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In this study, various nanostructures of Mn-doped Co3z04 were synthesized on Ni foam using binder-free elec-
trochemical technology for electrochemical energy storage applications. Using the cyclic voltammetry method
with different scan rates, diverse nanostructures, i.e., irregularly oriented nanooctahedra, interconnected
standing nanosheets, and nanopetals of Mn-doped Co304, were obtained. The standing interconnected nano-
sheets on the Ni foam exhibited remarkable supercapacitive performance due to the void space between the
sheets and mesoporous structure, which provided additional active sites for faradic transitions. The nanosheets
exhibited excellent electrochemical performance with a maximum specific capacitance of 1005F g’1 and a cyclic
stability of 88% during 5000 charge-discharge cycles. Moreover, an asymmetric supercapacitor was assembled
comprising activated carbon on Ni foam and interconnected nanosheets of Mn-doped Co304 on Ni foam as
negative and positive electrodes, respectively. This assembled device exhibited an improved potential of 1.6 V, a
maximum specific energy of 20.6 Wh kg%, and a maximum specific power of 16 kW kg ™' with 80.6% capacity
retention after 2000 charge—discharge cycles, which is superior for SC devices.

1. Introduction based on carbon nanomaterials such as carbon nanotubes, graphene

oxides, and activated carbon (AC) are EDLCs, which exhibit high elec-

Effective electric energy storage and retrieval are important aspects
for the development of sustainable and renewable energy devices. Most
of the research on this topic has focused on the use of nontoxic, abun-
dantly available materials for low production cost and enhanced oper-
ational safety [1]. In particular, Li-ion battery technology stands out for
its ability to deliver high specific energy in various electrical appliances,
including medical devices and communication implements [2,3].
However, for the development of next-generation hybrid devices,
supercapacitors (SCs) with high specific power that can provide large
amounts of electrical energy in short periods are required. Basic elec-
trochemical reactions occurring at the electrodes of SCs play a vital role
in SC operation. In this context, SCs can be divided into two types:
electrical double-layer capacitors (EDLC) with nonfaradic charge stor-
age and pseudocapacitors with faradic charge storage. In general, SCs
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trical conductivity and large surface areas. In contrast, transition metal
oxides (TMOs), including MnO3, Mn203, RuO3, Co304, Fe303, and TiO,,
which undergo reversible faradic reactions, are used as pseudocapaci-
tive materials [1,4]. These TMOs can deliver much higher energy den-
sity than carbon-based materials [1,2]. In particular, thin-film
nanostructures of CozO4 are considered to be good pseudocapacitive
materials offering broad redox peaks over wider potential ranges
compared with the sharp redox peaks of battery electrode materials
[5,6].

Unfortunately, the low conductivity of TMO materials is a limitation
for SC applications, and extensive research efforts have been devoted to
enhance their performance. Studies have shown that TMOs having more
than one cation exhibit better performance than oxides with single
cations [7-9] and that the properties of core TMOs can be altered by
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doping with different cations [7,8,10]. In selective studies, Fe and Mn
doping lowers the bandgap energy of Co304, and Fe doping induces a
slight ferromagnetic behavior in Co3O4 [8,10] and affords excellent
catalytic activity toward oxygen reduction reactions (ORR) and oxygen
evolution reactions (OER) [11-13]. Meanwhile, La doping in Co304 has
been shown to improve the photocatalytic activity [7] and selective
sensitivity toward iodine, hydroxylamine, and sulfite [14-16]. In addi-
tion, the OER and ORR electrocatalytic activity of Co3O4 are enhanced
by Ni doping and catalytic propane oxidation [13,17-19]. Cu-doped
Co304 exhibits greatly enhanced catalytic activity toward fluorine
oxidation [20], and Fe/Cr-doped Co304 shows enhanced catalytic ac-
tivity toward CO oxidation at low temperatures [21]. Cr-doped Co304
hierarchical nanostructures show excellent response toward xylene as a
selective gas sensor [22], and Mo-doped Co304 nanoparticles have
excellent activity toward OER [23]. Pd-doped Co304 nanowire arrays
are excellent HyO; electroreduction catalysts [24]. Cd doping in Co304
nanosheets improves the electroactive properties toward electro-
chemical energy storage [25]. Zn-doped Co304 shows excellent elec-
trochemical properties toward nonenzymatic glucose detection [26].
Mn doping in Co304 promotes the selective catalytic reduction of NO
with NH3 [27], improves the intrinsic conductivity [28], enhances the
activity and stability of low-temperature catalytic CO oxidation [29],
and affords excellent OER electrocatalytic properties [30]. Furthermore,
Mn-doped CosO4 has been studied for energy storage applications
because Mn provides extra active sites for charge conversion [31-34].

