Open Access Article. Published on 27 January 2026. Downloaded on 4/7/2026 10:50:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

I ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: Nanoscale Adv., 2026, 8,
1748

Received 9th November 2025

Rosette-shaped Co,Mnz0Og integrated with
nanoflower-like Mn—Co LDH anchored on rGO
sheets: a bifunctional electrode for advanced
supercapacitors and oxygen evolution reaction
(OER)

Sammar Min Allah,> Muhammad Kashif Aslam, &2 *? |ftikhar Hussain, {2 ©

Muhammad Ehtasham ul-Hag,® Ali H. Al-Marzougi*® and Maowen Xu (2 *®

Mn-Co layered double hydroxide (LDH) is a promising electrode material for supercapacitor and oxygen
evolution reaction (OER) applications due to its unique layered structure with Mn and Co active sites.
However, its full potential for supercapacitor and OER applications is underutilized due to its low
conductivity and limited availability of active sites. The challenges related to the super capacitive and
OER properties of Mn—Co LDH are overcome by combining it with highly redox-active Co,MnzOg and
highly conductive rGO to form the Mn—Co LDH/rGO/Co,Mnz0Og composite. The hierarchical rosette-
and nanoflower-like Mn—Co LDH/rGO/Co,Mnz0g composite is prepared using a hydrothermal method
followed by calcination. Characterization using FESEM, XRD, XPS, and Raman spectroscopy reveals
a unigue morphology that enhances conductivity and results in improved performance for
supercapacitor and OER applications. As a result, the Mn-Co LDH/rGO/Co,MnsOg composite
demonstrates a high specific capacitance of 2500 F g™* at 1 A g7' in a 3 M KOH electrolyte.
Furthermore, the asymmetric supercapacitor (ASC) device employing Mn—-Co LDH/rGO/Co,MnzOg
delivers an energy density of 32 Wh kg~ at a power density of 600 W kg~. The zinc-ion supercapacitor
based on Mn-Co LDH/rGO/Co;MnzOg achieves an impressive energy density of 100 Wh kg™ at
a power density of 780 W kg~*. Additionally, Mn—Co LDH/rGO/Co,MnzQg performs well for the OER,
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exhibiting a low overpotential of 218 mV (at 10 mA cm™2) and a small Tafel slope of 56.03 mV dec! in
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1. Introduction

The deleterious impact of climate change caused by the
continuous consumption of fossil fuels has accelerated the
transition towards clean energy resources such as solar, wind,
and hydropower."® However, due to the intermittent nature of
these clean energy sources, their utilization is ineffective
without the development of efficient energy storage devices.**°
Supercapacitors offer a unique opportunity to store energy from
clean energy sources due to their higher power density than that
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0.1 M KOH. This study opens promising prospects for the dual utilization of Mn—Co LDH/rGO/Co,Mnz0g
in supercapacitor and OER applications.

of batteries."’® However, their major disadvantage is low
energy density, which limits their applications. Therefore,
designing suitable materials for supercapacitor electrodes can
help circumvent the problem of low energy density."** Addi-
tionally, water splitting, which combines the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER), repre-
sents a promising process for alleviating the energy crisis
through efficient energy conversion.'**® The sluggish kinetics of
the OER is a major hindrance to water splitting.'*~** Therefore, it
is imperative to develop suitable bifunctional electrode mate-
rials that not only enhance the energy density of super-
capacitors but also overcome the sluggish OER kinetics, thereby
solving the challenges in energy storage and energy
conversion.”

