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Summary

Synthesizing triple transition metal oxide (TTMO) is an extraordinary strategy
to develop electrodes for efficient energy storage and conversion devices, owing
to their unique nanostructure with high porosity and specific surface area. The
cobalt-based mixed-valence oxides have attracted great attention due to their
facile synthesis, low cost, and excellent electrochemical performance. However,
less attention is paid to investigating the effect of different substitutions on the
physico-chemical properties of TTMO. In this study, nanoparticles (NPs) deco-
rated ultrathin Ni; ,Mn,Co0,0,4 nanoflakes (NPs@NFs) are synthesized by tun-
ing the molar ratio between Mn and Ni via facile deep eutectic solvents (DESs)
method. Unique and highly porous NPs@NFs nanostructures aid to increase
the overall surface area of the materials, whereas Mn, Ni, and Co ions partici-
pate in their redox-active capacity, improving the electrochemical activity of
the material. This NiygMn,,C0,0, hybrid nanostructure exhibited excellent
supercapacitive performance with a high specific capacity (Cs) of 761 mAh g~*
at a higher current density of 30 mA cm 2 and superior cycling retention of
92.86% after 10 000 cycles. Further, a hybrid asymmetric supercapacitor
(NiggMng,C0,0,4//AC) device exhibited an extended potential window of
1.5 V, which results in an ultrahigh energy density of 66.2 W kg~ ' by sustain-
ing a power density of 1519 Wh kg . The electrocatalytic activity of the opti-
mized NiygMng,Co,04 shows the outstanding performance toward hydrogen
evolution reaction (HER) (150 mV/ 161 mV dec™!) and oxygen evolution reac-
tion (OER) (123 mV/47mV dec”') with a lower voltage of 1.51V
(@10 mA cm ?) for overall water splitting, with outstanding stability up to
25 hours. These results indicate that chemically synthesized ultrathin
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1 | INTRODUCTION

Recently, various electrical devices, such as capacitors,
supercapacitors, batteries, and fuel cells have emerged as
energy storage devices in the electronic market. Conse-
quently, various processes have been investigated to
improve the electrical properties and develop nanomater-
ials for energy storage devices.'* In particular, the Li-ion
battery has been awarded a Noble Price owing to its
attractive energy storage capability as highlighted by the
science community." A previous study reported that Li-
ion batteries provide a high energy density. However,
their low power density has limited their effective appli-
cation.” To address this limitation, supercapacitors, pro-
vide a significant energy density and a higher power
density than ordinary capacitors.” Based on their charge
storage mechanism, supercapacitors are mainly divided
into electric double-layer capacitors (EDLC) and pseudo-
capacitors.* Various carbon-based materials, such as gra-
phene (G), graphene oxides (GO), reduced-graphene
oxides (RGO), activated carbon (AC), and carbon nano-
tubes (CNTs) have been applied as electrode materials in
EDLC. In contrast, inorganic materials, such as metal
oxides, metal chalcogenides, and conducting polymers,
are used in pseudocapacitors.” In the last few years,
numerous researchers have devoted efforts to improving
the materials used in pseudocapacitors because of their
good conductivity, high redox-active sites, and superior
electrical stability.® Traditionally, metal oxides, such as
RuO,, MnO,, NiO, and Co3;0,, are used as electrode
materials in pseudocapacitors owing to their excellent

NPs@NFs-like nanostructure is a capable electrode for multiple applications,
such as supercapacitors, and overall water splitting.

« Facial synthesis of nanoflakes of Ni; xMnxCo,0, thin films by a DES
« Fully decorated NPs on the interconnected NFs provided a higher sur-

« Nanostructures with a maximum specific capacity of 761 mAh g ' at
30 mA cm 2, with excellent stability of 92.86%.

« The solid-state device shows an excellent energy density of 66.2 Wh kg™ * at
a power density of 1519 W kg™ .

« The assembled Nij,sMn, ,Co,0, /Ni-based water splitting exhibited low volt-
age (1.51 V) and superb stability up to 25 hours.

hydrogen evolution reaction, nanostructures, Ni; ,Mn,Co,0,, overall water splitting, oxygen
evolution reaction, solid-state hybrid supercapacitors

redox-active properties and good electrochemical
response in terms of their high specific capacity and
energy density.”'° Currently, researchers are focusing on
improving the performance of electrode materials. For
example, previous studies have reported the enhanced
electrochemical properties of various composites, hybrid,
and core-shell heterostructure materials as electrode
materials.

To date, various metal oxides with stable electro-
chemical performance have been reported for supercapa-
citors and overall water splitting applications. Previous
studies have focused on improving the performance of
these materials. Accordingly, different methods, mate-
rials, and composites have been developed to tune the
morphological, nano size, and structural properties of
electrode materials to enhance their electrical properties.
For example, Sankapal et al.'® fabricated a Co;0,/
MWCNTs composite material with enhanced electro-
chemical performance. In addition, Shelke et al.'' fabri-
cated CoO-rGO thin film using the SILAR method. The
fabricated CoO-rGO composite exhibited superior electro-
chemical properties and promising potential as a redox-
active electrode. A previous study reported that electrode
materials fabricated from multi-metal oxides formed by
the combination of two metal ions exhibited significantly
enhanced performance, which improved their redox
activity and electronic conductivity."> For example,
mixed TMOs, such as MnCo,0, " NiC0,0,4'* ZnCo,0, °
and RuCo,0, '*'” exhibit improved properties and have
been used to develop high-energy supercapacitors elec-
trodes. Pettong et al."® fabricated MnCo,0, nanofibers
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(NF) as a superior battery-type electrode, and the elec-
trode exhibited a high specific capacity of 123 mAh g~ ".
Further, an asymmetric supercapacitor was fabricated
using the synthesized MnCo,0, NF and N-doped RGO as
the positive and negative electrodes, respectively, and the
supercapacitor exhibited an ultrahigh energy density of
54 Wh kg~! with stable cyclic stability of 85% after
3000 cycles. Dubal et el.'"* summarized the synthesis and
morphological, and electrochemical properties of
NiCo0,0;, in their review and discussed the importance of
mixed metal oxides for supercapacitor application. Fur-
ther, Raut et al." reported a simple and scalable chemical
route for the synthesis of ZnCo,0,, and its composite
with MWCNTSs. They found that the overall capacity of
the ZnCo,0,/MWCNTs composite electrode was two
times higher than that of the pristine ZnCo,0,. Recently,
a multi-metal oxide material (ie, RuCo,0,) was success-
fully synthesized using electrodeposition and the DES
assistant co-precipitation method.'®'” The DES is a sim-
ple and supportive medium for the synthesis of nanoma-
terials owing to its attractive features, such as low cost,
easy preparation, biodegradability, eco-friendliness, and
versatility as it contains a diverse number of cation and
anion species, which makes it a suitable solvent.'® To
date, most researchers have developed binary metal
oxides to fabricate supercapacitor electrodes with
improved performance. However, developing mixed
multi-metal oxide is a challenging task as it is very diffi-
cult to obtain the pure phase. Tamboli et al.'® successfully
synthesized Mn-substituted NiCo,0O, using the hydro-
thermal method for supercapacitor application.

