.9%@2000 cycles 0.5 1
MgCo0,0,@ppy 1079.6 Fg ‘@1 Ag " 97.4%@1000 cycles 0.45 5
MgCo0,0,@Mn0, 968.98 F g '@1 mA cm > 91.45%@5000 cycles 0.5 29
MgC0,0,@MnO, 887.3Fg '@1Ag " 86.0%@3000 cycles 0.4 30
MgCo,0, twinned hemispheres 6265 Fg '@1Ag ! 68.9%@5000 cycles 0.45 31
Flower-like MgC0,0, 7492 F g '@1Ag ! 67.8%@5000 cycles 0.45 32
MgCo,0, nanoflakes 7431 Fg '@1Ag! 94.2%@5000 cycles 0.43 33
MgCo,0, nanosheet arrays 1706 F g '@1 mA cm 2 94.65%@3000 cycles 0.5 34
MgCo,0, nanosheet arrays 1721.8Fg ‘@2 Ag " 96%@5000 cycles 0.55 40
MgC0,0,@NiMo0, 1775F g '@1Ag ' 74.7%@5000 cycles 0.5 49
MgCo,0, nanosheets 1431.2Fg '@1Ag " 97.65%@10 000 cycles 0.35 50
MgCo,0,@CoFe 2007Fg '@1Ag " 80.2%@5000 0.45 51
MgCo0,0,@NiMn 37572 Fg '@1Ag" 86.9%@5000 0.5 52
MgCo,0, nanoflakes 7727 Fg @1 Ag ! Not reported 0.55 53
MgCo,0, nanowires 6385Fg ‘@1 Ag! Not reported 0.55 53
MgCo,0,@NiCo 5701.2 Fg '@1Ag " 83.7%@5000 0.5 54
DMCO 1552.34 Fg '@1Ag ! 110%@5500 cycles 0.5 This work
142 | Mater. Adv., 2023, 4,134-149 © 2023 The Author(s). Published by the Royal Society of Chemistry
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scan rates of 1, 3, 5, and 8 mV s are fully exhibited in Fig. 9i,
and as expected, the capacitive contribution increased, while
the diffusion-controlled contribution decreased with an
increase in the scan rate. Furthermore, it is well-known that
the higher scan rate, the greater capacitive contribution, as was
the case in this work, which agrees well with the related

— before 5500 cycles
— after 5500 cycles

S A =
Fig. 11 (a) Photograph of NF after 5500 cycles, (b) XRD patterns before
and after 5500 cycles, and SEM images of (c) and (d) honey-comb
MgCo,0,4 and (c) and (f) urchin-like MgCo,0O, after 5500 cycles.

' Hydrothermal and
) | —

Anneal reaction

Fig. 12 Schematic illustration of the evolution of DMCO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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literature.*?>** Thus, the above-mentioned results demonstrate
that DMCO is a faradaic-capacitive electrode material with high
conductivity.

Fig. 10a shows the GCD curves of the DMCO electrode
measured at different current densities in the potential window
of 0 and 0.5 V, where it can be seen that the charging time of all
the GCD curves is basically equal to the discharge time, show-
ing that it exhibits high coulomb efficiency.*> Besides, all the
curves are symmetric, demonstrating its good electrochemical
reversibility. The specific capacitance (Cs) of the DMCO elec-
trode was calculated using eqn (1). As shown in Fig. 10b, the
DMCO electrode exhibited a specific capacitance of 1552.34,
1404.44,1207.31, and 977.02 F g’1 at the current density of 1, 5,
10, and 15 A g, respectively. This notable change is because
the smaller current density, the slower the contact between the
DMCO active material and OH ™, and thus the higher utilization
of the DMCO active material.*® Cycle stability is a vital measure-
ment for electrode materials used for supercapacitors. Thus, as
revealed in Fig. 10c, it can be seen that the capacitance
increased at the beginning of the 600th cycle and the cycling
test was performed at a current density of 15 A g~* for 5500
cycles. Consequently, it retained 110% of its initial specific
capacitance, which indicates its remarkable electrochemical
stability. Moreover, Fig. 10d and e show a comparison of the
curves between the first and final 5 cycles, as wellasat 1 A g™,
where it can be directly seen that they greatly differ, revealing
that DMCO has great long-life cyclic stability. To evaluate the
internal resistance and diffusion effect of the DMCO electrode,
EIS in the frequency range of 0.001-100 kHz for before and after
5500 cycles was performed. The EIS curve is composed of a
semicircle in the high frequency region and a straight line in
the low frequency region. The diameter of the semicircle is
controlled by electrochemical polarization, characterizing the