Recently, layered double hydroxides (LDHs) have attracted
widespread attention for their applications in energy storage
and conversion.>*** The unique properties of LDHs arise from
their layered structure, in which the divalent (M>*) and trivalent
(M®*") metal ions are interconnected through hydroxide (OH)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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groups, forming positively charged layers.>® Anions and water
molecules are located between the layers to maintain charge
neutrality and structural stability.”® As a result of this structure,
many active sites are available, providing LDHs with bi-
functionality—enabling redox activity for the oxygen evolution
reaction (OER) and pseudo capacitance for energy storage.?”?®
Among various LDHs, Mn-Co LDH has been extensively utilized
for energy storage and conversion due to its large number of
active sites and well-structured architecture.”® As a result, elec-
trolyte ion transport toward the LDH experiences minimal
resistance, leading to enhanced performance in both the oxygen
evolution reaction (OER) and supercapacitor applications.****
For example, Su et al. synthesized Co-Mn LDH nanoneedles
grown on Ni foam for supercapacitor applications, which
demonstrated an excellent specific capacitance of 2422 F g~ ' at
a current density of 1 A g "% Xuan et al. synthesized MnCo-
LDH/rGO@NiCo,S, heterostructures supported on Ni foam,
which exhibited a high specific capacitance of 1446.5C g~ ' at
a current density of 1 A g~ '.* Liu et al. synthesized hierarchical
MnCo-layered double hydroxide@Ni(OH), core-shell hetero-
structures, which displayed a superior specific capacitance of
2320 F g~ ' at a current density of 3 A g '.** Zain Ul et al.
synthesized MnCo-LDH@NiP, and MnCo-LDH@NisP,, which
showed remarkable OER activity, with overpotentials of 276 mV
and 318 mV, respectively, at a current density of 100 mA cm ™ 2.%
Ma et al. synthesized CoFe-LDH@MnCo-CH nanoneedle arrays,
which demonstrated excellent performance with a low over-
potential of 250 mV at a current density of 10 mA cm 2. Li et al.
synthesized three-dimensional graphene-like carbon nano-
sheets coupled with MnCo-layered double hydroxide nano-
flowers, achieving an overpotential of 370 mV at a current
density of 10 mA cm ™ 2.*” Despite the widespread use of Mn-Co
LDH, its performance in supercapacitors and the oxygen
evolution reaction (OER) still faces certain drawbacks.*®*® The
most common limitation of Mn-Co LDH is its low electrical
conductivity, which reduces specific capacitance and increases
overpotential in OER applications, respectively.***" Further-
more, due to the relatively weak structure of Mn-Co LDH, it
suffers from volume changes, which limit its further application
in supercapacitors and OER.*” Therefore, designing suitable
composites by incorporating appropriate materials with Mn-Co
LDH to enhance its performance in energy conversion and
storage is essential.

Bimetallic oxides offer numerous advantages for improving
the performance of LDH for supercapacitor and OER applica-
tions.” Various bimetallic oxides, such as CuMoO, and
Ni,Co,04, have been extensively utilized for energy storage and
conversion.** For example, MinAllah et al. synthesized CuMoO,
urchins for supercapacitor applications, demonstrating 2200 F
gl at 1 A ¢ .* Similarly, NiCo,0, surpassed many LDH
materials for OER with a low overpotential of 360 mV at 10 mA
cm ™ 2.* The superior electrocatalytic activity of bimetallic oxides
arises from their structure, which is formed by the combination
of bimetals and oxides.” Among various bimetallic oxides,
Co,Mn;0g has emerged as a promising candidate for energy
storage and conversion.*®* The multiple advantages of
Co,Mn;0g include: (1) superior conductivity compared to LDH,
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(2) multiple redox-active sites that promote extraordinary
electrocatalytic activity, and (3) a robust structure that imparts
structural stability to compensate for the volume changes of
LDH occurring during continuous cycling over long periods.>
Therefore, the incorporation of Co,Mn;0Og into Mn-Co LDH is
expected to increase specific capacitance, lower the over-
potential for OER, and improve cyclic stability. Furthermore,
the addition of rGO to the composition will provide conductive
pathways for electron transport, enhancing electrocatalytic
performance. Therefore, the investigation of Mn-Co LDH/rGO/
Co,Mn;0g represents a novel approach, as this material is ex-
pected to provide sufficient capacity to enhance the perfor-
mance of Mn-Co LDH in OER and supercapacitor applications,
which has not yet been reported in the literature.