In this study, we successfully synthesized a mixed
multi-metal valence, Ni; Mn,Co,0, using a low-
temperature DES method with different ratios of Ni and
Mn ions for multiple applications including supercapaci-
tors, and overall water splitting. The results revealed that
the surface morphology, electrical conductivity, and electro-
chemical performance of the material improved with an
increase in the Ni and Mn concentrations. In addition,
among the thin films, NiygMny,Co0,0, films exhibited the
highest electrochemical performance with a high Cs of
761 mAh g '.  Further, a hybrid supercapacitor
(NipgMny,C0,0,4//AC) device demonstrated an ultrahigh
energy density of 66.2 Whkg !, powder density of
1519 W kg, and superior long-term cyclic stability of 96%
after 5000 cycles, respectively. Moreover, as an electrocata-
lyst, the NiygMng,Co0,0, showed improved electrocatalytic
activity with appreciative values of overpotential and Tafel
slope for HER (150 mV/161mV dec ') and OER
(123 mV/47 mV dec ") activities, which were quite impres-
sive when compared with NiCo,O, and MnCo,0, elec-
trodes. The assembled water-splitting cell
(NipsMng,C0,04/Ni//Niy sMn, ,C0,04/Ni) offered a lower
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voltage of 1.51 V at a current density of 10 mA cm™ 2 with
excellent stability up to 25 hours.

2 | EXPERIMENTAL DETAILS

2.1 | Materials

Analytical-grade chemicals, including choline chloride,
urea, nickel nitrate hexahydrate Ni(NOs),.6H,0, manga-
nese (II) nitrate hydrate (Mn(NOs), H,0), and cobalt
nitrate hexahydrate (Co(NOs),).6H,O were purchased
from Sigma Aldrich and used directly without further
purification.

2.2 | Synthesis of Ni, ,Mn,Co0,0,

To prepare Ni; ,Mn,Co0,04, 1 g of Ni(NO3),.6H,0, 1 g of
Mn(NO;),-H,O, and 2 g of Co(NO;),.3H,0 were dis-
solved in a solution bath containing 10 mL DES, and the
mixture was vigorously stirred for 30 minutes. Subse-
quently, 10 mL of double distilled water was added to the
mixture dropwise, and the mixture was continuously stir-
red at room temperature (25°C) for 12 hours to complete
the reaction. Thereafter, the conical flask was naturally
cooled at room temperature and washed with double dis-
tilled water several times to remove other impurities.
Lastly, the obtained product was filtered using a water
vacuum filter to obtain a very fine powder. In addition,
various Ni; ,Mn,Co,0, thin films with varying Mn and
Ni ratios (X = 0, 0.2, 0.4, 0.6, 0.8, and 1) were prepared
using the same method, after which the samples were
dried at 90°C for 12 hours. The as-prepared Ni, Mn,.
Co,0,4 powders with a 2.5 mg cm™? active mass were
used to prepare thin films on Ni foam using the drop
coating method. After the preparation of the Ni; ,Mn,.
Co,0, thin films were air-dried at room temperature.
Furthermore, annealed these thin films were at 100°C for
30 minutes to vaporize the polyvinylidene difluoride
binder, and then thin films were used further investi-
gated. The as-prepared Ni; ;Mn;Co,0, (X = 0, 0.2, 0.4,
0.6, 0.8, 1) thin films are hereafter denoted as NCO,
NMCO4, NMCO3, NMCO2, NMCO1l, and MCO,
respectively.

3 | RESULTS AND DISCUSSION
31 |

Surface morphological studies

The surface morphology of the Ni; ,Mn;Co0,0, hetero
nanostructures affected the electrochemical performance
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FIGURE 1
the high magnifications, respectively.

of the prepared electrodes. The surface morphology of
the prepared NCO, NMCO4, NMCO3, NMCO2, NMCO1,
and MCO thin films were investigated using FE-SEM, as
shown in Figure 1A-F. The FE-SEM images revealed that
the thin films exhibited a uniform and homogeneous
NFs-like nanostructure growth with a porous surface and
sharp vertical-edged highly porous NFs.**** Figure 1A
shows the FE-SEM images of the interconnected chain of

MIRA3 TESCAN

(A-F) FE-SEM images of the NCO, NMCO4, NMCO3, NMCO2, NMCO1, and MCO composite thin films and the inset show

the nanoflower-like nanostructures of NCO thin film. At
high magnification (as shown in the inset of Figure 1A),
the NFs with an average length and thickness of 200 to
300 and 25 to 35 nm, respectively, were interconnected to
each other on a highly porous surface area. Furthermore,
with a further increase in the quantity of Mn (X = 0.2),
the surface of the NMCO4 NFs was fully decorated with
heteronanostructured NPs (Figure 1B) on the porous and
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FIGURE 2

interconnected NFs.*® The FE-SEM images revealed that
the surface of the NFs was fully decorated with spherical
NPs, as shown in the marked area. The porosity of the
NMCO4 NFs was comparatively higher than that of the
NCO thin film. In addition, the number of spherical NPs
on the NFs was higher than in the NMCO3 thin film
(Figure 1C), indicating an increase in the growth of
MnCo,0, particles on the backbone of the NiCo,0, inter-
connected nanoflakes.”**> The thickness of the NFs and
the diameter of the NPs on the NMCO4 nanoflakes were
approximately 5 to 7 nm and 15 to 20 nm, respectively.
This decoration of the NPs on the heteronanostructured
NFs enhanced the electrochemical performance of the
NMCO4 electrode. This can be attributed to the highly
porous and flexible interconnected network of the
NMCO4, which enhanced the specific surface area and
provided an easy pathway for ion/electron transfer dur-
ing the electrochemical reaction.>>* In addition, the sur-
face of NMCO3 NFs was decorated with some NPs
(Figure 1C), but at clear observation, NFs are not fully
covered by NPs. At a higher magnification, smooth and
porous NPs (<10 nm) were observed on the surface of the
NMCO3 heterostructure. After the addition of Mn
(X = 0.6) to the NiCo,0,, the nanoflowers of the NMCO2
nanostructures developed on the surface of the nanoma-
terial, and the nanoflowers became interconnected to
form nanoflakes-like nanostructures (as shown in
Figure 1D). With a further increase Mn (X = 0.8) ratio in

Schematic presentation of the formation of Ni; xMnxCo,0, composite thin films

NiCo,0,, the surface morphology of the NMCO1 hetero
nanostructures was fully decorated with nanoflakes, and
the interconnected space between two vertical nanoflakes
increased, which enhanced the electrochemical perfor-
mance of the sample (Figure 1E).>> Compared to the
other samples, the surface morphology of the NMCO4
was significantly developed (Figure 1B). In contrast, a
compact nanosheet (NSs) with an individual thickness of
approximately 40 to 50 nm was observed on the surface
of the MCO (Figure 1F). The surface morphology analysis
indicates that the decoration of the 3D NFs-like nano-
structure with hybrid 1D NPs enhanced the ion/electron
transfer between two electrodes. The hetero nanostruc-
tures of the samples provided an easy pathway for the
completion of Faradaic redox reactions, as well as
enhanced the electrochemical activity of the Ni; Mn,
Co0,0, hetero nanostructures.? 2’

The possible growth mechanism of the Ni; xMny.
Co,0,4 nanostructures is shown in Figure 2. The prepara-
tion of the nanomaterials depended on the development
of a solid phase from the supersaturated solution of Ni,
Mn, and Co ions, which reacted with (OH), ions pre-
sented in water. Four major steps, including aggregation,
nucleation, coalescence, and growth of nanomaterials,
were involved in the synthesis of the nanostructures. In
the first step, a heterogeneous reaction occurred between
Ni, Co, and Mn to form clusters of the nanomaterials,
and in the second step, the nanoparticles (NPs)
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FIGURE 3 (A-H) TEM and HR-TEM images with low and high magnifications, (I) SAED patterns of the Nij gMn,,C0,0, composite

thin films

aggregated in the center of nucleation of the nanomater-
ials. The third and last steps involved the coalescence and
initial growth of the nanostructure, respectively. In the
third step, the NPs of the nanomaterials aggregated
together, after which the binding of the nanostructures
was initiated. In the last step, the nanostructures started
to grow on the surface of thin films. This growth of the
thin films was based on an ion-by-ion mechanism, which
was associated with the ion-by-ion formation of the
nanostructure on the surfaces of the thin films.>'*