\
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faradaic reactions,®” which corresponds to the charge contact,
i.e., the transfer resistance (R.;) between the electrode material
and the electrolyte. Specifically, the bigger the semicircle, the
larger resistance. The linear slope of a straight line is controlled
by physical diffusion, corresponding to the resistance of
electrolyte migration in the electrode material (the Warburg
resistance), where the larger the linear slope, the smaller the
impedance, which is inversely proportional. Besides, the inter-
section formed by the EIS curve and the real axis Z’ reflects the
internal resistance (Rs) of the electrode, representing the sum
of the ionic resistance of the electrolyte, the intrinsic resistance
of the active material and the contact resistance at interface
between active material and collector.”” Fig. 10f presents the
EIS curves of DMCO, showing a straight line in the low
frequency region, and the inset illustrates a semicircle in the
high frequency region, from which DMCO electrode exhibits
a low Rs of 0.29 and 0.32 Q before and after 5500 cycles,

View Article Online

Paper

respectively. In the low frequency region, the two straight lines
are parallel to the imaginary axis Z”, revealing the excellent
diffusion effect and the capacitive behavior of the electrode.*®
The value of R is related to the diameter of the semicircle.
For the high frequency region, it can obviously be seen that
the diameter after 5500 cycles is smaller than that before,
suggesting that the DMCO electrode possesses a relatively low
resistance after long-term cycling. Furthermore, the electro-
chemical performance of DMCO prepared in this work is much
more remarkable than that of some relevant reports in the
literature, the detailed data of which is presented in Table 1.
The detailed data comparison in Table 1 fully shows that the
as-fabricated DMCO possesses the feature of excellent electro-
chemical stability, making it suitable for application in pseu-
dosupercapacitors. Thus, the discussion above suggests that
DMCO possesses the characteristic of low resistance and high
specific capacitance.
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(a) Schematic illustration of the two-electrode device, (b) CV curves of DMCO electrode and AC electrode measured at a scan rate of 10 mV s+

in the three-electrode system, (c) CV curves at 10 mV st and (d) GCD curves at 5.75 mA cm™2 of DMCO electrode with different potential windows, and
(e) CV curves of DMCO//AC ASC at different scan rates. (f) Linear relationship between logarithm anodic peak current and logarithm scan rates at
different potentials for DMCO//AC ASC. Plots of i/v°* vs. V% at different potentials for DMCO//AC ASC during (g) charge and (h) discharge. (i) Capacitive

contribution ratio of DMCO//AC ASC at different scan rates.
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yellow LED and variation in the brightness of the yellow LED.

To gain a further understanding of the stability of DMCO,
XRD and SEM were used to investigate its crystal structure and
observe its morphologies and structure after prolonged cycling,
respectively. Fig. 11a shows a photograph of NF and Fig. 11b
reveals the XRD pattern before and after 5500 cycles, where it
can seen that the former and the latter barely differ; mean-
while, they possess the same 6 main peaks. The results suggest
that the crystal microstructure of DMCO was considerably
stable after the long-term durability test. Fig. 11c and e dis-
tinctly show that the morphologies of the honeycomb-like
MgCo,0, and urchin-like MgCo,0, remained basically flawless.
Fig. 11d and f suggest that the crystal lattice of the honeycomb-
like MgCo,0, and urchin-like MgCo,0, is the same as before,
which highlights the outstanding stable performance of DMCO
and agrees well with the result in Fig. 10c. Therefore, these
results further prove that DMCO can be highly used as an
advanced electrode material. Meanwhile, a schematic illustra-
tion of the morphological evolution of DMCO is presented in
Fig. 12.

