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1 Introduction

Now-a-days, whole the world is concerned about
increasing environmental pollution, the depletion of
fossil fuels and infectivity world which drastically

ABSTRACT

The existing research explores the effect of annealing temperature on man-
ganese oxide incorporated cobalt oxide thin films synthesized on stainless steel
(SS) using potentiodynamic electrodeposition via aqueous route. Film thickness
of synthesized material decreases with increase in annealing temperature.
Contact angle measurements show decrease in the hydrophilicity with increase
in annealing temperature. XRD of the synthesized samples reveals face centered
cubic Co30, and orthorhombic MnO, with polycrystalline nature. FESEM and
TEM images display nano-spikes with nano-granular morphology. The presence
of elemental composition was observed from EDX analysis. The AFM analysis
also confirms the nano-granular morphology of fabricated thin film electrodes.
The optimized electrodes were investigated for electrochemical characteristics.
All CV curves show mixed capacitive behavior. Optimized sample shows
maximum specific capacitance (5C) of 605.82 F/g at 2 mV/s using 1 M KOH
electrolyte solution. The maximum designed values of energy density, power
density and columbic efficiency were 2520 Wh/kg and 31.10 kW/kg and
92.11% respectively. The observed internal resistance from Nyquist plot (R;) was
0.64 Q. The MnO, incorporated CozO, thin films on SS substrates can be a
potential candidate for cost-effective supercapacitor applications.

affect socio-ecological systems on the earth. To sur-
mount these problems researchers are developing a
battery-supercapacitor hybrid device (BSH) for
hybrid electric vehicles. Supercapacitor electrodes are
fabricated with various morphologies using a variety
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of techniques [1-6]. The transition metal oxides
(TMOs), have been proven as suitable electrode
materials for pseudo-capacitor [7-10].

Amongst all these TMOs, Co3;04 and MnzO,4/
MnO; are easy and economical to prepare, it shows
porous morphology, good chemical and physical
stability with high specific capacitance [11]. Some
researchers have reported porous/3D architecture,
nano flowers, nanowires, flakes and spherical grains
of Co30, and Mn;O, using different techniques via
aqueous routes [12-20]. Many authors reported the
electrochemical measurements of cobalt oxide and
manganese oxide synthesized via aqueous route
using different methods [21-23]. Some investigators
described the electrochemical measurements of
manganese oxide prepared via aqueous route using
different methods [15, 24, 25].

Pang et al. described the preparation and electro-
chemical investigation of cobalt oxide-manganese
oxide composite which has a maximum specific
capacitance (SC) 412 F/g [26]. Jun Chen et al. repor-
ted CoMn(CoMn),0O,4 coated on reduced graphene
oxide. Corresponding electrode exhibits 571 F/g SC
at current density 1 A/g [27]. The details of related
literature were studied and the comparison results
are reported in Table 1 [28-41]. As per the available
literature, there are least evidences found regarding
the synthesis of MnO,:Co;0, thin films by poten-
tiodyanamic electrodeposition and their electro-
chemical  applications ~ which  cognate to
supercapacitor applications.

The present work focuses on synthesizing man-
ganese incorporated cobalt oxide by potentiodynamic
electrodeposition technique and exploring the out-
come of annealing temperature on structural, physi-
cal and electrochemical parameters. The prepared
samples were well characterized using sophisticated
tools.

2 Experimental
2.1 Electrodes synthesis

Figure 1 reports details of the synthesis of Mn
incorporated cobalt oxide thin films carried out via
potentiodynamic electrodeposition technique. Cobalt
chloride hexa-hydrate and manganese chloride hav-
ing AR grade were purchased from Thomas baker
chemicals and used without any further purification.
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0.1 M solutions of both manganese chloride and
cobalt chloride were prepared in double distilled
water. The working electrode is 1% Mn incorporated
cobalt chloride solution, samples were deposited on
SS substrate and counter electrode as a Platinum (Pt)
wire and silver/silver chloride as a reference elec-
trode. The potentiostat (CHI 600 D workstation) was
used for the potentiodynamic electrodeposition.
Deposition was carried out by exploiting cyclic
voltammetry range from —1 to —0.1 V with respect to
Ag/AgCl reference electrode at the scan rate 80 mV/
s for 30 min. As the Annealing temperature is a key
factor which may influence structure, morphology,
component and mass change of the electrode, the
deposited samples were subjected to different
annealing temperatures to investigate its effect on
crystallinity, surface morphology and electrochemi-
cal performance. The different annealing tempera-
tures 473, 523, 573, 623, and 673 K were nomenclature
as MAT; MAT, MAT; MAT, and MATs The mass
loadings for MAT;- MAT;s electrodes are 0.0034,
0.00314, 0.00327, 0.00245 and 0.00236 gm respectively
and the area of deposited material is 1.5 x 1.5 cm®.
Prepared samples were characterized using XRD,
FESEM, EDX, TEM and AFM and cyclic voltammetry
to check their structural, morphological and electro-
chemical properties.