To further investigate the surface morphology of the
as-prepared NCO, NMCO4, and MCO samples, the ele-
mental composition of the thin films was investigated
using TEM, high-resolution (HR)-TEM, EDS, and ele-
mental mapping. Figure Sla-e shows the typical TEM

images of the NiCo,0, thin film. Highly porous nano-
flowers with a diameter of 300 to 400 nm were observed
in the high and low-magnification images of NiCo,0,
thin film with a yellow marking area (Figure Sla). In
addition, interconnected NFs with a thickness and length
of 10 to 15nm and 125 to 150 nm, respectively, were
observed in the high-magnification images of the
NiCo,0, thin film (as shown in the marked area of
Figure S1d,e). The highly porous NFs improved the spe-
cific surface area of NiCo,0, thin film, which increased
its ion/electron transfer rate, thus enhancing its electro-
chemical performance.®®”” The elemental mapping
results revealed that the ternary NiCo,0, thin film was
uniformly covered with Ni, Co, and O elements, as
shown in Figure S1f-i. In addition, the EDS analysis
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FIGURE 4

confirmed the successful formation of the ternary
NiCo,0, phase (Figure S2). Furthermore, the EDS analy-
sis revealed that the atomic weight percentage of the Ni,
Co, and O elements was 16.67, 37.85, and 45.48%, respec-
tively. The TEM images revealed that the surface of
MnCo,0, was fully and uniformly developed with hexag-
onal nanoplate-like nanostructures, as shown in
Figure S3a,b. The elemental mapping and EDS results of
the MnCo,0, thin film are shown in Figures S3c-f and
S3g. The mapping results revealed that Mn, Co, and O
elements were homogeneously distributed on the surface
of the MnCo,0, thin film. The EDS pattern of MnCo,0,

NERGY RESEARCH WA T B S e
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(A-E) Elemental mapping, (F) EDS of the Nij sMn,,C0,0, composite thin films

thin film was consistent with its elemental mapping
results. The EDS results revealed that the atomic weight
percentage of Mn, Co, and O elements on the MCO sam-
ple was 30.36, 34.66, and 34.98%, respectively, indicating
the successful formation of the ternary MnCo,O,4. The
EDS and elemental mapping results confirmed the suc-
cessful formation of the ternary MnCo,0, phase.

The TEM, HR-TEM, elemental mapping, and EDS
results of NipgMn,,C0,0, (NMCO4) are shown in Fig-
ures 3 and 4. The TEM image of the NMCO4 revealed a
uniform formation of 3D nanoflower-like nanostructures
on the surface of NMCO4 thin film (Figure 3A-F). In
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addition, the average diameter and thickness of the indi-
vidual nanoflowers were approximately 400-500 and
20-30 nm, (marked in Figure 3B), respectively. The
marked area of the TEM images revealed the uniform
decoration of the NMCO4 nanoflakes with a very low size
of the NPs. The average size of the NPs is approximately
2 + 4 nm, as shown in the marked Figure 3G. In addi-
tion, the transparent area of the HR-TEM image of the
NMCO#4 thin films revealed that the nanostructures were
highly porous as shown in Figure 3G. These porous het-
erostructures of the NMCO4 nanostructures increased
the specific surface area of the nanostructure, thus
enhancing its electrochemical performance compared to
those of the other samples.”®?° In addition, the surface of
the NPs-decorated NFs provided an easy pathway, like a
“superhighway,” for the ion/electron transfer, thus
improving the electrochemical performance of the
Niy gMng ,Co,0, thin film.

Two different interplanar spacings were observed in
the HR-TEM image of NiygMny,C0,0,4, which corre-
sponds to the successful formation of the hybrid phase of
NiCo,0, and MnCo,0, (Figure 3H). These included the
lattice spacing of 0.23 nm, which was associated with the
plane of NiCo,0, (222), and the lattice spacing of
0.29 nm (220), which was ascribed to the planes of
MnCo,0,. In addition, similar results were observed in
the selected area electron diffraction (SAED) patterns of
the NiggMn,,C0,0,4. Dark and black rings were observed
in the SAED patterns of the NiygMn,,C0,0, thin films,
which were related to the NiCo,0, and MnCo,0,, respec-
tively, which strongly indicates the presence of both
phases of NiCo,0, and MnCo,0, materials. The elec-
trode fabricated using this hybrid hetero nanostructure
provided fast ion/electron transfer, thus enhancing the
charger/discharger reaction and material stability of the
electrode. Figure 4A-F show the elemental mapping and
EDS spectra of the NMCO4 thin film. The elemental
mapping and EDS results confirmed the presence and
uniform formation of Ni, Mn, Co, and O elements on the
surface of NiygsMng,,C0,0,, which confirmed the forma-
tion of the pure quaternary NiygMng,Co,0,4 phase. In
addition, the atomic percentages of Ni, Mn, Co, and O
were 18.33, 13.69, 26.82, and 41.16%, respectively
(Figure 4F).

3.2 | Brunauer-Emmett-Teller (BET)
analysis

To further investigate the porosity of the nanostructure,
BET analysis was performed to obtain extensive
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FIGURE 5 (A-C)BET and inset show the pore size
distributions of the NCO, NMCO4, and MCO composite thin films
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information on the specific surface area (SSA) and pore
distribution of the NiCo,0,, NiygMny,C0,0,, and
MnCo,0, thin films. Figure 5A-C shows the BET results
of the NiCo,0,4, NiygMng,Co0,0,4, and MnCo,0, thin
films, and the insets show their pore-size distribution.
The BET curves of all the samples exhibited typical IV
isotherms with H3-type hysteresis loops, indicating the
existence of a mesoporous-like nanostructure in the sam-
ples. This mesoporous-like nanostructure significantly
increased the SSA of the samples.’® In addition, the SSA
of NigsMn,,C0,0, (4026 m* g ') was significantly
higher than those of the ternary NiCo,0, (32.49 m* g ')
and MnCo,0, (25.29 m* g ') thin films. Furthermore,
among the samples, NipgMn,,C0,0, exhibited the best
electrochemical performance, which could be attributed
to the decoration of the nanoparticle on the highly-
flexible nanoflakes.*!

The pore-size distribution of samples was calculated
using the Barrett-Joyner-Halenda (BJH) method, and the
results are shown in the inset of Figure 5A-C, respec-
tively. The calculated pore sizes of the NiCo,0,,
Nig sMny,Co,0,4, and MnCo,0, thin films were 2.16,
1.92, and 2.10 nm, respectively.>* These values indicate
that the samples were composed of a highly mesoporous-
like nanostructure, which enhanced the electrochemical
performance and electron/ion transfer of the NijgMng,.
Co0,0,4. We believe that this is the main reason for the
enhancement in the supercapacitor performance and
electrocatalytic activity of the Ni, gMngy,C0,0, electrodes
compared to those of the other electrodes.>

