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life and binder-free manganese-
cobalt oxide supercapacitor electrodes through
photonic nanostructuring†

Madhu Gaire, * Binod Subedi, Shiva Adireddy and Douglas Chrisey

We report a novel photonic processing technique as a next-generation cost-effective technique to

instantaneously synthesize nanostructured manganese-cobalt mixed oxide reduced graphitic oxide (Mn-

Co-rGO) for supercapacitor electrodes in energy storage applications. The active material was prepared

directly on highly conductive Pt–Si substrate, eliminating the need for a binder. Surface morphological

analysis showed that the as-prepared electrodes have a highly porous and resilient nanostructure that

facilitates the ion/electron movement during faradaic redox reactions and buffers the volume changes

during charge–discharge processes, leading to the improved structural integrity of the electrode. The

presence of distinct redox peaks, due to faradaic redox reactions, at all scan rates in the cyclic

voltammetry (CV) curves and non-linear nature of the charge–discharge curves suggest the

pseudocapacitive charge storage mechanism of the electrode. The electrochemical stability and the life

cycle were examined by carrying out galvanostatic charge–discharge (GCD) measurements at 0.40 mA

cm�2 constant areal current density for 80 000 cycles, and the electrode showed 95% specific

capacitance retention, exhibiting excellent electrochemical stability and an ultra-long cycle life. Such

remarkable electrochemical performance could be attributed to the enhanced conductivity of the

electrode, the synergistic effect of metal ions with rGO, and the highly porous morphology, which

provides large specific surface area for electrode/electrolyte interaction and facilitates the ion transfer.
1. Introduction

Metal oxide based supercapacitors (SCs), also known as pseu-
docapacitors, have received increasing attention as energy
storage devices because of their high specic capacitance. Due
to the fast and reversible redox reactions at the electrode/
electrolyte interface, pseudocapacitors have higher power
density, faster charge/discharge characteristics, and higher
energy density than conventional carbon-based electric double-
layer capacitors (EDLCs).1,2 These attributes make their appli-
cation wide-ranging from consumer electronics to electric
vehicles. Among metal oxides, RuO2 has high conductivity, long
cycle life, and excellent electrochemical performance; however,
toxicity, high cost, and low abundance limit its practical appli-
cations.3,4 Other metal oxides, such as MnO2, Fe2O3, NiO,
Co3O4, etc. have been studied as alternative electrode
materials.5,6

The preparation of mixed transition metal oxides for super-
capacitor electrodes, by incorporating two or more individual
hysics, School of Science and Engineering

Orleans, Louisiana, 70118, USA. E-mail:

tion (ESI) available. See DOI:

–40243
metal ions, has received an upsurge of interest as an effective
method to improve the performance of supercapacitors.7,8 The
mixed oxide approach enhances the electrochemical perfor-
mance more than using single oxides because they offer
advantageous structural defects, improved chemical stability
and a wide working potential window.9 Mixed oxides also offer
synergistic effects from the pure oxides leading to superior
conductivity and richer redox reactions.9–11 Moreover, the
coupling of metal oxides offers various combinations of cations
and tunable stoichiometric/non-stoichiometric compositions,
making it easier to study the electrochemical performance by
manipulating the physical and chemical properties.12,13 Prepa-
ration of binary and ternary metal oxide mixtures has been re-
ported by this approach.1,4,7–10,12–17

Among mixed transition metal oxides, Mn–Comixed oxide is
an excellent candidate for supercapacitor electrodes owing to its
high electrochemical activity, high capacitance benetting from
multiple redox reactions than the individual Mn or Co oxides,
and long cycle life.18,19 Furthermore, the addition of Co impedes
the dissolution of Mn into the electrolyte and improves the
redox reversibility and stability of the electrode.20,21 Despite
their many advantages, drawbacks including their low
conductivity, which also hinders ion diffusion and electron
transfer,22 poor structural stability, small specic surface area,
and volume changes during the redox reactions, still, need to be
This journal is © The Royal Society of Chemistry 2020
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addressed. These issues could be resolved by: (i) combining
highly conductive material with the metal oxides, (ii) designing
and fabricating novel electrode structures, and (iii) growing the
active material directly on a highly conductive substrate.23,24