2.2 Characterizations
2.2.1 Physical characterizations

The diffractometer of Rigaku D/max 2550 Vb + 18
kW with Cu k, wavelength was used instrument in
the 20°-80° range. Surface studies was done using
FESEM (JEOL JSM 7600 FEG-SE). An elemental
diffraction analysis (EDX) was carried out using
AXFORD-SUK (Japan) at 20 kV to measure the per-
centage content of manganese incorporated in cobalt
oxide. TEM and 2D-AFM images for topographical
roughness of prepared samples. The contact angle
measurement was carried out using HO-IAD-CAM-
01B, Holmark Opto-Mechatronics, India. Tapson-
100TS, USA analytical microbalance was used to find
the weight of the deposited material.

2.2.2  Electrochemical characterizations

The CVs of the prepared electrodes were scanned at
room temperature in the potential window —0.95 to



] Mater Sci: Mater Electron (2023) 34:1345

Table 1 Literature reports on manganese incorporated cobalt oxide
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R.N Deposition method Film properties  Electrolytes/ SC (F/ SE SP (kW/ 5 (%) Impedance
Scan rate g) (Wh/ kg) (Hz)
kg)
[28] Chemical co-precipitation Mn-Ni-Co oxide 6 M KOH 1260 - - - 10° to 107
Substrate: Ni:Co:Mn = 1:1:1, Potential range Ri=043 Q
Was dissolve in 100 ml DW of — 0.1 to
5% ammonium hydroxide 0.4 V, Scan
pH = 9.5 vigorous stirring. rate
Potentiodynamic: —0.1 to S mV/s
+ 045
V/s, scanning rate 5; 10; 20 mV/
s, annealing
[29] Potentiostatic deposition CoyNi; LDHs 1 M KOH 2104 - - - 0.01to100kHz
Substrate: TiO,/Ti, Dense Scan rate Ri=0.05Q
HF (3.3)- HNO;(5.6), At current ~ microstructure 5 mV/s for Co
—1.0 mA/cm? for 30 min, Ri=1 Q for
0.02 M RuCl; and 0.005 M Ni with 45°
(HCI), scanning rate 10
Potentiodynamic: —0.1
to + 0.6 mV/s, Annealing at
298 K
[30] Hydrothermal synthesis Co (OH),/Ni 2 M KOH 1310 - - - 0.01 Hz
Substrate: Nickel foam 1 A/g Current t0100 kHz
5 mmol cobalt acetate, 15 mmol density
hexamethylenetetramine in
50 ml DW, electrodeposition
of Ni 2 mA/cm? for 240 s, M
NiCl,, 0.05 M, H3BO3 and
0.2 M Ethylenediamine
dihydrochloride, scanning rate
10 mV/s PD:—0.2 to + 0.6 V
[31] Electrochemical deposition Co—Ni/Co-Ni 1 M KOH 331 - - - Ri=04Q
Substrate: stainless steel Nanocrystalline ~ Scan rate
Annealed at 300 °C for 3 h Cauliflower 1 mV/s
PD: —0.7 to + 0 V Ag/AgCl
scanning rate 100 mV/s
[32] Chemical precipitation Ni and Co oxide 1 M NaOH 1840 - - - -
method Thin flake Scan rate
Substrate: glassy carbon cobalt 1 mV/s
nitrate + nickel 0.5M
Nitrate(1:1 M), dry at 100 °C, Na,SO,
scanning rate 1; 5; 10; 20;
50 mV/s,
PD: 0-1.5 V Ag/AgCl
[33] Hydrothermal method Cos0, @ 6 M KOH 415 - - - -
Substrate: Ni foam 200 mg Co graphene, Current
(NO3) in 5 ml Of DW heated at  nanoflakes density
180°C for 1.5 h, current 3 Alg