3.2. Electrochemical performance of DMCO//AC ASC

To test the practical value and application potential of the
DMCO electrode, as shown in Fig. 13a, a two-electrode device
was assembled with DMCO and AC as the binder-free positive

© 2023 The Author(s). Published by the Royal Society of Chemistry

and negative electrode, respectively, in the electrolyte of
2 M KOH. Fig. 13b displays the CV curves of the AC electrode
(—1.0 to 0.0 V) and DMCO electrode (0.0 to 0.5 V) measured at
scan rate of 10 mV s~ in a three-electrode system. Fig. 13c
shows the CV curves at various potential windows ranging from
0-1.0 V to 0-1.8 V at the scan rate of 10 mV s~ . It is obvious
that the stable potential window can be extended by up to 1.6 V,
which was also further confirmed by the GCD curves. When the
potential window was further increased to 1.8 V, a clear sharp

Table 2 Comparison of the maximum energy density between DMCO//
AC ASC and other ASCs

Maximum Power

ASC energy density density Ref.
MgC0,0, @MnO,//AC 26.44 289.9 29
ZnCo,0,@NiM00,//AC 25.3 787.9 35
MgC0,0,4//AC 12.99 448.7 40
NiCoSe,//AC 24 800 56
CuC0,0,@Co(OH),//AG 19.2 350 57
MnO,@NiC0,04/AC 26.6 800 58
CoSe,@NiSe,//AC 20.4 798 59
NiSe, @CNT//AC 25.61 810 60
NiC0,0,@MnMo0,//AC 15 336 61
DMCO//AC 27.46 825.9 This work

Remark: AG denotes as activated graphene.
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peak, as circled in red, was observed, which may be due to the
electrolyte degradation/water splitting.>® Fig. 13d presents the
GCD curves varying from 0-1 V to 0-1.8 V at a current density of
5.75 mA cm 2, where the GCD curves in the potential range
of 0-1.6 V are greatly symmetric, suggesting that the stable
potential window can reach 1.6 V, agreeing well with the CV
result. Fig. 13e illustrates the CV curves of the DMCO//AC
asymmetric supercapacitor with a 1.6 V potential window at
different scan rates. It can obviously be seen that the closed CV
curve shows non-rectangular shape, which indicates that elec-
tric double-layer capacitance and pseudo-capacitance co-exist.
As shown in Fig. 13f, the slopes of the four straight lines composed
of different anodic currents are around 0.6, indicating that the
reaction in the whole system is determined by diffusion and
surface capacitance according to eqn (7). To get more clear
information, through calculation using eqn (9), Fig. 132 and h
are finally illustrated, where approximate straight lines were
obtained by plotting ip®® vs. v>° at different potentials during
the charge and the discharge. The capacitive contribution rate was

Table 3 Comparison of the cycle stability of DMCO//AC ASC and other
ASCs

ASC Cycle stability Ref.
MgCo,0,@ppy//AC 91%@10 000 cycles 5
MgCo0,0,@NiMo00,//AC 71.7%@10 000 cycles 49
NiCo0,0,@MnMo0,//AC 96%@10 000 cycles 61
CuCo,0,@Ni-Co-S//AC 83.6%@8000 cycles 62
MnCo,0,@0MEP//AC 90.2%@10 000 cycles 63
DMCO//AC 98.8%@11 000 cycles This work
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determined based on the proportion of two areas in the CV area.
Fig. 13i shows that capacitive contribution ratio increased with an
increase in the scan rate.