Firstly, incorporating carbonaceous materials with metal
oxide is an effective method to improve the overall performance
of the electrode as carbon offers low cost, high electronic
conductivity, high power density, high surface area, controlled
pore size distribution and high chemical stability.25–30 Secondly,
since the performance of the electrode is highly dependent on
its structure and morphology, designing and preparing elec-
trode with novel nanostructure is crucial for high performance
of the supercapacitor. Therefore, reducing the particle size to
the nanoscale is an important advantage as nanostructures
offer a high surface to volume ratio, which ensures better
electrode/electrolyte interaction and increased utilization of the
active material during electrochemical processes. Thirdly, by
directly growing the active material on a highly conductive
substrate, the need for a binder is eliminated and better
mechanical adhesion and electrical contact between active
materials and the substrate is ensured, facilitating the
electrode/electrolyte interfacial charge transfer.

In this work, we have focused on preparing active materials
directly on conductive substrates for the fabrication of highly
porous 3D nanostructured manganese-cobalt oxide reduced
graphitic oxide (Mn-Co-rGO) electrodes. The presence of rGO
improves the electronic conductivity, makes the electrode
structure more robust, offers synergistic effect with metal
oxides, enhancing the electrochemical activity and results in
improved overall electrochemical performance of the electrode
by exploiting the double-layer capacitance from rGO as well as
the pseudocapacitance from both Mn and Co oxides. Further-
more, such porous structures offer: (i) increased effective utili-
zation of active materials,31 (ii) shortened ion diffusion lengths
and increased mass transport, and (iii) reduced phase trans-
formation during faradaic redox reactions.32,33

While the idea of preparing mixed metal oxides electrodes is
not novel, and different groups have already reported such work
following various techniques,12–17 what we are presenting here is
novel and unique in that our photonic processing technique
yields unique nanostructure and, in turn, improved properties:

(1) uses high energy pulsed light to photonically synthesize
the electrodes almost instantaneously as opposed to the already
reported conventional techniques which take several
hours,15,18,34–36

(2) allows for the use of inexpensive precursor and
substrates,

(3) can be accomplished at room temperature and is
amenable to roll to roll processing, and

(4) due to the extremely short irradiation time of the high
energy light-pulse, the material can quickly attain high
temperatures, reaching the metastable phases without
damaging the substrate, which is not possible otherwise.

With the aforementioned advantages, the as-processed
electrode has unique and robust highly porous 3D nano-
structures that offers high specic surface area and shortened
ion diffusion length, advantageous for electrochemical
This journal is © The Royal Society of Chemistry 2020
performance and long cycle life, both of which are essential
requirements for supercapacitor applications. Since the
decrease in capacitance over the time seen elsewhere20,22,23 is
mainly due to structural damage caused by lattice expansion
during the charge–discharge processes, as prepared porous
nanostructures help alleviate the volume changes, leading to
the robust structural integrity of the electrode, which in turn
results in improved capacitance retention even aer a high
number of charge discharge cycles. To our knowledge, such
a quick processing technique has not been published before for
the preparation of mixed metal oxides electrodes. This work
provides a promising approach for an easy and fast synthesis of
mixed transition metal oxide electrodes, which can potentially
be applied in consumer electronics, energy storage devices,
electric vehicles, etc. It is well understood that the lifetime of the
entire device based on an electrochemical capacitor would be
limited by cycle life. Moreover, the device would have to be
engineered around any changes in capacitance. Therefore, it is
crucial that electrodes have high electrochemical stability and
long cycle life. In this regard, by following the aforementioned
techniques, we fabricated the nanostructured Mn-Co-rGO
electrodes with excellent electrochemical stability and an
ultra-long lifetime.