densities 0.4 to 3 A/g
GS mode
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Table 1 continued
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R.N Deposition method Film properties  Electrolytes/ SC (F/  SE SP (kW/ n (%) Impedance
Scan rate g) (Wh/ kg) (Hz)
kg)
[34] Electrodeposition NiCo204@NieS 1 M NaOH 926 - - - -
Nanocrystalline, nano plates Current density
PD=-02t 0.6 V of 8 mA-
cm 2
[35] SILAR method Nickel-cobalt ~ 2MKOH 672 - - - 107 to 10°
SS, 0.1 M CoSO,4 and 0.1 M Scan rate 0.47 Q
NiSO,4 5 mV/s
pH — 12, H,O, was kept at
343 K
PD: 0 to 500 V
[36] Electrodeposition method MnO,/RGO Current density 343 to 4127 7KW/kg - 100,000-0.01
Ni foams, 0.01 M mixed of 5 mA- 254 ‘Wh/
aqueous solution of cm ™2 to kg to
Mn(CH5COO), and Na,SO,4 1.0 M Na,SO,4 467 59.3
MnO, and MnO,/reduced and Wh/
graphene oxide (MnO,/RGO) 307 kg
electrode
[37] Electrodeposition method Mn,05- Scan rate 72.04 - - - -
ITO, sodium dodecyl sulfate SDS + EG 10 mV/s
(SDS) and ethylene glycol KCI3 M
(EG) as a templating agent,
10 mM manganese nitrate
(Mn(NO3),), heated at 2000 C
for 3 h
[38] Anodic Electrodeposition Manganese Current density 327 - - - -
nickel foils, Manganese oxide oxide of 1 mA-
nanoflower cm ™2
film and
nanowall array,
[39] Precipitate Mnz;04—Co304 1.0 M Na,SO, 289 5.0 572 Wikg - Ri=1.05 Q
0.005 g K5[Co(CN)g], 0.100 g cubic-like Current Wh/
PVP, 10.00 g HO and 10.0 ml  structured density of 12 kg
10.0 ml 3.3 wt% Mn(NO3),, Alg
heated at 450 °C
[40] Electrodeposition method MnO, 1.0 M Na,SO, 90-170 — - - -
stainless steel, MnO, Current
density of
2.0 mA cm ™’
[41] Electrodeposition method MnO, NF// Scan rate - 80.56 — - -
carbon paper La,05 S mV/s Wh/
0.5 M Na,SO,4 kg
Present  Electrodeposition method MnO,: Co304 2 mV/s 605.82 30 4290 kW/ 95.11 Ri=0.64 Q
work  stainless steel, 0.1 M solutions 1 M KOH Wh/ kg
of both manganese chloride kg

and cobalt chloride
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Fig. 1 Flowchart—Thin film
deposition and its

[ 0.1 M Cobalt Chloride hexa-hydrate and Manganese Chloride were prepared in Distilled Water (DW) ]

characterizations

l

[ SS substrates as working electrodes were deposited using ]

1 % Mn incorporated cobalt chloride solution

|

Deposition was carried out by exploiting cyclic voltammetry range from

-1.0to - 0.1 V vs Ag/AgCl at the scan rate 80 mV/s for 200 cycles.

!

G

Deposited samples were annealed at various temperatures

like, 473 K, 523 K, 573 K, 623 K, and 673 K

|

[ Samples were nomenclatured as MATi, MAT2, MAT3;, MAT4 and MATs ]

l

[ Annealed samples were carried for XRD, FESEM, EDX, TEM and AFM ]

l

Optimized electrode was scanned for Electrochemical Characterization

like, CV, CP and Impedance in 1 M KOH

0.48 V Vs silver/silver chloride in 100 mM, 20 ml
potassium hydroxide at the scan rate 2 mV/s. The SC
of working electrodes was estimated with the assis-
tance of CV [42].