Herein, a Mn—-Co LDH/rGO/Co,Mn;0g composite was fabri-
cated for supercapacitor and OER applications. Firstly,
Co,Mn;0; was synthesized by the hydrothermal method, fol-
lowed by calcination. Secondly, Mn-Co LDH/rGO/Co,Mn;Og
was synthesized using the in situ hydrothermal method. Mn-Co
LDH/rGO/Co,Mn;0g, comprising rosette-like Co,Mn;Og inte-
grated with nanoflower-like Mn-Co LDH through rGO nano-
sheets, was utilized as a supercapacitor electrode material and
demonstrated a superior specific capacitance of 2500 Fg™* at 1
Ag™'. The Mn-Co LDH/rGO/Co,Mn;Og-based asymmetric
supercapacitor device (ASC) demonstrates an energy density of
32 Wh kg™ at a power density of 600 W kg™ . Furthermore, the
Mn-Co LDH/rGO/Co,Mn;0g-based zinc-hybrid supercapacitor
demonstrated a superior energy density of 100 Wh kg™ at
a power density of 780 W kg™ . The Mn—Co LDH/rGO/Co,Mn;0g
utilized for OER demonstrated superior OER performance with
a low overpotential of 218 mV and a Tafel slope of 56.03 mV
dec ™", respectively.

2. Experimental section

2.1. Synthesis of Mn-Co LDH

Briefly, 0.21 g of manganese(n) chloride tetrahydrate and 0.36 g
of cobalt(u) nitrate hexahydrate were stirred in 70 mL of
deionized water to obtain a uniformly mixed solution. To this
solution, 0.72 g of urea was added and stirred for 5 minutes. The
mixture was transferred to an autoclave and maintained at 100 °©
C for 5 h. Finally, it was washed three times with ethanol and
water to obtain Mn-Co LDH nanoflowers.

2.2. Synthesis of Co,Mn;0g

0.2975 g of cobalt(n) chloride hexahydrate was dissolved in a 5 :
20 volume ratio under stirring for 10 minutes. Then, 0.099 g of
manganese(u) chloride was added to the mixture. Afterwards,
0.9 g of urea was added and stirred for 5 minutes. The mixed
solution was transferred to an autoclave and maintained at
120 °C for 6 h. Afterwards, calcination was carried out at 350 °C
for 3 h with a ramp rate of 4.5 °C min~" to form rosette-like
Co,Mn;0s.

Nanoscale Adv., 2026, 8, 1748-1761 | 1749
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2.3. Synthesis of Mn-Co LDH/r-GO/Co,Mn;0g

The as-prepared rosette-like Co,Mn;0g was dispersed in an r-
GO mixture and further sonicated for 10 minutes using
a probe sonicator to obtain a black-coloured dispersion. After-
wards, this dispersion was transferred to a beaker containing
0.21 g of manganese(u) chloride tetrahydrate and 0.36 g of
cobalt(n) nitrate hexahydrate in 70 mL of deionized water. After
complete mixing, the solution was transferred to an autoclave
and maintained at 100 °C for 5 h. Finally, the rosette-like
Co,Mn;0g integrated with nanoflower-like Mn-Co LDH
through r-GO was obtained in the form of Mn-Co LDH/r-GO/
Co,Mn;0g.

2.4. Fabrication of the electrode material

The as-prepared Mn-Co LDH/r-GO/Co,Mn;0g was mixed with
carbon black and PVDF in an 8: 1: 1 ratio. NMP was then added
to this mixture, which was sonicated in a sonication bath for 30
minutes to obtain a uniform ink. The ink was spray-coated onto
a1 x 1 cm? piece of nickel foam, which was then dried in an
oven overnight at 60 °C.

2.5. Characterizations

The morphological analysis of Mn—-Co LDH/rGO/Co,Mn;0g was
carried out using scanning electron microscopy (SEM), while its
crystalline structure was examined using X-ray diffraction (XRD;
Bruker D8 Advance A25, Co target, Ko, = 1.78897 A, 0.02 mm
thick Fe filter). The atomic composition of Mn-Co LDH/rGO/
Co,Mn;0g was analysed using X-ray photoelectron spectroscopy
(XPS; PHI 5000 VersaProbe). The molecular composition was
examined using Raman spectroscopy (LabRAM HR Evolution
with a 532 nm laser).