Electrochemical synthesis can produce binder-free nanostructures
directly on conductive surfaces; this reduces the intrinsic resistance of
active electrode materials [35-40]. The type of electrochemical syn-
thesis depends on the mode of deposition. Jagadale et al. studied the
nanostructured formation of Co304 using galvanostatic, potentiostatic,
and potentiodynamic electrochemical approaches. In the galvanostatic
mode, the flow of charges at the subject electrode is maintained,
whereas, in the potentiostatic mode, the potential of charges at the
subject electrode is maintained. In both modes, the desired growth of
nanostructures can be achieved by tuning the deposition time. The re-
action involves initial nucleation, hemispherical mass transfer, and
subsequent diffusion-controlled linear mass transfer to develop different
nanostructures [6,41]. However, in the potentiodynamic measurement,
which is generally known as cyclic voltammetry (CV), the potential of
the subject electrode varies between two fixed potentials with different
cycling rates, and the growth of nanostructures depends on the number
of cycles and the cycling rate [6]. For the development of Mn-doped
Co304 nanostructures for SC application, the use of a simple CV tech-
nique would be useful and cost-effective, particularly for applications
requiring binder-free nanostructures.

In this study, Mn-doped Co304 nanostructures were grown on Ni
foam as a substrate using a CV method at different scan rates, which was
carefully studied and confirmed by different characterization methods.
Electrochemical properties were investigated for electrochemical energy
storage application. The CV, galvanostatic charge-discharge (GCD)
method along with electrochemical impedance spectroscopy (EIS)
studies exhibited very good insights into the energy storage properties of
the synthesized Mn-doped Co3O4 nanostructures, which eventually
helped to understand the correlation between nanostructured materials
and electrical energy storage properties. In addition, the constructed
asymmetric aqueous assembly of SC explored the practical and useful
aspect of Mn-doped Co304 nanostructures.

2. Materials and methods
2.1. Chemicals

All the chemicals used for the study were analytical grade, so used
without any further purification. Manganese(II)chloride tetrahydrate

[MnCl,-4H,0] was purchased from Hayashi pure chemical Ind. Ltd.
(Japan). Cobalt(II)chloride hexahydrate [CoClp-6H20] was purchased
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from Samchun chemicals (Republic of Korea). Potassium hydroxide
[KOH] was purchased from Daejung Chemicals (Republic of Korea).

2.2. Preparation of Mn-doped Co304 electrode

For electrode fabrication, battery-grade Ni foam (1 cm x 1 cm x 0.8
mm) was used as a current collection substrate owing to its three-
dimensional (3D) microporous structure and remarkable conductivity
[37,42,43]. These substrates were rinsed carefully with 3 M HCI,
deionized (DI) water, and ethanol via ultrasonication. A precursor bath
containing 0.1 M MnCl, and 0.064 M CoCl; in DI water was prepared at
room temperature. As shown in the schematic depicted in Fig. 1, in the
three electrode setup, the cleaned Ni foam, graphite, and Ag/AgCl
electrode were submerged into the bath to serve as working, counter,
and reference electrodes, respectively. During CV electrodeposition, the
potential (E) of the Ni foam varied between — 1.0 and 0.0 V against the
Ag/AgCl electrode with scan rates (v) of 30, 50, and 100 mV s, The
applied potential profiles of these v values are depicted in the inset of
Fig. 1. Subsequently, Ni foams with electrodeposited material were
cleaned in DI water, dried at room temperature, and subjected to
calcination in a furnace at 673 K for 2 h. The electrodes prepared at v
values of 30, 50, and 100 mV s~ ! were labeled as samples S-30, S-50, and
$-100, respectively.

The activated carbon (AC) electrode was fabricated by mixing AC,
carbon black and PVDF with the mass ratio of 80:10:10 in 1-Methyl-2-
pyrrolidinone solvent to obtain a slurry, and followed by coating the
slurry onto nickel foam and drying the supported nickel foam at 80 °C
for 12 h under vacuum. Then the aqueous asymmetric SC device was
assembled using S-50 as a positive electrode (cathode) and the activated
carbon (AC) as a negative electrode (anode) in 2 M KOH. Moreover, the
SC device was subjected to CV, GCD, and cyclic stability studies.