1 Ve
SC=—+———— [I(V)dV For CV 1
mv(VC—Va)‘{ V) (1)
IXtd
SC_VXW For CP

where, SC is the specific capacitance, V is the scan
rate (mV/s), I represents the current (mA), and ‘m’
denotes active mass on working electrode, t; repre-
sents discharging time. The energy density, power
density and coulombic efficiency () were intended.

_VXIdXtd
SE = W (2)
VXId
P=——
sp— L ®)
ta
n:t—xloo 4)

c
Here, ‘V’ represents voltage, ‘I; denotes current and
‘ty is discharge time. ‘W’ is the weight and ‘t. is the
charging time.

3 Results and discussion
3.1 Chemical reaction kinetics

The manganese incorporated cobalt oxide thin films
were potentio-dynamically electrodeposited at the
scan rate 80 mV /s for 30 min. using —1.05 to —0.15 V
Vs silver/silver chloride deposition window. During
the electrodeposition, the cobalt and manganese ions
or complexes are hydrolyzed by the distilled water
solution to form the hydroxide on the working elec-
trode. After annealing at various temperature (K) for
1.5 h, the Co(OH), and Mn(OH), was converted into
Co304 and MnO, respectively. The possible chemical
reactions in the film formation are as given below
[43]. After annealing at 473 K Mn(OH), gets con-
verted into MnO..

3Co(OH),+ O  —

MnO; +H; 1 +0, 1 (5)
Co304 +Hy 1 (6)

During electrochemical characterizations following
reactions may occur

@ Springer
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3MnQO, : Co304 + 60OH™ — (7
3Mn : Co(OH),+50; T +6e~

Mn : Co (OH),+OH"™ — (8)
Mn : CoOOH + H,O + 1e

During electrochemical reaction the nano-compos-
ite oxide materials interact with K™ and OH™ ion and
form hydroxide and oxyhydroxide phases during the
electrochemical reaction.

3.2 Thickness variation

Thicknesses of the samples were evaluated using
gravimetric weight difference method. Figure 2
shows the variation in the film thickness for the
samples from MAT, to MATs. From the figure, it was
observed that film thickness decreases with increase
in annealing temperature. It may be due to the loss of
hydrated content in the film along with an increase in
annealing temperature. The similar effect of various
temperatures was described for Coz;O, thin films
synthesized by spray pyrolysis [44].

3.3 XRD studies

Figure 3 XRDs of MAT;, MAT,, MAT;, MAT, and
MATs. The observed ‘d” values were matched with
standard ‘d’ values taken from JCPDS of Co3;0,4 and
MnQO,. All samples are polycrystalline in nature.
Co304 samples exhibit characteristic peaks (220),
(311), (400), (331), (440) and (533) at 31.18°, 36.46°,
44.23°, 47.40°, 65.82° and 75.15°. MnO, samples
exhibit characteristic peaks (101), (201), (210), (211),

4.8 MAT Deposition scan rate: 80 mV/s|
1 L Deposition time: 30 min.
4.6 «
4 N
4.4 . MA
o~ ] \-. T2
E 42 S
\% - 1 \'\
8 4.0 N
- N\,
2]
E 3.84 \. MA’I‘3
< \\
3.6 N
1 N MAT
34 W _ MAT,
Nt
3.2
T v L) v L] v L]
450 500 550 600 650 700

Annealing Temp.(°K)

Fig. 2 Variation in thickness with annealing temperature for CM;
sample
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(202), (331) and (410) at 21.16°, 26.57°, 36.40°, 41.76°,
44.00°, 47.40° and 50.52°. Samples show strong ori-
entations along (400) for Co304 or (202) for MnO,, for
low temperature annealing and for high temperature
annealing, orientations change strongly. Sample
MAT, shows strong orientation (211) for MnO, and
sample MATs shows strong orientation (311) for
C030,. The calculated average value of crystallite size
‘D’ was around 18 nm for the plane (400) of Coz0,/
(202) of MnO,. XRD reveals increase in crystallinity
with increase in the annealing temperature. In the
fluence of incorporating Mn elements in the Co sys-
tem may results the more crystalline nature. The
similar types of observations were reported for cobalt
oxide thin films [45-47]. It may be at high annealing
temperature, material gets enough energy to crystal-
lize to orient in proper equilibrium sites, resulting in
the upgrade of crystallinity and the degree of direc-
tion of the cobalt oxide films [48]. The calculated
value of the crystallite size ‘D’ for plane (400) using
Scherer’s formula and it is around 21 nm.