3.3 | Structural studies

The structure and phase of the as-prepared NCO, NMCO4,
NMCO3, NMCO2, NMCO1, and MCO thin films were
examined using XRD, and the results are shown in
Figure 6A. The XRD patterns of all the samples exhibited a
polycrystalline nature with mixed phases of NiCo,04 and
MnCo,0,. Seven minor peaks were observed in the XRD
pattern of NCO at 20 = 32.66, 36.62, 39.00, 45.10, 54.58,
and 58.31°, which corresponded to the (220), (311), (222),
(400), (422), and (511) planes, respectively, indicating the
polycrystalline nature of the cubic crystal structure. These
peaks are consistent with the standard JCPD cards
(00-020-0781) of the cubic crystal structure of the pure
phase of ternary NiCo,0,>* The XRD patterns of the Ni
and Mn composite and its version are shown in NMCO4 to
NMCOL1 thin films (Figure 6A). The XRD patterns of the
NMCO4 to NMCOI1 thin films were similar to those of the
ternary NCO and MCO thin films. However, the XRD pat-
terns of the NMCO4 thin film were significantly different
from those of the NMCO1l, NMCO2, and NMCO3
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composite. Peaks were observed in the XRD pattern of
NMCO4 at 20 = 24.51, 32.66, 36.62, 39.00, 45.10, 54.58, and
58.31°, which corresponded to the (001), (220), (311), (222),
(400), (422) and (511) planes, respectively, indicating the
formation of the NiCo,O4 and MnCo,0, compounds. In
addition, the peaks at 32.66, 36.62, 39.00, 45.10, 54.58, and
58.31°, which were ascribed to (220), (311), (222), (400),
(422), and (511) planes, suggested the formation of the ter-
nary phase of the MnCo,0, compound. The XRD patterns
of the NMCO4, NMCO3, NMCO2, and NMCOL1 thin films
indicate the presence of a double-layered heterostructure
with the formation of the mixed phases of the ternary
Ni;.,Mn,C0,0,>****" Six peaks were observed in the XRD
patterns of the MCO at 20 = 32.66, 36.62, 39.00, 45.10,
54.58, and 58.31°, which corresponded to the (220), (311),
(222), (400), (422), and (511) planes of MnCo,0, (JCPDS
file no. 00-023-1237), respectively.”*” The XRD patterns of
the NCO, MCO, and Ni;_,Mn;Co,0, (X = 0.2, 0.4, 0.6, 0.8)
heteronanostructure thin films confirm the presence of the
pure phase of NiCo,04, MnCo,0,, and a mixed phase of
NiCo,04/MnCo,0, heterophase, which indicates the for-
mation of the pure ternary and quaternary double-layered
heterostructures of NiCo,0,, MnCo,0,, and a mixed phase
of NiCo,04/MnCo,0, compound. These results indicate
that the DES method is suitable for the preparation of vari-
ous ternary and quaternary compounds.

The chemical compositions of the as-prepared
NiCo,04, MnCo0,0,4, and NiggMng,C0,0, hybrid nano-
structure were further investigated using XPS analysis,
and the results are shown in Figures S4 and S5, and
Figure 6B-E. Figure S4 shows the survey scan XPS results
of the NiCo,04, MnCo,0,4, and NijsMn,,C0,0, thin
films. The XPS survey scan confirms the presence of Ni,
Co, O elements in the NiCo,0,4; Mn, Co, O elements in
the MnCo,04; and Ni, Mn, Co, and O elements in the
NiggMngy,C0,0,4 compound, which indicates the forma-
tion of the ternary NiCo,0O, and MnCo,0, and mixed-
phase NiggMng,Co,0,4 compounds. Figure 6B-E and
Figure S5A-F show the Ni 2p, Mn 2p, Co 2p, and O 1 s
core-level spectra of the NiygMng,Co0,0,4, NiCo,0,, and
MnCo,0, thin films, respectively. Four main peaks were
observed in the Ni 2p core-level spectrum. Two of these
two spin—orbits were the Ni 2p doublets, whereas the
remaining two peaks were related to the satellite peaks of
Ni 2p (Figure 6B and Figure S5a). The first two major
peaks were observed at 873.16 and 855.60 eV, which cor-
responded to Ni 2p,,, and Ni 2ps,,, respectively. The dif-
ference between the Ni 2p doublets was approximately
17.56 eV, which indicates the presence of the Ni*" spe-
cies in the NMCO4 samples.*® The remaining two peaks
were observed at 880.61 and 863.60 eV and corresponded
to the satellite of Ni*" species. Figure 6C shows the Mn
2p core-level spectrum of the NMCO4 compound. Two
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FIGURE 6 (A)XRD patterns of NCO, NMCO4, NMCO3, NMCO2, NMCO1, and MCO composites, (B) High resolution of Ni 2p,
(C) high resolution of Mn 2p, (D) high resolution of Co 2p, and (E) high resolution of O 1 s, spectra of the optimized NMCO4, respectively.
(F) FT-IR spectra for the NCO, NMCO4, NMCO3, NMCO2, NMCO1, and MCO composites

spin-orbit doublet peaks were observed at binding ener- the binding energy between the two levels of Mn 2p,,,
gies of 653.16 and 641.36 eV, which could be ascribed to and Mn 2p;,, was approximately 11.80 eV, which corre-
Mn 2p,,, and Mn 2psj,, respectively. The difference in sponded to the presence of Mn>"; however, an additional
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peak was observed at 644.26 eV, which corresponded to
the presence of Mn*" species. This indicates the presence
of Mn*" states in the sample.'* The Co 2p core-level spec-
trum is shown in Figure 6D and Figure S5b, e). Six peaks
were observed in the Co 2p core-level spectrum. Out of
these peaks, two major peaks were observed at 796.46
and 780.54 eV, which corresponded to the spin—orbit
species of Co 2p,,, and Co 2ps,,, respectively. Additional
peaks were observed at binding energies of 796.24 and
780.19 eV, which corresponded to the presence of the
Co>". The two peaks observed at binding energies of
797.91 and 782.06 eV, which were attributed to Co 2p,,,
and Co 2psj,, respectively, indicated the existence of
Co" species. These four main peaks suggest that Co*"
and Co’" species were present in the as-prepared
NiggMng,C0,0, thin film. The remaining two peaks
observed at the binding energies of 802.33 and 885.96 eV
were related to the shakeup satellite peaks of Co**'*3?
Three main peaks were observed in the O 1 s core-level
spectrum at binding energies of 532.16, 530.79, and
530.09 eV, which corresponded to the presence of metal
hydroxide (M-OH), metal-oxygen, and oxygen bonds,
respectively, in the sample (Figure 6E, Figure S5c,f). XPS
analysis confirmed the formation of pure ternary
NiCo,04, MnCo,0,, and quaternary NipgMng,Co,0,
compounds.

3.4 | Fourier transform infrared
spectroscopic studies

The functional and vibration groups of the NCO,
NMCO4 to NMCO1, and MCO thin films were exam-
ined using FT-IR spectroscopy, and the results are
shown in Figure 6F. The main absorption peaks in the
FT-IR spectra of the films were observed at 467 and
639 cm %, which could be attributed to the vibrational
bending modes of Ni-O/Co-0, and Mn—O compounds,
respectively.'>*> The absorption peaks corresponding
to the stretching vibration mode of Ni-O and Co-O
were overlapped at 467 cm '. Additional absorption
peaks were observed at 1162 and 1382 cm ™, which cor-
responded to the C—C and C—O-—C vibration stretch-
ing modes.’® Furthermore, two additional vibration
bands were observed at 955 and 1079 cm !, which cor-
responded to the characteristic mode of C-N vibration
bonds. In addition, three characteristic peaks were
observed at 1629, 3452, and 3555 cm ™!, which corre-
sponded to the -OH stretching vibration mode, which
could be attributed to the fact that all the samples were
prepared in double-distilled water.'*> The FT-IR analy-
sis results of this study are consistent with those of pre-
vious studies.***!
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3.5 | Electrochemical performance of
the Ni; \Mn,Co,0, films

The electrochemical performance of the hierarchical
hybrid nanostructured NCO, NMCO4, NMCO3, NMCO2,
NMCO1, and MCO electrodes were investigated using
CV and GCD in a three-electrode system with an
Ag/AgCl reference electrode and 1 M KOH aqueous elec-
trolyte. Figure 7A-C and Figure S6a-c show the typical
CV curves of all the Ni;  Mn,Co,0, electrodes (NCO,
NMCO4, NMCO3, NMCO2, NMCO1, and MCO) at dif-
ferent scan rates in the range from 2 to 20 mV s . The
CV curves of all the electrodes exhibited a strong pair of
redox and oxidation current peaks, which could be attrib-
uted to the reversible Faradaic reaction process due to
the electrochemical behavior of Ni*'/Ni**/Co**/Co*"
and Mn*"/Mn*", respectively.” The comparison of the
CV curves of all the samples revealed that NMCO4 had
the largest area under the CV curve, indicating that
Mn**/Mn*" and Ni**/Ni** ions play an important role
in enhancing the electrochemical activity of NiCo,0, and
MnCo,0,, respectively. This suggests that the positive
synergistic effect between Ni-Mn-Co ions increased the
Cs of the prepared electrodes.” A fine observation, the
CV curves of the electrodes exhibited different shapes
with a change in the values of Ni and Mn (X = 0, 0.2, 0.4,
0.6, 0.8, and 1), which could be attributed to the different
redox reactions between Ni-Co, Ni-Mn-Co, and Mn-Co
ions and the co-existence of OH ™.