2.3. Characterization of material

Prepared samples were subjected to X-ray diffraction (XRD, Pan-
alytical (EMPYREAN) with Cu Ka —1.54 f\) analysis, field emission
scanning electron microscope-energy dispersive X-ray spectroscopy
analysis (FESEM-EDS system, HITACHI SU8220, Japan), Raman spec-
troscopy (Renishaw inViareflex spectrometer, Gloucestershire, UK with
Laser line of 532 nm) and X-Ray Photoelectron Spectroscopy (XPS,
ThermoFisher -NEXSA, USA).

2.4. Electrochemical measurement

Three electrode arrangement was used for mono electrode testing in
2 M KOH electrolyte. As prepared Mn-doped Co30O4 on Ni foam was
connected to test working terminal, platinum plate was connected to
counter and Ag/AgCl was connected to reference terminal of worksta-
tion, respectively. All the necessary electrochemical analysis were per-
formed using WizEIS 1200Premium workstation (Wiz MAC, Republic of
Korea).

3. Result and discussion
3.1. Formation of Mn-Doped Co304

In CV, the potential of the working electrode varies between the
potential limits with respect to the reference electrode. These potential
limits can be scanned rapidly or slowly by tuning the v to high or low
values [44]. As shown in the inset in Fig. 1, a v of 30 mV s ! required a
long time to complete the CV cycle. Here, the CV was performed be-
tween — 1.0 and 0 V at v values of 30, 50, and 100 mV s~ !. The first CV
curve, recorded at 50 mV s~ %, is shown in Fig. S1(a). During the negative
scan from 0 to — 1.0 V, a sharp decrease in current density (j) was
initially observed up to — 0.19 V, followed by a plateau from — 0.19 to
— 0.57 V. In this underpotential condition, codeposition of Mn and Co
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Fig. 1. Schematic illustration of the electrodeposition process for the Mn-doped Co304 nanostructures on Ni foam substrate.
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Fig. 2. FESEM images of Mn-doped Cos04 prepared at scan rates of 30 mV s~! (a-b) [$-30], 50 mV s~* (c—d) [S-501, and 100 mV s~ (e—f) [S-100].
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occurred to form a monolayer. However, j greatly decreased from — 0.57
to — 1.0 V, with a broad reduction peak at — 0.81 V. At this potential
region, 3D nucleation and growth of the material was initiated by the
deposition of metals (M = Mn, Co) according to Eq. (1):

Mg, +20H,,—~M(OH), m

(aq)

Besides, in the overpotential region at —1.0 V, the massive reduction
of water generates more hydroxyl ions lead to the massive growth of
material [40,45].

In the reverse scan, j was notably lower till — 0.57 V, followed by a
plateau up to — 0.47 V with partial broad oxidation peaks. The cathodic
crossover at — 0.57 V corresponds to the nucleation overpotential,
which confirms the nucleation and growth of the material [45].
Furthermore, as the CV cycle progressed, the peak j of the CV became
more negative. As shown in Fig. S1(b), the peak j of the 50th CV cycle
was more negative than that of the 1st CV cycle, which suggests an in-
crease in electronic conductivity of the overall electrode that ensuring
the growth of material on the Ni foam with CV cycling. Subsequent
calcination of the material resulted in the formation of Mn-doped Co304
on the Ni foam according to Eq. (2):

M(OH),—Mn,Co;_,Ouy 2)

The different v of CV deposition can greatly affect the growth of the
material. In the three-electrode system, a high scan rate applied to the
working electrode can rapidly change its potential, which affects the
electrochemical reactivity on its surface. Rapid changes in the potential
provide less time for the cations to react and settle on the Ni foam, ac-
cording to Eq. (1). Therefore, in a single CV cycle, the amount of ma-
terial deposited on the Ni foam is higher at 30 mV s~ than at 100 mV
s~ L. Here, for comparison, the same deposition masses were achieved in
S-30, S-50, and S-100 by running 30, 50, and 100 CV cycles at v values of
30, 50, and 100 mV s}, respectively [45]. After calcination, the
deposited mass of Mn-doped Co304 on Ni foam was estimated as ~ 2 mg
em 2,