3.4 FE-SEM, EDX analysis

Figure 4a depicts FE-SEM images of manganese
incorporated cobalt oxide samples annealed at vari-
ous temperatures. Sample shows porous granular
particles along with nano-spikes/nanorods at lower
temperature. Inset of the image for sample MAT;,
clearly shows the porous nature of the film at higher
magnification. Such morphology possesses high sur-
face area which can be structural base for

7107

Intensity (a.u.)
» [
. .2

(201)

(220)
(311)

= (211)

(400) (202)

——a(331) (311)

(410)

MAT,

(440)

(533)

Fig. 3 XRD patterns

temperatures

of the sample CM; annealed at different

50
20 (degree)
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electrochemical process [49]. But, with increase in
annealing temperature particles are agglomerated to
form clusters and nano-spikes/nanorods get dis-
turbed. Porosity of the film drastically gets reduced at
higher annealing temperature and it shows compact
morphology. The elemental analysis of the MAT;
sample was carried out by using elemental diffraction
analysis. Figure 4b shows the elemental mapping of
MAT; sample. From the figure it is confirmed that the
reported elements are present in the elemental map-
ping. The contribution of elements for weight percent
of Oxygen:18.46; Manganese:1.32; and Cobalt:80.22
and atomic percent contribution are Oxygen:45.44;
Manganese:0.95; and Cobalt:53.61 etc.

3.5 TEM, SAED analysis

The micro-structural analysis of MAT; electrode was
made by using transmission electron microscopy.
Figure 5a and b represent as and magnified TEM of
MAT; sample. It shows formation of granular type of
grains corresponding to pure cobalt oxide, along with
spikes originated from incorporation of Mn into the
pure Co;0, with average spike length — 3.00 x 10*
nm. Similar nano-spikes/nanorods of MnO, were
reported by Kim et al. at higher magnifications in
cobalt doped manganese oxide thin films [50]. Fig-
ure 5¢ shows the SAED pattern of Mn incorporated
Co30,4 which confirms crystalline nature of the sam-
ple MAT;,

3.6 AFM analysis

Irregularity of the sample has single importance in
the super-capacitive performance as it supports the
ion exchange progression (faradaic reaction) in oxide
material [51]. Figure 6 depicts 2D AFM micrograph
of the sample MAT;. Micrograph reveals rough
agglomerate granular surface morphology with
roughness 111 nm. Figure 7.shows contact angle
variation for Mn incorporated cobalt oxide thin films
annealed at different annealing temperatures. This
type of morphological roughness is highly suit-
able for easy ionic intercalation benefits for better
supercapacitive application. The water contact angle
depends on the morphology, surface roughness, and
chemical properties of the material. In the present
case it was observed that contact angle shows
decrement in its value and hence decrement the
hydrophilicity =~ with  increase in  annealing
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temperature. Sample MAT; shows super-hydrophilic
nature which is feasible for supercapacitor
application.

3.7 Electrochemical characterizations
3.7.1 Cyclic voltammetry (CV)

The CV curves for MAT; to MAT5 electrodes were
recorded as in Fig. 8a. From the CV curves, it was
evidenced that as the annealing temperature increa-
ses, the area under CV curves decreases. Change in
SC of the different annealed electrodes of MAT;,
MAT,, MAT3;, MAT, and MAT5 were estimated to be
605.82, 431.52, 298.53, 218.36 and 214.58 F/g. The
maximum calculated SC of 605.82 F/g was obtained
for sample MAT; which was decreased to 214.58 F/g
for the sample MATs. At lower annealing tempera-
ture, electrode shows maximum SC, it may be due to
easy ionic intercalation. As evident from TEM,
influence of MnO, impurities i.e. porous spikes,
hydrophilic nature observed from wettability study
may be responsible for increase in surface area
responsible to increases the SC as compared to un-
doped cobalt oxide electrode.