2.6. Electrochemical testing

The electrochemical analysis of Mn-Co LDH/rGO/Co,Mn;0g
was performed using a CHI 760E potentiostat. A three-electrode
configuration was employed, where Mn-Co LDH/rGO/
Co,Mn;0g served as the working electrode, platinum foil as the
counter electrode, and an Ag/AgCl electrode as the reference
electrode. A 3 M KOH solution was used as the electrolyte in the
three-electrode system. The effective area of the working elec-
trode was 1 x 1 cm®. The potential window for the CV analysis
in the three-electrode system is —0.25 to 0.45 V. The galvano-
static charge-discharge (GCD) experiments were carried out at
current densities ranging from 1 to 10 A g~ " within the specified
potential window. Electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 0.01 Hz to 100
kHz. The following equation was used to calculate the electro-
chemical parameters of the supercapacitor in a three-electrode
system:

_ IxAt
T mxAV
where C represents the specific capacitance in a three-electrode

system in Farads per gram (Fg~'). m represents the mass of Mn—
Co LDH/rGO/Co,Mn;05 loaded in grams (g). I represents the
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current in Ampere (A). At represents the discharge time (s). AV
represents the potential window in volts (V).

2.7. Electrochemical testing of ASC and zinc-ion
supercapacitor devices

The ASC device was fabricated by spraying an ink prepared from
a finely ground mixture of Mn-Co LDH/rGO/Co,Mn;0g, PVDF,
and carbon black in an 8:1:1 ratio onto a nickel foam using
NMP as the solvent. The fabricated electrode was then dried
overnight. The anode was fabricated by coating or spraying
a mixture of carbon black and PVDF in a 9:1 ratio onto nickel
foam. A 1 x 1 cm? filter paper was then sandwiched between the
cathode and the anode to assemble the ASC device.

The zinc-ion supercapacitor was fabricated by sandwiching
a filter paper soaked in 2 M ZnCl, between a zinc plate, serving
as the anode, and the Mn-Co LDH/rGO/Co,Mn;0g cathode. For
the two-electrode system (ASC and zinc-ion supercapacitor), the
following relations were used:

0.5x C x AV?
E = WX 1000
3600 x E
P= At

where E represents the energy density (Wh kg '). P represents
the power density (W kg ™).

3. Results and discussion

3.1. Characterization of Mn—-Co LDH/rGO/Co,Mn;0g

Fig. 1(b) shows the FESEM images of Mn-Co LDH/rGO/
Co,Mn;0g. The Mn-Co LDH appears to grow in a nanoflower-
like structure, likely due to the interaction between Mn and
Co. The multiple petals of the nanoflower originate from the
centre and extend outward in a unique fashion, creating
distinct pathways for electrolyte ion transport, which contrib-
utes to enhancing the material's performance. The rGO sheets
are clearly visible, stacked and arranged around the Mn-Co
LDH. Additionally, the rosette-like Co,Mn;Og is integrated with
Mn-Co LDH in the Mn-Co LDH/rGO/Co,Mn;0g composite,
forming a 3D architecture. The rosette-like Co,Mn;Og further
enhances the material's performance through its spike-like
radiations extending in all directions. This unique
morphology reduces electrolyte transport resistance by
providing abundant channels. This morphology provides
numerous active sites, thereby significantly enhancing the
overall performance of the material. Fig. 1(c and d) depict the
rosette-like morphology of Co,Mn;Og alongside the nanoflower
morphology of Mn-Co LDH integrated with rGO sheets.