3.2. FESEM study

Fig. 2 shows FESEM images of the Mn-doped Co304 nanostructures
recorded at v values of 30, 50, and 100 mV s~L. At the low v, the cations
from the solution had more time to react continuously with the hydroxyl
ions at the overpotential region of each CV cycle, resulting in continuous
nucleation and material growth. At the v of 30 mV s~ %, the slow and
continuous growth of the material led to the formation of nonoverlap-
ping micrometer-sized granules with distinct grain boundaries, as shown
in the FESEM image of S-30 (Fig. 2(a)). The high-magnification image of
this granular region shown in Fig. 2(b) reveals the presence of distinct
nanooctahedra like nanostructures with irregular orientation. These
shapes have their base formed on the grain surface, grown and pointed
in the normal direction away from the base. An increase in the v value to
50 mV s~ ! decreased the time for nucleation and growth. As a result,
interconnected nanosheets formed on the surface of S-50, as shown in
Fig. 2(c). In this case, during initial cycling, the nucleation sites for
nanosheets may be formed on the Ni surface. As cations had insufficient
time to diffuse into the structure, with each cycle nanosheets grows at
these nucleation sites. The high-resolution image of S-50 shown in Fig. 2
(d) reveals vertically aligned, distinct mesoporous nanosheets that are
irregularly oriented and interconnected. At a higher v of 100 mV s}, the
nucleation time on the Ni surface was very short, which caused the
formation of irregular structures in S-100. As shown in Fig. 2(e), the Ni
surface was composed of irregular, distinct grains comprising connected
clusters of chains. However, the high-resolution image as shown in Fig. 2
(f) clearly reveals the formation of petals clustered together in single
branches connected to form a chain-like structure. This occurred
because the cations had insufficient resting time to grow on the Ni
surface [45]. The Mn-doped Co304 deposited at 30 mV s~! exhibited a
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compact nanostructure surface, whereas a rough nanostructure surface
with a less porous morphology formed at 100 mV s~ *. However, at 50
mV s~!, a mesoporous structure was generated, which can improve the
electrolyte ion diffusion. Uniform deposition of Mn-doped Co304 on the
Ni foam can be clearly observed in the inset of FESEM image Fig. 2(a),
(c), and (e).

3.3. XRD, Raman, XPS and EDS study

Recorded XRD profile of S-30, S-50 and S-100 shows highly intense
peaks at 260 angle of 44.48, 51.82 and 76.37 which are ascribed to (1 1
1), (2 00) and (2 2 0) planes of Ni foam (JCPDS- 87-0712) as shown in
Fig. 3(a) [46]. The remaining peaks are attributable to the cubic phase of
Co304 (JCPDS-71-0816) [7,47]. Doping of Mn species into the spinel
lattice of Co304 produced a small shift toward a lower 20 diffraction
angle in the peak position of the (3 1 1) plane [9]. Lattice parameter was
calculated using Braggs relation for the cubic system, dgx) = a/ \/ 2+
K% + 12) for (31 1) plane and it is estimated as ~ 8.09 A which is higher
than reported for Co304, as a result of Mn doping [8-10]. The well-
defined peaks observed in the XRD profile are indicative of the crys-
talline nature of Mn-doped Co3O4 [48]. Furthermore, in the Raman
spectra of S-50 shown in Fig. 3(b), all the peaks that appear in the range
900-150 cm ™! are associated with the Ajg, Eg, and 3 Fyg activated
Raman modes of the Co304 cubic spinel structure [49]. The Character-
istic peak present at 194 cm ™! represents tetrahedral coordination of Co
with O and the characteristic peak present at 691 cm ' represents
octahedral coordination of Co with O [50]. Doping of Mn did not pro-
duce any broadening of octahedral peak indicated spinel lattice struc-
ture is intact during the doping of Mn in Co304 lattice [51,52]. In
addition, the XPS of S-50 revealed the presence of Mn, Co, O, and C
elements (Fig. S2(a)) [53]. As shown in Fig. 3(c), the high-resolution
XPS spectrum of the Mn 2p signal exhibits two broad peaks centered
at binding energies of 642.8 and 653.7 eV corresponding to Mn 2ps,»
and Mn 2py /2 spin orbits, respectively. However, the deconvolution of
this spectrum shows binding energy peaks at 654.8 and 644.7 eV for
Mn®" ions, 653.4 and 642.0 eV for Mn2* ions [53]. Similarly, as shown
in Fig. 3(d), the high-resolution XPS spectrum of the Co 2p signal ex-
hibits two broad peaks centered at binding energies of 780.1 and 795.3
eV, which are associated with Co 2p3,; and Co 2p; 2 spin orbits,
respectively. Meanwhile, the deconvoluted spectrum shows the binding
energy peaks of Co>* ions at 780.1 and 794.9 eV and those of Co?* ions
at 781.5 and 796.4 eV [53]. Moreover, as shown in Fig. 3(e), the
deconvolution of the O 1s spin orbit affords three peaks at binding en-
ergies of 530.0, 531.1, and 533.4 eV, which can be ascribed to oxygen
from metal-oxygen bonds from the lattice, surface oxygen ions, and
hydroxyl oxygen stemming from water adsorbed onto the surface
[45,53,54].