The as-prepared electrodes were evaluated as potential
supercapacitor electrodes and showed an initial specic
capacitance of 11 mF cm�2 at a constant areal current density of
0.4 mA cm�2. The electrochemical measurements were per-
formed in 1 M KOH as the electrolyte because of its safety, high
ionic conductivity, and high mobility K+ ions. We performed
charge discharge cycling test for 80 000 cycles, and the electrode
showed 95% capacitance retention, exhibiting excellent elec-
trochemical stability, and ultra-long cycle life.
2. Experimental section
2.1 Electrode preparation by spray-coating

Organometallic precursors Mn(III) and Co(III) acetylacetonate
(acac) powder (Sigma Aldrich) was mixed in two different
compositions (Sample A ¼ 80% Mn-acac and 20% Co-acac and
Sample B ¼ 50% Mn-acac and 50% Co-acac) and dissolved in
20 mL acetone (Sigma Aldrich) to prepare solution with
concentration of 5 wt% and the solution was put in ultra-
sonication system for 30 minutes. Then the precursor solution
was spray-coated on highly conductive Pt-coated silicon
substrate (University Wafer, USA) using an air-spray gun (Paa-
sche Airbrush, Chicago) with nitrogen gas at room temperature.
Aer the solvent vaporized, the precursor remained as powder
thin lm, ready for processing. Fig. 1(a) shows the schematic
representation of spray-coating technique.
2.2 Processing of as-sprayed electrodes

Processing of the as-spray-coated powder lms was carried out
via photonic curing technique using a PulseForge 1300 (Nova-
Centrix Corp., Austin, Texas) which uses the ashlight from
xenon lamp with an output spectrum of 220–1000 nm. The
parameters of pulsed light irradiation were controlled with the
RSC Adv., 2020, 10, 40234–40243 | 40235
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Fig. 1 (a) Schematic representation of thin film deposition using an air
spray and (b) schematic of the film processing using a photonic curing
system.
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help of a computer and are shown in Table S1 (see the ESI†).
Before the irradiation, the energy density of the light pulse was
measured by an in situ integrated bolometer. The lm pro-
cessing was done in ambient conditions and was accomplished
in several seconds. Once the irradiation was complete, the
Fig. 2 SEM images of (a) precursor film before curing, (b) and (c) Sample
before and after cycling test, respectively. EDX spectrum of (g) Sample A

40236 | RSC Adv., 2020, 10, 40234–40243
powdered and non-conductive precursor lms transformed into
solid and conductive thin lm electrodes. Aer the photonic
processing, the mass loading of the electrodes was calculated to
be 0.5 mg. Fig. 1(b) shows the schematic representation of
photonic processing technique.
2.3 Photonic processing mechanism

Traditional thermal processing techniques rely on exposure to
high temperatures for minutes to hours for rapid thermal
processing and ovens/furnaces, respectively. We have used
a novel photonic processing approach as a next-generation
and low-cost production technique to instantaneously
synthesize metal oxides electrodes and the mechanism for
mixed oxide electrode nucleation and growth is, in a concom-
itant manner, also novel. It is well known that transition metal
acetylacetonate (acac) absorbs visible light making the
photonic curing technique a viable approach to process the
electrodes as it is mainly based on the absorption of mostly
visible photonic energy from the xenon ash lamp by the
precursor materials. Because of the extremely short duration
of the irradiation and the high intensity (i.e., 0.01 s total and
A before and after cycling test, respectively, (d and e) and (f) Sample B
and (h) Sample B.