Figure 7A-C shows the CV curves of the NiCo,0,,
NiygMn, ,Co0,0,, and MnCo,0, electrodes at various
scan rates from 2 to 20 mV s}, within a potential win-
dow of 0 to 0.5, and —0.2 to 0.6 V, respectively, and the
CV curves of NMCO3, NMCO2, and NMCO1 are shown
in supporting information Figure S6a-c, respectively. The
oxidation peak of the CV curves of the electrodes shifted
towards a higher negative potential and the reduction
peaks shifted towards a higher potential with an increase
in the scan rate. In addition, the comparison of the CV
curves of the electrodes revealed that the current density
of the NMCO4 electrode (443 mA cm™ ) was larger than
those of the NCO (157mAcm %), NMCO3
(330 mA cm %), NMCO2 (276 mA cm 2), NMCO1
(230 mA cm2), and MCO (330 mA cm %) electrodes,
indicating its superior supercapacitor performance.
Figure 7D shows the Cs of the NCO, NMCO4 to NMCO1,
and MCO electrodes at different scan rates, respectively.
At lower scan rates (2 mVs '), the Cs of the NCO,
NMCO4, NMCO3, NMCO2, NMCO1, and MCO elec-
trodes were 267, 699, 351, 525, 338, and 206 mAh gfl,
respectively. The high Cs of the NMCO4 electrode
(699 mAh g™ ") could be attributed to the small size of the
spherical NPs uniformly coated on the porous,
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FIGURE 7 (A-C) CV measurements of NCO, NMCO4, and MCO electrodes, at different scan rates 2-20 mV s}, respectively,

(D) specific capacity of NCO, NMCO4, NMCO3, NMCO2, NMCO1, and MCO electrodes at a different scan rate, (E) log(i) vs log(v) of NCO,
NMCO4, NMCO3, NMCO2, NMCO1, and MCO electrodes, (F) specific capacity with the square root of the scan rate, (G) Qq vs Qs of the
NMCO4 electrodes, (H-J) GCD curves of NCO, NMCO4, and MCO electrodes at different current densities in the range 30-60 mA cm 2,

(K) specific capacity of NCO, NMCO4, NMCO3, NMCO2, NMCO1, and MCO electrodes with different current densities, (i) Cycling stability
of the synthesized NCO, final optimized NMCO4, and MCO electrodes at constant scan rates 100 mV s~ ' up to 10 000 cycles, inset shows the
FE-SEM images of after cycling stability
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interconnected vertically-grown NFs-like nanostructures.
The hybrid surface morphology of NMCO4 increased its
SSA and significantly enhanced its ion/electron trans-
fer.?®>! Kandula et al.*® synthesized metal sulfide mate-
rials with different ratios of the M (M = Ni, Co, Zn) ions
for effective application in supercapacitors. They prepared
the composite between the layered double NiCo(OH), and
metal sulfide with the different ratios of the M. They found
1D nanowire, NPs, and nanoflakes like surface morphology
of the prepared materials. Also, they mentioned the values
of the Cs of the optimized electrode of 404 mAh g ! at a
current density of 3 mA cm > with better stability up to
93.2% for 10 000 cycles.”® Wang et al.** reported the
nanosheets like ultrathin NiCO-MOF electrode material for
the supercapacitors by ultrasonication method. They men-
tioned the high Cs of the NiCO-MOF electrode is
1202.1 Fg ' at a current density of 1 A g™, respectively.
Because they mentioned that the ultrathin-like nanosheets
of NiCO-MOF electrodes provided a faster path and more
surface area for improving the supercapacitor properties.
The available reports in a previous study and comparative
Table S1 indicate the NiygMn,,Co,0, electrode is a better
option for electrochemical applications than the ternary
NiCo,0, and MnCo,0, electrode materials.

A pair of redox peaks are observed for all the samples
along with an increase in area under the curve at differ-
ent scan rates indicating superior rate capability and
improved mass transport. The charge hybridization kinet-
ics is a clear understanding based on the current response
at scan rate. The fundamental relation is as follows,*"*?

In which ‘a’ and ‘b’ are the adjustable parameters. The b
value links to the charging kinetics which is equal to the
slope of log (i) vs log v (Figure 7E). The charge stored
includes capacitive controlled (Qg) redox reaction and dif-
fusion controlled (Qq) redox process indicating when ‘b’
values are 1 and 0.5 respectively.*"** The ‘b’ value of the
samples namely NCO, NMCO1, NMCO2, NMCO3,
NMCO4, and MCO is 0.55, 0.65, 0.71, 0.77, 0.66, and 0.50,
respectively implying both capacitive and diffusion-
controlled battery type nature.*?

Further, the charge contribution is estimated by using
the following equation and corresponding results.

Qt = Qs + kvl/z

where k is constant and v is the scan rate. The Q, can be
evaluated by assuming v goes tend to infinity from the
plot Q, vs v''/2 (Figure 7F). The percentage charge
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contribution of the samples at different scan rates is
depicted in Figure 7A and Figure S7a-e. It reveals that
the diffusion contribution increases with lowering the
scan rate owing to the large time consumption for the dif-
fusion of ions into the lattices.*?

The electrochemical behavior of the prepared electrodes
was further investigated using charge-discharge measure-
ments, and the results are shown in Figure 7H-J and sup-
porting information in Figure S6d-f. Among the electrodes,
the NMCO4 exhibited the highest charge-discharge time
(12805s), which significantly enhanced its Cg,
(761 mAh g ') at a lower current density (30 mA cm ?).
The electrochemical performance of composite electrodes
improved systemically with an increase in the percentage
of Ni and Mn (X values). At current densities of 30, 35,
40, 50, 55, and 60 mA cm 2, the Cs values of the NMCO4
electrode was 761, 640, 566, 495, 457, 437, and
426 mAh g, respectively. The Cs values of NMCO4 at a
current density of 30 mA cm > were 3.6 and 4.2 times
higher than those of the pure NiCo,0, (190 mAh gfl), and
MnCo,0, (157 mAh g~ ') samples, respectively (Figure 7K).
At all current densities in the range from 30 to
60 mA cm 2, the Cs of NiysMny,C0,0, (NMCO4) were
higher than those of the other electrodes, which is consis-
tent with the CV and Cs calculated from the CV curve. The
highest Cs (761 mAh g~ ') was achieved at a current density
of 30 mA cm ™2, and the Cs at a high current density of
60 mA cm™ > was 426 mAh g The Cs values achieved in
this study are higher than those of previously reported
supercapacitor electrodes, such as MnCo,0,@Ni(OH),
belt-based core-shell nanoflowers (300 mAhg ' at
5 A gfl),44 NiCo,0,@Co-Fe LDH core-shell nanowire
arrays (216 mAh g ' at 1 A g "),* hierarchical MnCo,0,-
NiCo,0; (192mAhg ' at 1 Ag "),* flowers MnCo,0,
hollow nanosphere (72mAhg ' at 1 Ag "),* N doped
carbon nanofibers coated MnCo,O, NPs (120 mAh g_1 at
0.5 AgH® and Fe/Ni(LDH)-CN-Fe/Ni-PBAs
(187mAh g tat1A g hH)*

The cycling stability of electrodes is one of the param-
eters used to examine their practical application for
device fabrication. The cycling life of the NCO, NMCO4,
and MCO electrodes was investigated using CV measure-
ments at 20 mV s~ ! for 10 000 cycles, and the results are
shown in Figure 7I. The NCO, NMCO4, and MCO elec-
trodes exhibited cycling retention of 85.80, 92.86, and
83.06%, respectively, after the last cycles. After the cycling
study, surface morphology results show the NMCO4 elec-
trode is quite stable after the last cycles (as shown in the
inset of Figure 7I). The NiggMng,C0,0, electrode was
more stable than the NiCo,0,, and MnCo,0, elec-
trodes.”® The enhanced retention capacity stability of the
Nig sMn, ,C0,0, electrode could be attributed to the fact
that the hybrid nanostructures-like NPs decorated on the
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highly porous nanoflakes enhanced the surface area of
NiygMng,,Co,0,4, and could also be attributed to the
strong bonding between the NPs and nanoflakes.”"