Moreover, the FESEM image of Mn-doped Co3O4 nanosheets is
shown in Fig. 3(f) and respective EDS spectrum is shown in Fig. S2(b).
EDS spectrum has signal associated with the Mn, Co and O element with
~ 1% of Mn doping. Elemental mapping image of nanosheets shows the
uniform distribution of the Mn (Fig. 3(g)), Co(Fig. 3(h)) and O(Fig. 3(i))
elements confirming the formation of Mn-doped Co304 nanosheets on Ni
foam. The presence of Ni and C from EDS and XPS analysis resulted from
Ni-foam and the conducting paste tape that was used to fix samples [28].

3.4. Electrochemical study

The obtained nanostructured Mn-doped Co304 samples on the Ni
foam with different morphologies were used directly as binder-free
sample electrodes with no further treatment. The CV of Ni foam, S-30,
S-50 and S-100 was performed between 0 and 0.75 V, obtained CV
curves at v of 60 mV s~ ! is shown in Fig. 4(a). The Ni foam exhibited very
low j with a weak redox signal due to the surface passivation of Ni in
KOH [55,56]. Whereas, samples showed strong redox peaks associated
with faradic reactions involving the conversion of Co?*/Co%t/
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Fig. 3. (a) XRD profiles of Mn-doped Co30,4 deposited at scan rates of 30 (S-30), 50 (5-50), and 100 mV s~ (S-100). (b) Raman spectra of S-50, High-resolution XPS
of S-50 associated with Mn 2p(c), Co 2p(d), and O1 s(e) orbitals. FESEM image of (f) S-50 and the corresponding EDS mapping for (g) Mn, (h) Co, and (i) O elements.

Co**[57,58]. The broadness of redox peaks highlights surface diffusion
process at Mn-doped Co304 nanostructures as a result of the following
faradic reactions during the charge transfer process [40,59-61].

Mn,Co3.,04 + H,O + OH™ — xMnOOH + (3-x)CoOOH + xe™ 3)
MnOOH + OH™ < MnO, + H,O + e~ @
CoOOH + OH™ « Co0O; + H,O + e~ 5)

The S-50 sample exhibited the largest CV area, which can be ascribed
to its mesoporous nanosheet-like morphology. The nanosheets provide a
more accessible surface for the faradic transitions, thereby enhancing
the overall electrochemical performance. In contrast, S-30 and S-100
exhibited smaller CV areas due to their compact and rough morphology.
CV curves of $-50 at v values of 5, 10, 20, 40, 60, 80, and 100 mV s~ are
shown in Fig. 4(b). The shapes of the CV curves were maintained;
however, the shift in redox peaks with increasing v suggests the occur-
rence of fast faradic transitions at the pores of the nanosheets [62]. The
S-30 and S-100 samples exhibited similar CV behavior (Figs. S3(a), (b)).
The inset in Fig. 4(b) shows the plots associated with anodic and
cathodic peak j versus different v [A] and V172 [B]. The linearity observed
in the plot of j versus »*/2 indicates that most of the current generated
was homogeneous, with diffusion-controlled charge transfer reactions
occurring in the Mn-doped Co304 nanosheets with good electrochemical