The crystalline phase of Mn-Co LDH/rGO/Co,Mn;0g was
further confirmed using XRD, as shown in Fig. 1(e). XRD anal-
ysis was done in the 26 range of 10°-80°. The peak at 25°
corresponds to the (002) plane of rGO, while the peak at 45°
corresponds to the (001) plane of rGO.** The peaks at 31°, 32°,
36°, and 37.8° correspond to the (112), (103), (211), and (212)
planes of Co,Mn;Og, respectively, matching well with its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of the synthesis of Mn—Co LDH/rGO/Co,MnzQOg, (b) SEM images of Mn—-Co LDH/rGO/Co,Mnz0Og, (c) SEM images of
Co,Mn30g, (d) SEM images of Mn—Co LDH/rGO, (e) XRD pattern of Mn—Co LDH/rGO/Co,Mnz0g and (f) Raman spectrum of Mn—Co LDH/rGO/
COthgog.
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standard XRD pattern.*> Additionally, the peaks at 28.8°, 32°,
36°, 38°, and 59.8° correspond to the (112), (103), (211), (004),
and (224) planes of Mn-Co LDH, serving as its characteristic
fingerprints.> The molecular composition was further analysed
using Raman spectroscopy, as shown in Fig. 1(f). The bands at
456, 663, and 1080 cm™ ' correspond to the Co-O and Mo-O
bonds in the composite.*** The bands at 1342 and 1574 cm ™"
correspond to the D and G bands of rGO, respectively. The band
at 2600 cm ™" is attributed to Mo-O stretching.* Fig. 1(a) shows
the schematic of the synthesis of Mn-Co LDH/rGO/Co,Mn;Os.
Co,Mn;0g was synthesized by a hydrothermal method, followed
by calcination, and then integrated with rGO and dissolved in
Mn-Co LDH. This process resulted in a rosette-shaped
Co,Mn;0g integrated with the nanoflower-like Mn-Co LDH
anchored on rGO sheets. Fig. 2(a) shows the high-resolution
XPS spectrum of Co. The peaks exhibit bimodal characteris-
tics corresponding to Co®>* and Co®". The XPS spectrum displays
two broad peaks at 780.31 eV and 795.24 eV, corresponding to
Co 2p;3,, and Co 2py,, respectively. Additionally, two satellite
peaks appear at 787.0 eV and 803.0 eV. Fig. 2(b) shows the high-
resolution spectrum of Mn in Mn-Co LDH/rGO/Co,Mn;0g.%”**
The peaks at 641 eV and 653 eV correspond to Mn 2p3,, and Mn

—~~
Q
~

Co 2p3/2

M~ 780.31eV

Co 2p1/2
795.24 eV

Satellite peak

Intensity (a.u)

1 1 1 L 1 1

800 810

775 780 785 790 795 805
Binding energy (eV)
(C) 284 eV
/" Graphitic carbon
El
8
2
[ 286 eV
2 C-OH (epoxy/hydroxy)
282 285 288 291 294 297

Binding energy (eV)

Fig. 2 XPS spectra of (a) Co 2p, (b) Mn 2p, (c) C 1s, and (d) O 1s.
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2p1s2, respectively, confirming the presence of two spin-orbit
components in the Mn spectrum.” Fig. 2(c) shows the XPS
spectrum of C1 s in Mn-Co LDH/rGO/Co,Mn;0g. The peak at
284 eV corresponds to the graphitic carbon of rGO present in
the composite, while the peak at 286 eV represents the C-OH
bonds in the rGO of Mn-Co LDH/rGO/Co,Mn;04.7**° The XPS
spectrum of O 1s can be deconvoluted into three peaks, as
shown in Fig. 2(d). The peaks at 529 eV, 531 eV, and 532 eV
correspond to O;, O,, and Oj, respectively. These peaks are
attributed to lattice termination, lattice oxygen, and adsorbed
Oxygen.57,58

3.2. Electrochemical characterizations

The electrochemical analysis of Mn-Co LDH/rGO/Co,Mn;Os,
conducted in the three-electrode system, is shown in Fig. 3. The
CV analysis was performed at various scan rates, ranging from
2mV s ' to 100 mV s~ ', within a potential window of —0.25 to
0.45 V vs. Ag/AgCl, as shown in Fig. 3(a). Peaks 1, 2, 3, and 4
correspond to redox reactions due to the abundant active sites
of Co" and Mo".® The shift of these anodic and cathodic peaks
towards more positive and negative potentials, respectively,