To further understand the kinetic mechanisms of the
electrodes, their electrochemical performance was exam-
ined using EIS analysis. Figure 8 shows the Nyquist plots of
the NCO, NMCO4-NMCO1, and MCO electrodes, and the
insets show their zoom plots. The low-frequency region
indicates the supercapacitor-like behavior of the prepared
electrodes. The Nyquist plot of NMCO4 exhibited an
exactly vertical straight line compared to those of the NCO,
NMCO3, NMCO2, NMCO1, and MCO electrodes, which
indicates the higher electrical conductivity and low resis-
tance of the NMCO4 electrode. The solution resistance (R)
and charge transfer resistance (R.) were calculated using
the standard equivalent circuit (as shown in the inset of
Figure 9I). The R, value of the NMCO4 electrode (0.53 &)
was lower than those of NCO (1.40 Q), NMCO3 (1.7 Q),
NMCO2 (0.79 ), NMCO1 (1.55 Q), and MCO (1.9 Q). The
Ry values of the NCO, NMCO4, NMCO3, NMCO?2,
NMCO1, and MCO electrodes were 0.51, 0.014, 0.11, 0.13,
0.32, and 0.16 Q, respectively. The NMCO4 electrode exhib-
ited lower Ry and R values than the other electrodes,
which indicates that NMCO4 provided a faster charge
transfer rate, as well as Faradaic redox reactions. Conse-
quently, this improved the electrochemical performance of
the NMCO4 electrode. The EIS analysis results indicated
that NMCO4 exhibited higher electrical conductivity than
the other electrodes.”>***!

3.6 | Asymmetric Solid-State hybrid SC
(HSC) device

To investigate the practical application of the optimized
Niy sMng ,Co,0, electrode, we constructed a two-electrode

solid-state asymmetric HSC cell using the optimized qua-
ternary NiygMn,,C0,0, electrode as the positive elec-
trode, AC powder used as the negative electrode, and
KOH/PVA coated printing paper as the separator.
Figure 9A shows the CV measurements of the NiygMng .
Co,0,//AC with different potential windows at a constant
scan rate of 100 mV s~ 1. As shown in Figure 9A, the active
potential window of the asymmetric device is fixed
between 0.0 and 1.6 V. Figure 9B shows the CV curves of
the solid-state asymmetric NiygMng,C0,0,4//AC at differ-
ent scan rates from 5 to 100 mV s~ '. The CV curves exhib-
ited similar positive and negative current densities, which
could be attributed to the occurrence of the Faradaic reac-
tions.2>** In addition, with an increase in the scan rate
from 5 to 100 mV s~ ', the current density increased and
the CV curve became more rectangular, indicating the
long-term stability and improved electrochemical proper-
ties of the NiygMn,,C0,04//AC device.***’ The GCD
curves of the device at a constant current density with an
increase in the potential window from 0 to 1.6 V are
shown in Figure 9C. Figure 9D shows the GCD curves of
the solid-state asymmetric HSC NijgMng,C0,0,4//AC
device at different current densities from 15 to
30 mA cm™ % At lower current densities, the discharging
time shows very low Ir values (Ir = 0.0-0.1 V), which indi-
cates that the asymmetric HSC exhibited higher cycling
stability rates and rate retention capacity. Figure 9E shows
the Cs values calculated from the GCD curves at various
current densities from 15-30 mA cm 2. The calculated Cs
value of the solid-state asymmetric HSC NipgMng,.
C0,04//AC device at a current density of 15 mA cm™ > was
298 mAh g~ . The coulombic efficiency of the present fab-
ricated solid-state asymmetric HSC Ni, gMng,C0,0,4//AC
device provided better electrical properties (Figure 9F).
The long-term durability and retraction capacity are
important parameters for the practical application of
solid-state HSC in electric devices and electric motors.”
Figure 9G shows the cycling stability of the solid-state
asymmetric HSC NijgMng,C0,0,4//AC device based on
GGD curves for 5000 cycles at a constant current density
of 27 mA cm*. The NiygMn,,C0,04//AC device exhib-
ited a good retention capacity up to 92.69% after 5000
GCD cycles. The inset in Figure 9G shows the first and
some selected GCD cycles at the same potential window
and current density. The image in Figure 9G indicates
that the quaternary NiygMng,C0,0,4//AC device exhibits
outstanding long-term cycling stability, suggesting the
promising electrochemical application of the NiggMng,.
Co,0, electrode as a positive electrode. The energy den-
sity (ED) and power density (PD) are important
parameters of two-electrode devices and were calculated
using standard relations 7 and 8. Figure 9H shows the
Ragone plots of the solid-state asymmetric SC
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Nig gMng ,C0,0,4//AC based on its ED and PD. The high-
est obtained ED of the solid-state asymmetric HSC
Nig sMn, >C0,0,4//AC device was 66.2 Wh kg ' at a PD
value of 1519 W kg '. These calculated values were
higher than those of previously reported ASC devices of
quaternary NiygMng,Co,0, compounds, which indicates
that this quaternary compound exhibited improved elec-
trochemical performance, suggesting its superiority to

other ternary and binary electrodes (Table S1). The out-
standing electrochemical properties of the solid-state
asymmetric HSC NiggMng,C0,0,4//AC device could be
attributed to its higher electrical conductivity due to its
lower Ry and R values. Figure 91 shows the Nyquist
plots of the solid-state asymmetric HSC NipgMng,.
C0,04//AC device after and before cycling stability. As
expected, the obtained Ry and R values after and before
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(D) Chronopotentiometric curves of NCO, NMCO4, and MCO electrodes for 10 h

the cycling stability test were similar. The Ry and R
values of the NiygMnj,C0,0,4//AC device before and
after the cycling stability test were 1.87 and 4.33 Q and
2.12 and 3.15, Q, respectively. These Ry and R, values
indicate that the difference between the first and last
cycle was very small, suggesting that the NiggMng,.
Co0,0,//AC device enhanced the active surface area of
NiggMnj,C0,0, and provided a faster ion/electron
pathway.”*