reversibility [63]. Two processes are generally involved in charge stor-
age resulting in current generation (j(V)): capacitive storage led by
surface reactions generating surface currents (jcap(V) = kjv), and charge
storage due to the intercalation process generating diffusion-controlled
currents (jaife(V) = ko). Both currents are related by the expression j
V) = jeap(V) + jaiee(V) = kqv + ka'/2, where k; and k; are constants
[41,64]. Fig. 4(c) shows the estimated contribution of j.,p(V) in the total
j(V) at v = 5 mV s~ 1. Low capacitive currents in the redox peak region
during charging (anodic scan) and discharging (cathodic scan) indicate
that most of the generated current was caused by the intercalation of
ions into the nanosheets. The inset in Fig. 4(c) shows a plot of the
capacitive contribution at different v values. The capacitive contribution
owing to jeap(V) increased with v as a consequence of the less time
available for the electrolyte ions to settle onto the nanostructured sur-
face for intercalation at a given potential [45,65].

The GCD curves of $-30, S-50, and S-100 at j = 1 A g~ ! are shown in
Fig. 4(d). All the GCD curves exhibited similar, nonlinear charging and
discharging behavior, demonstrating the reversible faradic charge con-
version of Mn-doped Co304. During the charging process, the formation
of the surface electric double layer at the electrode electrolyte interface
caused a rapid increase in the potential. Subsequently, the electrode
potential increased gradually as reversible faradic reactions occurred
through the diffusion of ions at the nanostructured surface. During the
discharging process, similar reactions occurred [1,41]. The S-50 showed
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higher charging and discharging times compared with those of S-30 and
S-100 at the same j value. This can be ascribed to the open porous
structure of S-50, which facilitated the diffusion of ions, resulting in
more faradic storage at the nanosheets. Fig. 4(e) shows the GCD curves
of S-50 at j values of 0.5, 1, 2, 4, 6, 8, 10, and 20 A g’l. All the GCD
curves were symmetric, which implies the high columbic efficiency of
the Mn-doped Co304 nanosheets [66]. Similar GCD behavior was
observed for S-30 and S-100 at j values of 0.5, 1, 2, 4, 6, 8, 10, and 20 A
g’l (Figs. S3(c), (d)). The charge transfer rate at the electrode increased
with increasing j, which rapidly changed the potential to effectively
decrease the charge-discharge time. The capacitance (C) and specific
capacitance (Csp) can be calculated from the nonlinear GCD curves at
different currents (I) using Eq. 6 and 7 as follows [67,68]:

2 fvar
=V (F) (6)
Cyp = % (Feg™) %)

where [VAt is the area under the discharge curve, AV (=Ef — Ej) is the
potential window limit, At is the discharge time, and m is the mass of the
active electrode material.