3.7.2  Effect of scan rate

To observe the effect of scan rate on electrochemical
performance of the optimized electrode MAT;, CV
was recorded at various scan rates from 2 to 100 mV/
s. It was clearly observed that, area under the curve
increases with increase in scan rate, at the same time
peak was shifted towards negative potential as evi-
denced from Fig. 8b. The obtained SC values for
different scan rates 2, 5, 10, 50 and 100 mV/s are
605.82, 312.09, 308.37, 196.56 and 144.67 F/g. The
calculated maximum value of SC was 605.82 F/g at
2mV/s. As the scan rate increases, SC value
decreases. This may be attributed due to the impro-
per ionic intercalation at higher scan rates which
affects the charge storing performance of the elec-
trode. At higher scan rates, accessibility of the ions
inflowing into all the pores inside the electrode
materials rises and thus the transportation of ions
was partial due to their slow diffusion. Hence indi-
vidual the external surface could be exploited for the
charge storing [52, 53]. The CV curves of MAT;
electrode. In both cases it is possible to observe that
the presence of redox peaks that can be assigned to

@ Springer
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«Fig. 4 a FESEM images of Mn:Co30, thin film (CM,) annealed
at different temperatures. b Elemental mapping of images for the
sample MAT; (MAT,: 1% Mn incorporated Co30;, thin film)

Full Scale 1645 ctz Cursor: 0.000

Fig. 4 continued

CoOx-related redox reactions. For MAT; electrode
the redox peaks can be attributed to the transition
Co(I)/Co(Il) in the film, which is accompanied by
insertion/de-insertion of hydroxyl ions, in order to
preserve the electroneutrality of the material during
the redox process [54]. It is observed that, with an
increase in scan rate from 2 to 100 mV/s, the area
under the curve and potential window increases up
to — 1.6 V. A reduction reaction must be occurring
causes H, evolution. A similar result was reported by
R. Della Noce et al. [55].

3.7.3  Effect of electrolytes and electrolytic concentration

To see the suitability of electrolyte for electrochemical
performance, MAT; electrode was analyzed in dif-
ferent aqueous inorganic 1 M electrolytes such as
KCl, Na,SO, and KOH etc. Figure 8c shows typical
CVs of MAT; electrode in 1 M solutions of KCJ,
Na,SO, and KOH respectively. In all electrolytes,
electrode shows redox peaks at the particular anodic
and cathodic sweeps of CV curves endorses for the
mixed-capacitive nature. The calculated values of SC
at 2 mV/s in 1 M KOH, Na,SO, and KCI electrolytes
are 605.82, 57.56, and 3.66 F/g respectively. Electrode
tested in 1 M KOH electrolyte shows maximum SC,
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which may be attributed due to easy ionic redox
activity of aqueous KOH solution with high mobility
of K"/OH™ ions which supports maximum charge
storage in the EDL at the electrode—electrolyte
boundary and ion diffusion in the host material [22].
One of the most important properties of electrolytic
solution is the effective ion size. The size of ions
determines the accessibility of the pores to ions and
influences on their mobility in the solution bulk. It
has been reported [56]. Figure 8d shows the CV
curves of MAT; electrode carried in different con-
centrations of KOH. It was evidenced from the area
under curve that at lower (less than 1 M) and higher
(more than 1 M) concentrations of the electrolyte,
capacitive performance was poor. Figure 8e Electro-
chemical stability curve of MAT; electrode scanned
in1 M KOH at 100 mV/s scan rate. Form the figure it
is observed that initially the value of SC is 144.67 F/g.
With increase in number of cycles for same scan rate
current density goes on decrease exponentially. After
completion of 2500 number of cycles, the calculated
SC is nearly about 140.10 F/g. Further increase in
number of cycles the current density and SC associ-
ated with materials remains steady. The similar result
has been reported [35]. The decrease in SC may be
attributed to reduction in pore size and line spacing
as evidenced from SEM due to intercalation of
potassium ion and showing stable SC beyond 2500
cycles. These results can be due to the different
mechanism for storing charge. Assuming that the
main storage mechanism for MAT,; electrode
involves bulk redox reactions, the shorter life cycle
could be due to irreversible phase changes due to
material pseudocapacitive nature that hinder the
faradaic process since the continuous K+ /
OH — insertion/de-insertion will gradually affect the
film structure [54].