This journal is © The Royal Society of Chemistry 2020
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5.6 J cm�2, respectively), the precursor materials absorb
sufficient energy for the curing process to start without
damaging the substrate. While the initial irradiation of the
pulse train will heat and evaporate the remaining solvent, the
subsequent irradiation of the precursor material will absorb
sufficient thermal energy to initiate the organic decomposi-
tion and mixed oxide local crystallization, reaching a transient
condition. With further increase in time/energy, fusing and
growth of the mixed oxide atoms occurs to create nanotexture
formation. In our past work,37 we have reported a detailed
sintering mechanism for pure metal oxides, and we believe
that similar process applies for the mixed oxides electrodes as
well.
2.4 Characterization

The morphology was analyzed by using a eld-emission scan-
ning electron microscope (Hitachi S-4800, Hitachi Corp., Tokyo,
Japan). The crystal structure was analyzed by using a DXR
Raman Microscope (Thermo Scientic) with a 532 nm laser as
the excitation source, and X-ray diffraction (XRD) measurement
by using a powder X-ray diffractometer (Rigaku Smart Lab, USA)
with a Cu Ka radiation at 40 kV voltage and 40 mA current. The
composition of the electrode was veried by energy dispersive X-
ray spectroscopy (EDX).
2.5 Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode workstation (Model M204, Autolab, Metroohm, The
Netherlands) with the as-prepared Mn-Co-rGO electrode, Hg/
HgO and Pt wire as working, reference and counter elec-
trodes, respectively. Cyclic voltammetry (CV), galvanostatic
charge–discharge cycling (GCD) and electrochemical imped-
ance spectroscopy (EIS) were performed in 1 M KOH aqueous
electrolyte at room temperature (23 �C). The CV curves were
recorded in the working potential range of 0.0–0.6 V (vs. Hg/
HgO) at various scan rates of 5–100 mV s�1. The GCD
measurements were taken at various current densities in the
same potential range. The EIS measurements were performed
Fig. 3 Raman spectra (a) and XRD patterns (b) for the as-prepared Mn-

This journal is © The Royal Society of Chemistry 2020
with an AC amplitude of 10 mV over the frequency range from 1
MHz to 10 mHz.
3. Results and discussion
3.1 Structural and morphological properties

The surface morphology of the supercapacitor electrodes is
important as all the electrochemical reactions take place on or
near the surface, and different morphologies have different
electrode/electrolyte interface properties as well as ion transfer
rates. Therefore, the morphologies of the Mn-Co-rGO (Fig. 2)
govern its electrochemical properties. From the SEM images of
the electrodes before and aer processing, we noticed a signi-
cant change in morphology as the dense precursor lms (before
processing) transformed into a highly conductive and porous
nanostructured thin lms (aer processing) with an average
particle size of 50 nm. Such porous morphology is ideal for
supercapacitor as it: (a) shortens the ion diffusion length, (b)
allows for ions diffusion into the inner pores as well as the bulk
of the active material, (c) offers increased mass transport and
intercalation and de-intercalation of electrolyte due to the
capillary force mechanism, resulting in a lower series resis-
tance, which is crucial for better electrochemical behavior,38,39

and (d) provides a large specic surface area for electrode/
electrolyte interaction and prevents aggregation of active
material, ensuring enhanced utilization of electrode material.
Additionally, highly porous morphology also helps alleviate the
volume changes during charge–discharge processes, enhancing
the structural integrity of the electrode. From SEM images aer
the cycling tests (Fig. 2(c and f)) for both the samples, it was
observed that the Sample A still retains porous morphology
whereas Sample B has relatively dense morphology in compar-
ison to the SEM images before cycling test. The EDX measure-
ments of the electrodes, as shown in Fig. 2(g) and (h), show the
elemental composition and their atomic percentages for both
the electrodes. Expectedly, the EDX images clearly show that
Sample A and B are composed of Mn and Co with ratios of
around 4 : 1 and 1 : 1, respectively. The peaks around 2 keV are
present due to Pt and Si from the substrate.
Co-rGO electrodes.