The plots of the estimated Cs;, versus j for S-30, S-50, and S-100 are
shown in Fig. 4(f). Remarkably, S-50 exhibited the highest C, value for
all the j values. A maximum Cs, of 1005 F g1 is estimated for S-50 at 0.5
A g7 in comparison to 581 F g~! for $-30 and 351 F g~ for $-100 at
same j. The remarkable Cj, value obtained for S-50 can be ascribed to its
mesoporous nanosheet-like morphology, which was tuned simply by
changing the v parameter of the CV during the electrochemical syn-
thesis. This Cs, value is greater than that previously reported for Mn—-Co-
based metal oxide materials and nanomaterials synthesized by electro-
chemical methods (Table S1). The cyclic performance of S-50 was
evaluated by performing 5000 GCD cycles at 8 A g1, as shown in Fig. 4
(g), the inset shows the first and final three GCD cycles. Initially, owing
to the charging and discharging processes, numerous active sites
developed at the porous nanosheets, increasing the Cs, value [66,69,70].
A superior cycling durability with 88% of its original capacitance
retained after 5000 cycles at 8 A g1 in electrolyte, which is much higher
than previously reported electrodes’ cycling durability (Table S2).
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In further analysis, the EIS measurements were performed for S-30,
S-50, and S-100 in the frequency (f) range of 0.1 Hz— 0.1 M Hz. The
Nyquist plots representing the real (Z) and imaginary (—Ziyg) com-
ponents of the impedance which are depicted in Fig. 5(a). In addition, an
equivalent circuit model was simulated for fitting the data to evaluate
the surface electrochemical interaction of the nanostructured electrode.
The associated simulated Nyquist and Bode plots (f-dependent imped-
ance and phase) are shown in Fig. S4. The high-frequency region of
impedance comprises a semicircle (inset in Fig. 5(a)), in which the
intercept on Z represents the solution resistance (R;) equivalent to the
resistance associated with the contact among the conductor-active ma-
terial, intrinsic resistance of the active material, and ionic resistance of
the electrolyte. Here, S-30 exhibited R of 0.89 Q which is higher than
0.84 Q of S-50 and 0.85 Q of S-100, indicating the porous structure of S-
50 and S-100 generated more conductive pathway[71]. Moreover, the
diameter of the semicircle represents the charge transfer resistance (Rt).
The impedance of the porous structure during redox transitions can be
represented by R¢ [72]. The R of S-30 was estimated to be 14.77 Q,
which was higher than 6.84 Q of S-50 and 5.19 Q of S-100 respectively.
This indicates that the porous nanostructure exhibited low impedance in
the charge transfer process. Fig. 5(b) shows the plot of log | Z(®)|) versus
f, where Z(w) = Zie(0) + j Zimg(w), ® = 2nf, and j = - 12 The
frequency-dependent impedance revealed the capacitive behavior of the
electrode material. S-30 exhibited frequency-dependent impedance over
a wide frequency range, which shows that the nanooctahedra structure
of Mn-doped Co304 had more capacitive behavior owing to its compact
nanostructure [73]. Fig. 5(c) shows a plot of the phase angle versus f, in
which the capacitive frequency response of the electrode can be
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evaluated at a phase angle of — 45°(f_45°). The f_45- obtained for S-30 is
approximately 0.62 kHz which is higher than 14.3 Hz of S-50 and 15 Hz
of S-100. This low-frequency response of the porous nanostructures
demonstrates the pseudocapacitive behavior owing to the faradic charge
storage occurring at the electrode pores [45]. Moreover, the capacitance
(C(w)) behavior of the samples was studied by calculating the real
(Cre(w)) and imaginary (Cimg(w)) parts of the capacitance using Egs. (8)-
(10) [45,74]:

C(CU) = Crﬂ(w) 74/4‘Cimg(a)) (8)
_ _Zimg(w)

)= )P ©
_ Ze(@)

Cons(@) = Lizt@) P (1o

where C(®) is the actual accessible capacitance of the material, and
Cimg(w) is the imaginary capacitance, which represents the energy
dissipation of the material via an irreversible process. Fig. 5(d)-(f) show
the plot of Cre(w)/Cimg(w) versus f. S-50 showed higher values of
capacitance at low frequencies, demonstrating its higher power perfor-
mance and excellent response rate. Then, the complex power S(o) of the
samples was examined according to Eq. 11 as follows [75]:

S(w) = P(w) +j-0(@) an

where the active power P(®) and reactive power Q(®) can be expressed
as
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Fig. 5. (a) Nyquist plots of S-30, S-50, and S-100 (Inset: high-frequency region of the Nyquist plot). (b) Plot of log |Z| versus f and (c) plot of phase angle versus f for

S-30, S-50, and S-100. Plot of real capacitance (Cye) and imaginary capacitance
power |P|/|S|% and normalized reactive power |Q|/|S|% versus f).

(Cimg) versus f for (d) S-30, (e) S-50, and (f) S-100. (Inset: plot of normalized active
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P(w) = wcimg(w)'|AVrm:|2 12)
Q(w) = = wcrr(w)’|AVme|2 (13)

Here, |AVrms|2 = AViax/V/2, where AV, is the maximum amplitude of
the AC signal used for EIS. The complex power spectrum of the samples
contained the plot of the normalized active power |P(w)|/|S(w)| and
normalized reactive power |Q(®)|/|S(w)| versus f. The two plots crossed
over at f,, indicating the transition of the electrodes from capacitive to
resistive behavior. The associated relaxation time (z, = 1/fy) represents
the duration of energy discharge with more than 50% efficiency; it is
also indicative of the discharge response of the electrode material. S-30
showed 1.5 ms of relaxation time, which is a smaller response time than
69.4 ms of S-50 and 65.9 ms of S-100. This suggests that most of the
charges on S-30 were stored at the surface of the nanoctahedra, exhib-
iting its surface capacitive rather than intercalation diffusive behavior;
similar to that observed in the case of S-50 and S-100. However, the
value of 69.4 ms for S-50 is lower than that observed for carbon-based
SC electrodes (7, = 6 s) [76]. This EIS study confirms the CV behavior
of the present samples.