(b)
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Intensity (a.u)
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1 1
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Fig. 3 Three-electrode testing of Mn—-Co LDH/rGO/Co,Mn=Qg: (a) CV curves of Mn—Co LDH/rGO/Co,Mn=0Og at various scan rates, (b) GCD
curves of Mn—Co LDH/rGO/Co,Mn3QOg, (c) specific capacitances of Mn—Co LDH/rGO/Co,Mn30Og at various current densities, (d) Dunn method

analysis of MN—Co LDH/rGO/Co,Mn3QOg, (e) capacitive vs. diffusive contribution at 100 mV s

~1 (f) b-values of peak 1, peak 2, peak 3, and peak 4 of

Mn-Co LDH/rGO/Co,MnzQg, (g) R?-analysis for peak 1, peak 2, peak 3, and peak 4, (h) EIS spectra and equivalent circuit fitting for Mn—Co LDH/

rGO/Co,Mn30g, and (i) schematic of Mn—Co LDH/rGO/Co,Mnz0sg.

indicates the presence of polarization resistance.** The CV of
Mn-Co LDH/rGO/Co,Mn;04 exhibits a consistent shape at
different scan rates, confirming the reversibility of the Mn-Co
LDH/rGO/Co,Mn;0;g electrode during multiple CV cycles.®
Fig. 3(b) shows the GCD curve of Mn-Co LDH/rGO/Co,Mn;04
recorded in the potential range of —0.25 to 0.45 V vs. Ag/AgCL.*°
The GCD curve confirms the presence of redox behaviour, as
evidenced by humps during charge-discharge processes,
consistent with the CV results. The specific capacitance calcu-
lated from the GCD curves is shown in Fig. 3(c). Mn—-Co LDH/
rGO/Co,Mn;0; delivers a specific capacitance of 2500 F g~ " at
1 Ag . The enhancement in the specific capacitance of Mn-Co
LDH/rGO/Co,Mn;0g is also attributed to the addition of rGO,
alongside the rosette-like Co,Mn;Og and nanoflower-like Mn-
Co LDH morphologies. The rGO improves specific capacitance
due to its high electrical conductivity, which facilitates redox
reactions. The increased capacitance is also attributed to the
presence of carbonyl and hydroxyl groups on the rGO surface, as
revealed by XPS analysis (Fig. 2(c)). Additionally, the rGO sheets
provide unique pathways connecting the rosette-like Co,Mn;Og
and nanoflower-like Mn-Co LDH morphologies, thereby facili-
tating the electrolyte ion transport with minimal resistance.
Therefore, the combined effects of the morphology of Mn-Co
LDH/rGO/Co,Mn;0g4 on improving the specific capacitance are
as follows: (1) the rosette-like Co,Mn3;Og provides abundant
active sites, facilitating pseudocapacitive behaviour, (2) the

© 2026 The Author(s). Published by the Royal Society of Chemistry

nanoflower-like Mn-Co LDH enhances electrolyte ion transport,
minimizes electrolyte resistance, and provides additional Mn
and Co active sites. (3) The rGO sheets interconnect Co,Mn;Og
and Mn-Co LDH, improving both electrical conductivity and
structural stability. Furthermore, the specific capacitance
decreases with increasing current density, which is consistent
with trends reported in the literature.®® The capacitive and
diffusive contributions of Mn-Co LDH/rGO/Co,Mn;Og were
analysed at different scan rates using Dunn's method.** The
charge storage mechanism is governed by a combination of (1)
charge transfer at the electrode-electrolyte interface, (2) fara-
daic charge transfer, and (3) non-faradaic charge transfer.® The
capacitive contribution increases with scan rate. Specifically,
the capacitive contribution was 52%, 60%, 65%, 68%, 71%,
72%, 74%, 75%, 76%, and 77% at scan rates of 10, 20, 30, 40, 50,
60, 70, 80, 90, and 100 mV s ', respectively. The diffusive
contribution was 48%, 40%, 35%, 32%, 29%, 28%, 26%, 25%,
24%, and 23% at the corresponding scan rates, respectively.
Fig. 3(e) shows the capacitive current and diffusive current
contributions at 100 mV s~ *. This suggests that the capacitive
contribution dominates over the diffusive contribution. The b-
values for peak 1, peak 2, peak 3, and peak 4 are shown in
Fig. 3(f). The following formula was used for the calculation of
b-values for these peaks:*