RSC Adv., 2020, 10, 40234–40243 | 40237
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The crystalline structure and the chemical composition of
the Mn-Co-rGO electrodes was studied by performing Raman
spectroscopy and X-ray diffraction spectroscopy, which are
shown in Fig. 3. From Fig. 3(a), the peaks at 311 cm�1 and
351 cm�1 are attributed to the out of plane bending modes of
Mn–O,40–42 and the peaks at 484 and 653 cm�1 correspond to
stretching vibration modes of Mn–O and Co–O, which indicates
the existence of MnCo2O4.43 In addition to these four peaks, the
spectrum shows distinct D and G peaks centered at 1340 and
1590 cm�1, respectively, which conrms the presence of gra-
phene oxide. While D peak corresponds to the structural defect
of the carbon, G peak corresponds to in-plane vibration of
doubly degenerate E2g mode phonon sp2 hybridized graphitic
carbon.44 The presence of carbon components in the lm, as
conrmed by Raman and EDX analysis, improves the conduc-
tivity and structural stability of the as-prepared electrode, which
results in improved electrochemical stability and long cycle life.

Fig. 3(b) shows the XRD patterns of the as-prepared elec-
trodes. Two characteristics peaks at 45 and 62� were observed
for both samples. While the height at 45� is well-indexed with
randomly oriented grains of MnCo2O4,45,46 the peak at 62�

corresponds to the presence of MnCoOx phase with rock salt
like structure.47 Although Sample A with less Mn content
showed better electrochemical behavior (discussed later), we
did not observe any signicant difference in XRD patterns.
Fig. 4 (a and b) CV curves at various scan rates for Sample A and B re
substrate, and (d) Randles–Sevcik analysis for both the samples.

40238 | RSC Adv., 2020, 10, 40234–40243
3.2 Electrochemical properties

To study the electrochemical performance of the Mn-Co-rGO
electrodes, cyclic voltammetry (CV) measurements were per-
formed in the potential window of 0–0.6 V in a three-electrode
conguration at room temperature. The CV measurements
were recorded at various scan rates, ranging from 5 to 100 mV
s�1 in 1 M KOH aqueous electrolyte. To investigate if there was
any capacitance contribution from the substrate, the CV curves
of the substrate were recorded at various scan rates and aer
various number of CV cycles, as shown in Fig. S1 (see the ESI†).
Since the current density response of the substrate is negligible
at all scan rates, it has no contribution to the overall capacitance
of the electrode. Fig. 4(a) and (b) represent the CV curves at
various scan rates, for Sample A and B, respectively. For both the
samples, CV curves show non-rectangular shapes with well-
dened characteristic oxidation and reduction peaks within
0.35–0.5 V range indicating pseudocapacitive charge storage
mechanism of the electrodes via fast faradaic redox reactions.
Additionally, even at high scan rates, the CV curves maintained
similar shape without any obvious distortions, exhibiting
excellent capacitive behavior and rate capability of the elec-
trodes. The presence of the redox peaks could be attributed to
the following chemical reactions between the active material
and the electrolyte:17,48

(Co,Mn)3O4 + H2O + OH�1 ¼ CoOOH + MnOOH + e�1 (1)
spectively, (c) CV curves at 60 mV s�1 for both the samples and the

This journal is © The Royal Society of Chemistry 2020
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MnOOH+CoOOH+ 2OH�1¼CoO2 +MnO2 + 2H2O + 2e�1(2)

Upon increasing the scan rate, redox current and thereby the
area of the CV curves increased, suggesting relatively low
resistance and good reversibility of the electrode. It is to be
noted that oxidation and reduction peaks showed slight shis
towards positive and negative sides, respectively, with
increasing scan rates, showing the asymmetric nature of the CV
curves. These peak shis could be attributed to the kinetic
irreversibility of the redox processes caused by polarization and
an increase in internal resistance at higher scan rates.13,49,50 As
obtained CV curves are consistent with the literature16,19,21,22,51

for Mn–Co mixed oxides with a slight difference in the redox
peak potentials, which could be attributed to composition and
morphology of the electrode. Fig. 4(c) compares the CV curves of
both samples and the substrate at 60 mV s�1 scan rate. For both
samples, CV curves show similar shapes with a slight difference
in redox peak potentials. It is notable that the CV curve of the
bare substrate shows a at line, indicating its negligible elec-
trochemical performance. Interestingly, at the same scan rate,
the CV for Sample A shows a larger integrated area than Sample
B, signifying the former's higher capacity.