To evaluate the performance of S-50 in an SC device, the aqueous
electrode system was assembled using S-50 as a positive electrode and
AC as a negative electrode in 2-M KOH. Fig. 6(a) and 6(b) show CV
profiles and GCD profiles of an Mn-doped Co304//AC asymmetric SC
within the potential limit of 1.6 V, respectively. All CV curves are nearly
rectangular and the GCD curves are triangular, similarly to those of
EDLC devices. This linear discharging behavior stems from the com-
bined effect of AC as EDLC and the redox reactions occurring at the Mn-
doped Co304 nanostructured electrode surface. The shape of the CV
curves remained unaltered as the v value increased, indicating excellent
electrochemical reversibility of the asymmetric SC device. The assem-
bled device also maintained excellent columbic efficiency at different j
values. Fig. 6(c) shows the plot of the estimated Cs, of the device at
different j values; the maximum Cg, of 53.80 F ¢! was obtained at 0.5 A
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g~ L. The specific energy (E) and specific power (P) of the assembled
device were calculated by measuring the discharge time, as plotted in
Ragone plot depicted in the inset in Fig. 6(c). The assembled device
exhibited a maximum specific energy of 20.6 Wh kg™! with a maximum
specific power of 16 kW kg ™!, which is higher than that previously re-
ported for Mn, Co-based oxides [6,36,77-79]. Furthermore, the cyclic
stability of the asymmetric device assembly was tested during 2000 GCD
cycles for j = 3 A g L. Fig. 6(d) shows the plot of capacity retention and
coulombic efficiency as a function of the number of cycles. It was found
that the assembled device retained 86% of the initial capacity after 2000
cycles, with a remarkable coulombic efficiency of 98%. Generally,
dissolution of the active material in KOH can occur due to repeated
charging and discharging cycles, which results in a deterioration in the
device performance. However, the Mn-doped Co304 sample showed an
excellent electrochemical performance, demonstrating its applicability
in high-performance SC devices. This remarkable electrochemical per-
formance can be ascribed to the combined pseudocapacitive charge
storage at Mn and Co active sites and the mesoporous interconnected
nanosheet assembly on the conductive porous Ni foam, which provides
excellent electrical connectivity due to the binder-free formation of the
active material via the electrochemical synthesis method.

4. Conclusion

A simple, binder-free electrochemical method was used to synthesize
interconnected nanosheets of Mn-doped Co304 on Ni foam as a sub-
strate. Formation of the nanostructures could be tuned by varying the CV
conditions. Thus, at scan rates of 30, 50, and 100 mV s~ *, irregularly
oriented nanooctahedra, interconnected standing nanosheets, and
nanopetals, respectively, were formed on the Ni foam. A careful study
showed that most of the electrochemical energy storage and retrieval
varied strongly with the nanostructures. The standing interconnected
nanosheets of Mn-doped Co304 exhibited remarkable SC performance
with a maximum specific capacitance of 1005F g~' and a superior
cycling durability with 88% of its original capacitance after 5000 cycles
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Fig. 6. (a) CV curves of the Mn-doped Co304//AC asymmetric SC device at scan rates (v) values of 5, 10, 20, 40, 60, 80, and 100 mV s~ ! within the potential limit of
1.6 V. (b) GCD curves of the device at current density (j) values of 0.5, 1, 2, 3, 4, 5, 8, 10, and 20 A g’l. (c) Plot of C, versus j of the device at j values of 0.5, 1, 2, 3, 4,
5, 8, 10, and 20 A g~ . (Inset: Ragone plot of the device). (d) Plot of coulombic efficiency and capacity retention of the device as a function of the number of cycles.
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at 8 A g ! in electrolyte. An asymmetric SC prepared by assembling the
Mn-doped Co304 nanosheets with AC increased the potential of the
device to 1.6 V and demonstrated a maximum specific energy of 20.6 Wh
kg~ ! and a maximum specific power of 16 kW kg~ * with 80.6% capacity
retention after 2000 cycles. The interconnected nanosheets of Mn-doped
Co304 exhibited low internal resistance and charge transfer resistance,
which provided good electrical conductivity and additional active sites
for faradic charge storage with minimum loss. This study highlights the
importance of the design of optimal nanostructures for electrochemical
energy storage.
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