Nanoscale Adv., 2026, 8, 1748-1761 | 1753


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01043h

Open Access Article. Published on 27 January 2026. Downloaded on 4/7/2026 10:50:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

A fully capacitive-controlled process is governed by a b-value
of 0.5, while a b-value of 1 represents a diffusive-controlled
process. When the charge storage has b-values between 0.5
and 1, it reflects that the charge storage is governed by
a combination of both diffusive and capacitive processes.®” All
peaks (peak 1, peak 2, peak 3, and peak 4) have b-values between
0.5 and 1, which reflects that the process is governed by both
diffusive and capacitive charge storage. To further confirm the
charge-transfer process, the R* values for peak 1, peak 2, peak 3,
and peak 4 were calculated by plotting the peak current versus
(scan rate)®>.*® The R* values for peak 1, peak 2, peak 3, and
peak 4 were 0.995, 0.989, 0.994, and 0.987, respectively. This
suggests that the process is dominated by a combination of
diffusive and capacitive processes. The Nyquist plot of Mn-Co
LDH/rGO/Co,Mn;0g was recorded through EIS, as shown in
Fig. 3(h). The R, value of Mn-Co LDH/rGO/Co,Mn;0g is 0.27 Q,
which is much lower, demonstrating fast charge-transfer
kinetics and low electrolyte resistance.®>* The schematic of
the three-electrode system utilizing Mn-Co LDH/rGO/
Co,Mn;0g is shown in Fig. 3(i).

3.3. Mn-Co LDH/rGO/Co,Mn;04//AC asymmetric device
fabrication

The asymmetric supercapacitor device (ASC) employing Mn-Co
LDH/rGO/Co,Mn;0g4 was fabricated, as shown in Fig. 4. Fig. 4(a)
shows the optimization of the potential window for the Mn-Co
LDH/rGO/Co,Mn;0g-based ASC. The CV for the ASC device was
performed at different scan rates ranging from 10 to 100 mv s~ *
in the potential range of 0 to 1.5 V. The CV shows a pseudo-
rectangular shape with spikes at the borders of the potential
window.

View Article Online
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This behaviour might be attributed to the presence of rGO in
Mn-Co LDH/rGO/Co,Mn;0s. The charge-discharge analysis of
the ASC device was conducted using GCD experiments in the
voltage range of 0 to 1.5 V, as shown in Fig. 4(b). The specific
capacitance decreases with increasing current density, as
shown in Fig. 4(c). At higher current densities, the movement
and transport of electrolyte ions within the electrode structure
of Mn-Co LDH/rGO/Co,Mn;0Og in the ASC device become
restricted. As a result, the penetration of electrolyte ions is
hindered due to the limited availability of active sites, leading to
a decrease in specific capacitance at higher current densities. At
higher current densities, incomplete ion diffusion leads to
underutilization of the electrode surface area, thereby
decreasing the specific capacitance.” The EIS of the ASC device
is shown in Fig. 4(d). The small semicircle at the x-axis repre-
sents a low charge transfer resistance, which is due to fast
charge-transfer kinetics. The Ragone plot (Fig. 4(e)) compares
the performance of Mn-Co LDH/rGO/Co,Mn;0Og with other
ASCs reported in the literature. The Mn-Co LDH/rGO/
Co,Mn;0g-based ASC demonstrates a superior energy density of
32 Wh kg " at a power density of 600 W kg™, surpassing Mn-Co
LDH/MnCoS,,”* NiMnCo-LDH,””> MnCo,0,/NiCo-LDH,”* and
rGO@CuCo-LDH.” A comparison of the Mn-Co LDH/rGO/
Co,Mn;0g-based ASC supercapacitor with other ASC and zinc-
ion supercapacitor devices reported in the literature is shown
in Table 1.