To understand the relation between ion diffusivity and the
electron mobility, we performed Randles–Sevcik analysis by
plotting anodic peak current densities (ip,a) vs. square root of
the scan rate (Ov) as shown in Fig. 4(d). Both the samples
showed linear relationship between anodic peak current density
and the square root of the scan rate, which is in agreement with
the Cottrell equation, suggesting the capacitance mainly origi-
nates from the diffusion-controlled mechanism taking place
throughout the bulk of the electrode material.52,53 The diffusion
coefficient (D) of OH� ions for both the samples could be
calculated by using the following Randles–Sevcik equation:54–56

ip ¼ 2.69 � 105 � n3/2 � A � D1/2 � C � v1/2 (3)

where, ip, n, A, D, C and v, respectively, are the peak current, the
number of electrons involved in the reaction, the surface area of
the electrode, the diffusion coefficient of the electrode material,
the concentration of the electrolyte and the scan rate. The value
of D was calculated from the slope of the ip vs. Ov graph as
follows:

D(Sample A)/D(Sample B)

¼ [(Ip/Ov)(Sample A)/(Ip/Ov)(Sample B)]2

¼ (4.95/3.34)2 ¼ 2.2

From the above calculation, the diffusion coefficient of
Sample A was calculated to be 2.2 times that of Sample B,
revealing higher ion mobility and better electrolyte penetration
of the former.22,55

To further examine the electrochemical properties of the
electrodes, galvanostatic charge/discharge (GCD) measurement
was performed in the potential range of 0–0.6 V (vs. Hg/HgO) at
different areal current densities. To investigate any capacitive
This journal is © The Royal Society of Chemistry 2020
contribution from the bare substrate, GCD measurement of the
bare substrate was performed. Fig. 5(a) compares the GCD
curves of the substrate and Sample A at a constant areal current
density of 0.3 mA cm�2, which, in agreement with CV analysis,
further conrms that the substrate has no contribution to the
overall capacitance of the electrode. Fig. 5(b) and (c) show GCD
plots at various current densities for Sample A and B, respec-
tively. At all current densities, the discharge curves show
nonlinearity with the presence of a voltage plateau, conrming
the pseudocapacitive characteristics of the electrodes, which is
consistent with the CV curves. Such nonlinear nature of the
discharge curves is attributed to the faradaic redox processes
based on voltage-dependent charge transfer reactions.57 At the
start of the discharge process, a sudden potential drop, also
known as internal resistance (IR) drop, was noticed, which
represents the energy losses arising from internal or equivalent
series resistance.58 Overall, a discharge curve can be divided
into three regions: (i) sudden potential drop region (due to
internal resistance), (ii) slow potential decay region (due to
pseudocapacitive behavior), and (iii) fast potential drop region
(due to EDLC behavior).

With increasing discharge currents, the IR drop was
enhanced, which could be due to high ionic resistance. The
slopes of the plots IR drop vs. discharge currents can be used to
estimate the resistance of the electrodes: the higher the slope,
the greater the total resistance of the electrode.54,59 From Fig. S2
(see the ESI†), we observed that Sample B has a higher overall
resistance than Sample A.

It is well known that electrode materials with pseudocapa-
citive charge storage mechanisms, as represented peak-shaped
CV curves and non-linear GCD curves, have capacitances
dependent on certain working potential windows.60,61 Therefore,
the correct method to calculate the specic capacitance (C) is
from the GCD curves by using the following equation:34

C ¼ I � Dt

A� DV
(4)

where I (mA), Dt (s), A (cm2), DV (V) are the discharge current,
discharge time, area of the electrode, and the discharge
potential window excluding the IR drop, respectively. Using this
equation, the specic capacitance at a constant areal current
density of 0.40 mA cm�2 was calculated for both the samples,
and the initial value was 11 and 9 mF cm�2, respectively, for
Sample A and B.