Fig. 14a depicts the GCD curves of the DMCO//AC ASC at
various current densities in the potential window from 0 to
1.6 V. The specific capacitance was calculated according to
eqn (1). As presented in Fig. 14b, the DMCO//AC ASC exhibited
the capacitance of 77.23, 70.49, 66.09, 61.76, 56.6 F g~ ' and
41.6 F g ' at a current density of 1,2,3,4,5A¢g 'and 8 Ag
respectively. Besides, the ASC showed 51.8% of its initial
specific capacitance at a current density of 8 A g™, as shown
in Fig. 14c, demonstrating that the DMCO//AC ASC can be
safely used at a large current density of 8 A g~ *.*®* When the
current density was 8 A g ', as shown in Fig. 14d, the DMCO//
AC ASC maintained about 98.8% of its initial capacitance after
11000 cycles, suggesting its remarkable cycle stability. The
inset displays the GCD curves before and after 11000 cycles,
where they are similar, which is in agreement with Fig. 14d.
Based on eqn (3), (4), and (5), the DMCO//AC ASC has a
maximum energy density of 27.46 W h kg~ " at a power density
of 825.9 W kg™', and even a maximum power density of
10240 W kg™ " at a power density of 14.79 W h kg™ '. Besides,
the maximum energy density of the DMCO//AC ASC shows its
excellent electrochemical property according to Table 2. It is
worthwhile to notice that the cycle stability of the DMCO//AC
ASC is much more outstanding compared with other ASCs, as
shown in Table 3. Consequently, these results demonstrate that
the DMCO//AC ASC can be favorable for energy storage and
possesses great potential for practical application. Fig. 14e

r_Uniform and
fast electron
| transportation

e transport paths

Fig. 15 Schematic illustration of the performance mechanism of DMCO. (a) Honeycomb-like MgCo,0O4 and (b) urchin-like MgCo,04.
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shows the application of two tandem DMCO//AC ASCs effort-
lessly lighting a yellow light-emitting diode (LED) for 24 min
and the variation in brightness at different times, undoubtedly
indicating that the large specific surface of DMCO contributes
to this result, apparently revealing its great commercial value
for practical use.

Fig. 15 shows a schematic illustration of the electrochemical
mechanism of DMCO, where Fig. 15a and b exhibit honeycomb-
like and urchin-like MgCo,0,, respectively. In Fig. 15a, the
numerous interval spaces are irregularly formed by the edge of
sheets connected with each other, while the 3D structural urchins
in Fig. 15b will be in total contact with OH™. On one hand, these
two unique features can effectively “filter” OH™, which is con-
ducive to increasing the contact area between the electrode
material and OH ™, providing more redox active sites. On the
other hand, it can shorten the OH™ diffusion distance, greatly
reducing the Ohm resistance of the electrode. Therefore, a
fast and highly reversible Faraday redox storage charge process
can occur.

4. Conclusions

In summary, to improve the specific capacitance and structural
stability of the active materials used for supercapacitors, we
designed and successfully synthesized a dual-morphological
MgCo,0, electrode material grown on NF via hydrothermal
reaction at 120 °C. The as-prepared dual-morphological elec-
trode material under SEM observation included urchin-like
MgCo,0, and honeycomb-like MgCo,0,. It showed a large
specific surface area of 100 m*> g ' and possessed abundant
pores and interval spaces, fully allowing it to exhibit a superior
specific capacitance of 1552.34 F g~ " at a current density of
1 A g " and low resistance, as well as first-class cycle stability of
110% retention when used as a binder-free electrode for a
pseudocapacitor after 5500 cycles in 2 M KOH. These remark-
able results suggest that the as-prepared electrode material can
offer available paths, which are favorable for electrolyte pene-
tration and transportation. Furthermore, the DMCO//AC ASC
based on DMCO as the positive and AC as the negative
electrode also had a high specific capacitance of 77.23 F g *
under the condition of 1 A g~! with a potential range of 1.6 V.
Meanwhile, this ASC displayed a maximum energy density of
27.46 W h kg™" at a power density of 825.9 W kg™ ', and even an
energy density of 14.79 W h kg ' at the power density of
10240 W kg~ '. Additionally, it maintained 98.8% of its original
capacitance after 11000 cycles, showing great potential for
stable electrochemical performance. Therefore, we firmly
believe that MgCo,0, is an extremely promising electrode
material with considerable value for market application in
supercapacitors.
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