3.7 | HER and OER studies

To prove the multiple application of the as-prepared
NiCo,0, (NCO), NipgMng,C0,0, (NMCO4), and
MnCo,0, (MCO) electrodes of the catalytic activity.
Here, we planned to test the HER and OER electrochemi-
cal properties of the uniform NPs decoration on the

highly porous NFs of the electrodes. The LSV measure-
ments are presented in Figure 10A. The electrocatalytic
activities of the porous NFs of NCO, NPs decorated NFs
of NMCO4, and NSs of the MnCo,0, electrodes were per-
formed in the 1 M KOH electrolyte with 3-electrode mea-
surements.”> The LSV curve shows that the catalytic
activity of the optimized NiygMn,,Co,0, electrode is
superior to other electrodes. The observed overpotential
values of the NiCo,0,, NiyzgMn,,C0,0,4, and MnCo,0,
electrodes are 176, 150, and 197 mV, at a constant current
density of 10 mA cm ™. To compare the superiority of
optimized NiCo0,04, NiggMng,Co0,0,, and MnCo,0, cat-
alyst with commercial prepared Pt/C catalyst, the LSV
curve of Pt/C as shown in Figure S8a.”* The resultant
values indicate the optimized NijgMn,,Co0,0, electrode
provided the lower values of the overpotential to others,
as shown in Figure 10B.>> A comparative study with pre-
viously reported compounds with NiggMng,Co0,0, is
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shown in Table S2. Wang et al>* prepared N-
Ni;Co3;Mng 4O/NF material by hydrothermal route for
multifunctional electrocatalyst applications like HER,
urea oxidation reaction, and hydrazine oxidation reac-
tion. They reported that different molar ratio of the Ni
and Co with 0.4 mM doping of the Mn, shows the more
suitable material for the catalytic performance. They
reported that the prepared N-Ni,Co;Mn, 4O/NF electrode
showed values overpotential (177 mV), and the Tafel
slope (189 mV dec™ ), because of the larger active surface
area. Similarly, Lan et al.”® reported multiple applications
of as-prepared In-doped MnCo,0, material using a laser-
assisted method for pseudocapacitors and HER. They
synthesized the In-MnCo,0, electrode deposited on Ni
foam by the in-situ method. They reported the Cs of In-
MnCo,0, material of 1436.8 Fg~' at 1 A g~ ' with poor
cycling stability (71.9%). Also, they reported the electro-
catalytic activity of the as-prepared In-MnCo,0, catalyst,
showing lower values of s the lower overpotential and a
Tafel slope (76 mV dec ). Table S2 along with reported
results, indicates the present value of overpotential for
NipsMn,,C0,0, are much better than others.’*>*
Because the present nanomaterials provide a higher sur-
face area and shorter path length for ion diffusion which
results in improved values of overpotential. These results
indicate the chemically prepared quaternary NijgMng 5.
Co,0, nanomaterial is a better option than the other
binary and ternary metal oxides.’*>> For a more detailed
examination of the prepared electrodes, we obtained the
Tafel slope of the prepared NiCo,04, NiggMng,C0,0,,
and MnCo,0, electrodes shown in Figure 10C. The
values of the Tafel slope indicate the optimized
NiggMng,C0,0, electrode shows a smaller Tafel slope
(161 mV dec™ ') than the other two NCO (185 mV dec™')
and MCO (214 mV dec ') electrodes (Table S2).>° The
catalytic stability of the NCO, NMCO4, and MCO catalyst
was studied using chronopotentiometry for 10 hours, as
shown in Figure 10D, the catalytic curve of the stability
indicates the hybrid phase of NiygMn,,Co,0, catalyst
superior to the NiCo,0,4, MnCo,0,. The catalytic curve of
the stability shows the Nig gMng,C0,0, electrode is more
superior and capable electrocatalyst for HER application
than the other ternary metal oxides. Figure S9a-c and
Figure S10a-c show the surface morphology and XPS
results of HER after the stability of the NiCo,0,,
NiggMngy,C0,04, and MnCo,0,4. The SEM clearly shows
a small change in surface morphology was noticed. Simi-
larly, XPS analysis indicates no large change in the chem-
ical compositions after HER stability of NiCo,0,,
Nig sMng ,C0,04, and MnCo,0, catalyst.

Additionally, we performed other applications of
electrocatalytic activities for the OER, so we tested elec-
trochemical performance in terms of LSV

NERGY RESEARCH RN T E A i

measurements at 2 mV s, in the 1 KOH electrolytes.
The OER curves of the prepared NiCo,0, (NCO),
Niy sMng ,Co0,0, (NMCO4), and MnCo,0, (MCO) elec-
trodes are presented in Figure 11A. The LSV curves of
prepared NiCo,04, NiggMng,Co,04, and MnCo,0,4
electrodes show the oxidation peaks observed at the
range of 1.2 and 1.5 V vs RHE, which is attributed to
different species of transition metals of Ni*"/Ni*",
Co**/Co®", and Mn*" redox couple with the oxide ele-
ments.”>>’ Figure S8b shows the commercial LSV
curves of RuO, catalyst to compare the superiorities of
the prepared materials.’® Figure 11B shows the overpo-
tential values of the as-prepared NiCo,0,4, optimized
Niy sMngy ,Co0,0,4, and MnCo,0, electrodes at a con-
stant current density of 10 mA cm™ 2. The NipgMng,.
Co,0, electrode obtained values of the overpotential of
123 mV, which demonstrated higher catalytic activity
than the other NiCo,0, (341 mV) and MnCo,0,
(256 mV).

Rohit et al.>® reported that ternary double-layer
hydroxides material by a facile electrodeposition method
at different molar ratios of Co-, Ni-, and Fe-based mate-
rial for the multi-applications of supercapacitors and
electrocatalysis. The electrochemical properties indicate
that the Ni-rich electrode material shows more Cs
(467 C gfl) at a constant scan rate of 5 mV s™* than the
Fe-rich, and Co-rich, respectively. Also, they reported
that the Ni-rich layered double hydroxides electrode
shows better cycling stability up to 2000 cycles. Further-
more, they reported that the Ni-rich electrode shows bet-
ter electrocatalytic activity than the Co and Fe-rich
material. They reported the overpotential of 139 mV and
the Tafel slope (46 mV dec™') at the current density of
10 mA c¢cm ™2, for Ni-rich. They concluded that the Ni-rich
electrode shows superb electrocatalytic activity, because
of the synergic effect between Co, Ni, and Fe and the
more surface area. Sivakumar et al.>® prepared NPs-like
NiCoMnO, composite with different compositions by a
simple hydrothermal route. The prepared composition
was annealed at 600°C temperature in air atmospheric
and used for the ORR and OER activities. They reported
that the Ni; sCog ,5Mng 7504 catalyst shows a low overpo-
tential (180 mV) than the other materials. Finally, they
concluded that the catalytic activity depends on the com-
positions of the Ni, Mn, and Co elements.”® The obtained
values of the overpotential of the OER are better than the
previously reported, noticed in Table S3. Another impor-
tant parameter of electrocatalytic activity is the Tafel
slope, shown in Figure 11C. The Tafel slope of the opti-
mized NipgMngy,Co,0, electrode was found to be
47 mV dec™ !, which is smaller than as-prepared NiCo,0,
(69 mVdec)) and MnCo,O, (55mV dec *).>>°2
Figure 11D presents the catalytic stability of the NiCo,0y,,
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FIGURE 11 (A) OER electrochemical properties of NCO, NMCO4, and MCO electrodes in a 1 M KOH electrolyte, (B) Overpotential of
the NCO, NMCO4, and MCO electrodes at constant current density 10 mA cm ™2, (C) Tafel slope of the NCO, NMCO04, and MCO electrodes,
(D) Chronopotentiometric curves of NCO, NMCO4, and MCO electrodes for 10 h

Nig sMng ,C0,0,4, and MnCo,0, electrodes were studied
at the constant current density of 10 mA cm 2 for
10 hours. These results indicate the hybrid NipgMng,.
Co0,0, material is more stable than the others.®*** The
comparative study shown in Table S3 indicates the
hybrid NiygMn,,Co,0, material better electrocatalyst
material for the OER activity. After the OER stability test-
ing, SEM shows little damage in the surface morphologi-
cal results (Figure S9d-f). Figure S10a-c shows the XPS
results after the OER stability testing, which indicates no
measurable change in the chemical and elemental com-
position. The HER and OER results demonstrated that
the Niy gMn, ,Co,0,4 composite is a better electrode nano-
material for excellent electrocatalytic activity and super-
capacitor applications.>*>°