As a crucial parameter for a supercapacitor electrode, rate
capability was analyzed by performing the charge–discharge
measurement at different areal current densities, as shown in
Fig. 5(d). Even aer increasing the applied current from 0.4 to 2
mA cm�2, the electrode (Sample A) retained 80% of initial
capacitance, indicating its good rate capability. In general, at
higher current densities, the electrolyte ions suffer from low
diffusion and cannot access the bulk of the active material;
therefore, only the surface of the electrode can take part in
redox reactions, resulting in decreased effective interaction. At
lower current densities, electrolyte ions can interact with the
bulk of the electrode material, which leads to an increased rate
RSC Adv., 2020, 10, 40234–40243 | 40239
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Fig. 5 (a) GCD curves for (a) substrate and Sample A at 0.3 mA cm�2 current density, (b and c) Samples A and B, respectively, at various current
densities, and (d) rate capability test for both the samples, (e) specific capacitance retention vs. number of cycles for Sample A and (f) EIS analysis
for both the samples.
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of intercalation/deintercalation process, resulting in high
specic capacitance.

Cyclic stability is a crucial parameter to analyze the perfor-
mance of the supercapacitor electrodes. It is critical that the
electrodes have a long cycle life as lifetime of the entire device
based on an electrochemical capacitor would be limited by cycle
life. Moreover, the device would have to be engineered around
any changes in capacitance. To study the long-term cycling
stability of the as-prepared electrodes, we performed contin-
uous GCD measurements at 0.4 mA cm�2 areal current density
for 80 000 and 30 000 cycles, respectively, for Samples A and B.
Fig. S3(a) (see the ESI†) shows the trend of areal specic
capacitance vs. the number of cycles for both the samples, while
40240 | RSC Adv., 2020, 10, 40234–40243
Fig. 5(e) shows specic capacitance retention percentage vs.
number of cycles for Sample A. Because of the improved
conductivity and enhanced stability due to the presence of
carbon component and a desirable porous nanostructure, the
electrode (Sample A) retains 95% capacitance even aer 80 000
cycles, indicating excellent electrochemical stability and an
ultra-long lifetime. On the other hand, Sample B shows 55%
capacitance retention (see the ESI, Fig. S3(b)†) aer 30 000
cycles.

Aer a high number of cycles, it is natural for the electrodes
to show a decrease in performance. For the as-prepared Sample
A, the possible reasons for a slight decrease in the specic
capacitance are: (i) poor ion diffusion in the electrolyte, (ii)
This journal is © The Royal Society of Chemistry 2020
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irreversible faradaic reactions, (iii) degradation of the electro-
lyte, and (iii) dissolution of active materials into the electrolyte
due to long time immersion.

Fig. 5(e) also shows the coulombic efficiency of the electrode
(Sample A) aer various number of GCD cycles, which was
evaluated from the GCD curves by using the following
equation:34

h ¼ Dtd
Dtc

� 100% (5)

where Dtc and Dtd are the charging and discharging times,
respectively.

The electrode retained the coulombic efficiency of 90% even
aer 80 000 GCD cycles, which further signies its excellent
kinetic reversibility and cycling stability, contributing to the
improvement of the energy utilization.62 We have carried out
a signicantly higher number of GCD cycles than what is re-
ported in the literature for most of the Mn–Co mixed oxide
electrodes.13,17,19,20,48,52,63 The excellent performance of the as-
prepared electrode in terms of long-term cycling stability is
superior to the Mn–Co oxide supercapacitor electrodes previ-
ously reported. Overall, the excellent capacitive performance of
the electrodes could be attributed to the following things: (i)
synergistic effect of manganese and cobalt ions with rGO, (ii)
enhanced conductivity of the electrode, (iii) enhanced specic
surface area and shortened ions diffusion due to a highly
porous morphology which allows for easy intercalation and de-
intercalation of high-mobility K+, which is benecial for high
pseudocapacitance due to its smaller bare ionic size,64 (iv)
improved structural integrity as porous structures buffer the
volume changes during the redox processes, and (v) enhanced
mechanical adhesion and interfacial charge transfer due to the
direct growth of the active material on the substrate. These
results demonstrate that the as-prepared electrode has the
potential for applications in long-term electronics.