3.74 Charge—discharge

Charge-discharge technique is used to understand
the energy and power application of the prepared
optimized electrode. Figure 9 of MAT; electrode
scanned at various current densities 10, 15, 20 mA/
cm? in 1 M KOH. From the figure it is observed that
with increase in current density curve shifted
towards the triangular side itself indicates the double
layer behavior and the prepared electrode material
itself indicates the power efficient at higher current
density. And at lower current density material shows

@ Springer
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Fig. 5 TEM (a and b) and SAED (c) images for the sample MAT; (MAT;: 1% Mn incorporated Co30; thin film).

o

10um

Line ft 1.01um

v

Topography range

Opm

Oum X*

10um

Fig. 6 2D AFM micrograph of MAT, sample

pseudocapacitive behavior itself represents energy
efficient. The electric parameters associated with
MAT; electrode was calculated. The SC associated

@ Springer

with electrode has been calculated itis — 590.0 F/g at
current density 10 mA/cm® The maximum calcu-
lated values of SE, SP and 1 were 25.20 Wh/kg and
31.10 kW /kg and 92.11% respectively.

3.7.5  Electrochemical impedance

The internal resistance of MAT; electrode was stud-
ied using EIS at OCP—0.084103 V in 1 M KOH in the
frequency 1 to 1 mHz. Figure 10 shows the Nyquist
impedance plot of Z"vs Z'. Nyquist Plot composed of
three regions, at maximum frequency region a
depressed semicircle results from a parallel combi-
nation of the charge-transfer resistance (R.) pro-
duced by the Faradaic reactions at the minimum
frequency region. The observed internal resistance
(Ry is 0.64 Q. The knee frequency (6.21 x 10~* Hz
with phase angle 24.4°) which reflect the extreme
frequency at which capacitive behavior is govern.
Portion of the curve having an inclination of — 45°
with Z" axis gives the value of Warburg resistance
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L T .

Fig. 7 Wettability images for the Mn:Co30, thin films annealed at different temperatures

(Z,,). The minimum frequency behavior shifting near
Y’ axis signified double layer capacitance (Cy).

4 Conclusions

Present work reports the successful synthesis of
MnO, incorporated cobalt oxide electrode using
potentiodynamic electrodeposition technique. XRD
reveals the FCC and orthorhombic crystal structures
for cobalt oxide and manganese oxide respectively.
Nano-spike type morphology observed from FESEM.

The presence of elemental composition was observed
from EDX analysis. TEM study and it signified the
incorporation of MnO; in cobalt oxide matrix and
explored positive effect on the super capacitive effect
of Coz0, electrode. Porosity of the film drastically
gets reduced at higher annealing temperature implies
lower annealing temperature provides excellent
capacitive behavior. Optimized electrode scanned
in1M KOH electrolyte exhibited high SC 605.82 F/g
at 2 mV/s, this specifies capacitive success in con-
tradiction of pristine CozO; electrode (SC 441.17 F/¢g).
The maximum intended values of SE SP and 1 were
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Fig. 8 a CVs of CM; electrode annealed at different temperatures at 473 K), ¢ CVs of MAT, electrode in different electrolytes
and scanned in 1 M KOH (CM;: 1% Mn incorporated cobalt oxide (MAT;: 1%), d CVs of MAT; electrode observed in different
electrode, MAT; to MATSs: 473 K to 673 K with the interval of concentrations of KOH. e Electrochemical stability curve of MAT
50 K), b CVs of MAT, electrode observed at different scan rates in electrode scanned in 1 M KOH at 100 mV/s scan rate

1 M KOH (MAT,: 1% manganese doped Co;O4electrode annealed

@ Springer



] Mater Sci: Mater Electron (2023) 34:1345

0.50

0.25

0.00

-0.25

-0.50

-0.75

Potential (V vs Ag/AgCl)

b > ppppp D>

-1.00

0 5 10 15 20 25 30 35 40

Time (Sec.)

45

Fig. 9 Charge—discharge curves of MAT, electrode scanned at
various current densities in 1 M KOH
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Fig. 10 Nyquist plot of MAT, electrode observed in different
concentrations of KOH

2520 Wh/kg and 31.10 kW/kg and 92.11% respec-
tively. The observed internal resistance from Nyquist
plot (Ry) is 0.64 Q. The MnO, incorporated Coz04
electrodes have great potential to produce future
energy storage devices.
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