For the outstanding catalytic activity of the HER and
OER results, we carried out the electrochemically active
surface area (ECSA) and electrochemical double-layer
capacitance (Cq4) to deeply understand the relation
between the surface area and electrochemical catalytic

activity. The electrochemical CV was tested in the non-
faradaic area to obtain Cg values. Figure S1la-c presents
the CV results of the NiCo,0,4, NipgMng,Co0,0,, and
MnCo,0, catalysts, respectively. Figure S11d represents
the C4 values of the NiCo,0,, NijgsMn,,Co0,0,4, and
MnCo,0, catalysts, calculated through half of the slope.
The calculated values of C4 show the higher values of
the NigsMn,,C0,0, (1.56 mF cm™?) as compared to the
NiCo0,0, (0.78 mF cm 2), and MnCo,0, (0.56 mF cm ™ ?)
catalyst, showing that NiygMn,,C0,0, offers the higher
electrochemical active surface area and Cg. The ECSA
was calculated using the standard Equation.®

Ca
ECSA=—
C

N

where, Cgy is electrochemical double-layer capacitance,
and C, is the standard value of the ECSA
(Cs = 0.040 mF cm ™ ?).°® The calculated values of ECSA
are represented in the graphical, as shown in
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Figure S1le. The ECSAs results show the quaternary
Nij sMny ,C0,0, catalyst is much more than the other,
indicating the NipgMny,C0,0, catalyst improves the
electroactive area than the ternary NiCo,0,4 and
MnCo0,0,°%7% The LSV curves of NiC0,04, NiggMng..
Co,04, and MnCo,0, electrodes are normalized by
ECSA current, as shown in Figure S11f, Similar nature
of the results are reported in the previous work.?®%’
The specific activity was calculated from the electro-
chemical active surface area of the electrodes, pre-
sented in Figure S11f, and calculated values indicate
the NipgMny,C0,0, catalyst provided a larger catalytic
performance than other electrodes.”®”® Furthermore,
the TOF of all samples was calculated for HER activity
using standard relation. The NiggMng,C0,0,4 shows a
TOF of 3.014 s~ ' for HER activity. The details for TOF
calculations are included in the supporting file
[Section 2.5].

3.8 | Overall water splitting studies of
Niy sMn, >C0,0,4/Ni//NigsMn, ,C0,0,4/Ni
cells

Considering the outstanding HER and OER electrocatalysis
performance of the optimized NiypgMng,C0,0,4/Ni elec-
trodes, we planned to use this electrode as a bifunctional
electrocatalyst. The measurement for overall water splitting
activity was carried out at room temperature (278 K) by
considering NiygMn,,C0,04/Ni electrode as both cathode
and anode. Figure 12A presents LSV curves of the Ni//Ni
and NiggMng,C0,04/Ni//NiypsMng,Co,0,4/Ni cells. The
LSV curves of Ni//Ni and NiggMng,C0,0,4/Ni//NiggMny 5.
C0,0,4/Ni cells show a current density of 10 mA cm™ 2 at a
potential of 2.03V and 1.51 V, respectively. The present
overall water splitting performance of the NiygMn,,C0,0,4/
Ni//NiggMng,C0,0,4/Ni cell was excellent when compared
with the previously reported ternary NiCo,O, and
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MnCo,O,-based cells,”* for instance, NisMo/NiC0,0,/
NF||NisMo/NiCo0,0,/NF (1.54V), and NisMo/NF||Ni-
Co0,04/NF (1.61 V),”* FeP-NCO@NF (1.523V),” Ru-
NiC0,0, (1.60 V),”* CoySs@NiC0,0,-70// CosSs@NiC0,0,-
10 cycles of (1.55V),”” MoS,/NiCo,0,/NF (1.62V),”
NiCo0,0,//NiC0,0, (1.65V),”” NiCo,0,@Ni,P/NAs (1.58
V),”®  NiC0,0,@NiWO,/NF (1.59V),” rGO-NiCo,0,
1.5 V),* NiCo0,0,@C//NiC0,0,@C (1.608 V),*' NiCo,0,
(1.59 V),¥* NiCo,0, @NiMoO, (1.60),”> Ar- NiCo,04/S
(1.63 V),** P-NiC0,0,/NF||P- NiCo,0,/NF (1.68 V),** etc.
The overall water splitting results show superb activity due
to the finer size of NPs (less than 5-10 nm) and the highly
porous and ultrathin nanoflakes-like microstructure, pro-
viding faster pathways to the electron transfers. Further-
more, the stability testing of the NiggMng,C0,0,/Ni//
Niy sMn,,C0,0,/Ni cell was studied by chronoamperome-
try technique as shown in Figure 12B. The long-term
water-splitting performance depicts excellent durability of
the electrocatalysts (up to 25 hours), which indicates the
NipsMn, ,Co,0, electrode is an efficient nanomaterial for
the overall water-splitting application.®

Figure 12C presented the LSV curves of the before and
after stability tests of NiggMng,C0,0,4/Ni//NiggMng,-
Co,04/Ni cell, providing an overall water-splitting potential
of 1.51 to 1.70V, at the same current density of
10 mA cm 2 The difference between the before and after
stability is 0.19 V, which indicates the NiygMngy,C0,04
electrode is more stable as compared to the previously
reported values.”>”® The EIS study of NiysMn,,C0,0./Ni//
NigMng,C0,04/Ni cell shows the values of R; and R
before and after stability testing, as shown in Figure 12D.
The R, and R values indicate the assembled cell is more
stable after 25 hours, which suggests the NiggMng,C0,0, is
the best electrocatalytic material for the efficient water split-
ting applications.**®°

4 | CONCLUSION

In conclusion, typical hybrid nanoparticle and ultrathin
nanoflakes-like Ni; xMnxCo,0, nanocomposites were
successfully synthesized using a facile DES and drop
coating method. The surface morphological results
revealed that the change in the composition ratio of Ni
and Mn significantly affected the surface morphology of
the as-prepared Ni;.xMnxCo,0, hybrid nanostructures
(X=0,0.2,04, 0.6, 0.8, and 1). Furthermore, among the
Ni; . xMnxCo,0, nanostructures, NiysMng,,Co,0, mate-
rial exhibited the highest specific capacity (761 mAh g*
at 30 mA cmfz), which could be attributed to the uni-
form covering of the surface of the deposited 3D hierar-
chical vertically-grown nanoflakes with 1D NPs, which
enhanced the electrical conductivity and Faradaic redox

reactions of the electrode. In addition, the cycling stabil-
ity results revealed that the electrode exhibited an
enhanced retention capacity of 92.86% after 10 000 cycles.
Moreover, the solid-state hybrid device fabricated using
the NipgMny,Co,0, material exhibited a very high spe-
cific energy and specific power of 66.2 Whkg ' and
1519 W kg_l, respectively. Moreover, the NPs coated
nanoflakes of the Niy sMng,,Co0,0, nanoelectrode exhib-
ited a superb electrocatalytic activity for HER and OER
in 1 M KOH electrolyte. These results indicate the prom-
ising potential of the double-layered TMO Ni; xMnx.
Co,0, hybrid material as the electrode for the fabrication
of industrial-level supercapacitors devices by advanced
modification superb electrochemical activity of OER and
HER are very useful for several fields in the markets. Fur-
thermore, the assembly of the NijgMng,C0,0,4/Ni//
NiggMny,C0,04/Ni cell provided a lower voltage of
1.51 V for overall water splitting activity with better dura-
bility after 25 hours. Moreover, the results revealed that
the DSE method is a simple and useful method for tuning
the morphology and electrochemical properties of elec-
trodes and preparing novel quaternary hybrid nanoma-
terial for energy storage devices.
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