To further understand the electrochemical behavior of the
Mn-Co-rGO electrodes, electrochemical impedance spectros-
copy (EIS) measurements were performed over the frequency
range from 1 MHz to 10 mHz by applying 10 mV input signal.
Fig. 5(f) shows the EIS curves in the form of Nyquist plots with
an equivalent circuit (inset). The presence of a constant phase
element (CPE) in the equivalent circuit is due to the redox
processes and diffusion of ions through active material. A
typical Nyquist plot contains a semicircle in the high-frequency
region and a straight-line region in the low-frequency region.
The real-axis intercept of the semicircle gives total internal
resistance (Rs) which is a combination of the ionic resistance of
the electrolyte, intrinsic resistance of the electrode and contact
resistance at the electrode/electrolyte interface, while its diam-
eter gives faradaic charge transfer resistance (Rct), resulting
from the faradaic reactions and the double layer capacitance on
the electrode surface.25,57,62,65 The linear section in low-
frequency region is due to diffusion of OH� ions in the active
material and is represented by Warburg impedance (W) and the
phase angle of the line is indicative of the capacitive behavior as
phase angles less than 90� suggest pseudocapacitive
behavior.54,66,67 The steeper the slope, the better the capacitive
This journal is © The Royal Society of Chemistry 2020
behavior of the electrode, indicating that the diffusion takes
place through the bulk of the active material. From this
measurement, the series resistance of Sample A and Sample B
was calculated to be 10 and 12.85U, respectively. The absence of
a semicircle at the high-frequency region in the Nyquist plots is
suggestive of a very low or negligible charge transfer resistance
of the electrodes, indicating excellent ion transport. The steeper
slope for Sample A than for Sample B in the low-frequency
region signies former's excellent capacitance behavior due to
the fast diffusion of OH� ions. This could also be another factor
contributing to the superior electrochemical performance of
Sample A.

From the above analysis and characterization, we observed
that Sample A showed signicantly better performance than
Sample B, in terms of both the life cycle and specic capacitance
retention. This could be due to: (a) optimum composition of
manganese and cobalt, resulting in better electrochemical
activity than for Sample B, which can be seen in Fig. 4(c) as CV
curve for Sample A shows signicantly higher integrated area
than that of Sample B, (b) higher diffusion coefficient D, which
means higher OH� ions mobility and better electrolyte pene-
tration than Sample B, (c) lower overall resistance of the elec-
trode as shown in the Fig. S2 (see ESI†), and (d) better capacitive
behavior, as signied by the steeper slope of the EIS curve at the
low-frequency region than Sample B.
4. Conclusions

In summary, we have presented an easy and highly scalable
technique to spray coat the precursor thin lms and process
them almost instantaneously to prepare binder-free and highly
porous 3D Mn-Co-rGO composite nanostructure. By using
a novel photonic curing technique, we have signicantly
reduced the processing time from hours (in case of conven-
tional methods) to just seconds. The initial specic capacitance
of the as-prepared binder-free Mn-Co-rGO electrode was calcu-
lated to be 11 mF cm�2 at a constant current density of 0.4 mA
cm�2. Aer 80 000 GCD cycles, which is signicantly higher
than what is reported for the same material, the electrode
retains 95% of the initial capacitance, exhibiting excellent
electrochemical stability and ultra-long cycle life. Such excellent
performance of the electrode could be attributed to the opti-
mized processing parameters, synergistic effect of manganese
and cobalt ions with the carbon component, unique and highly
porous nanostructure, enhanced electronic conductivity and
structural integrity. The easy and quick thin lm electrode
fabrication method discussed here can be followed to fabricate
and optimize other promising nanostructured-binary and
ternary metal oxide electrodes for their potential application as
supercapacitor electrodes
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