3.4. Mn-Co LDH/rGO/Co,Mn;0g//Zinc-ion supercapacitor
device

The zinc-ion supercapacitor was fabricated by sandwiching
a 2 M ZnCl,-soaked filter paper between the zinc anode and the
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Fig.4 ASC device testing: (a) CV curves of the ASC device at different potential windows at 10 mV s7%, (b) CV curves of the ASC device at various

scan rates, (c) GCD curves of the ASC device, (d) EIS spectra of the ASC
LDH/rGO/Co,Mnz0g with other supercapacitors, and (f) schematic of
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device, (e) Ragone plot showing the performancecomparison of Mn—Co
the ASC device.
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Table 1 Comparison of the Mn—Co LDH/rGO/Co,Mnz0g-based ASC and zinc-ion supercapcitor with other ASC and zinc-ion supercapcitor

devices reported in the literature

Electrode material Device type Morphology Energy density (Wh kg ™) References
Mn-Co LDH/MnCoS ASC 5.27 71
NiMnCo-LDH ASC 24.6 72
MnCo,0,/NiCo-LDH ASC 31 73
rGO@CuCo-LDH ASC 8.03 74
Mn-Co LDH/rGO/Co,Mn;0g ASC 32 This study
POP-TAPP-NCTA Zinc-ion supercapacitor 48 80
N-Ov-NCO@CC Zinc-ion supercapacitor 50.3 81
H,0/Ni"/V,05 Zinc-ion supercapacitor 27.2 83
Mn-Co LDH/rGO/Co,Mn;0g This study 100 This study

as-fabricated Mn-Co LDH/rGO/Co,Mn;0g cathode. The effec-
tive area of both the zinc anode and the Mn-Co LDH/rGO/
Co,Mn;0; cathode is 1 x 1 ecm? However, to prevent short-
circuiting of the electrodes, the 2 M ZnCl,-soaked filter paper
was cut into 2 x 1 cm” Fig. 5(a) shows the CV of the as-
fabricated zinc-ion supercapacitor. The CV was conducted in
the potential window of 0-1.2 V at different scan rates from 10
to 100 mV s~ ', showing a quasi-pseudocapacitive shape with

© 2026 The Author(s). Published by the Royal Society of Chemistry

cathodic peaks at 0.35 V and anodic peaks at 0.85 V. These
peaks result from the interaction of Mn and Co ions with Zn**
ions.”” As a result, the specific capacitance is increased
compared to the ASC device counterparts. Furthermore, the CV
peaks do not shift with different scan rates, which indicates fast
charge-transfer kinetics and minimal polarization.”® The
Dunn's method was also used to analyze the CV curves of Mn-
Co LDH/rGO/Co,Mn;0g:"”
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Fig. 5 Zinc-ion supercapacitor device testing based on Mn—-Co LDH/rGO/Co,Mnz0Og: (a) CV curves of the zinc-ion supercapacitor device at

different scan rates, (b) capacitive vs. diffusive contributions of zinc-ion

-1

supercapcitor device at 100 mV s™ -, (c) the Dunn's method analysis of the

zinc-ion supercapacitor, (d) GCD curves of the zinc-ion supercapacitor, (e) EIS spectra of the zinc-ion supercapacitor and (f) the Ragone plot of

zinc-ion supercapacitor showing the comparison with other zinc-ion

I(V)=kyv + kzv(%)

The kv term represents the capacitive contribution, while

kzv% term represents the diffusive contribution. The capacitive
contributions were 44%, 53%, 58%, 62%, 64%, 66%, 67%, 69%,
70%, and 71% at scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 100 mV s ', respectively. Correspondingly, the diffusive
contributions were 56%, 47%, 42%, 38%, 36%, 34%, 33%, 31%,
30%, and 29% at the same scan rates, as shown in Fig. 5(b).
Furthermore, the diffusive and capacitive contributions at
a scan rate of 100 mV s~ show that the capacitive contribution
(71%) dominates the diffusive contribution (29%), reflecting
that charge transfer is governed by a surface-controlled mech-
anism and is highly reversible, as shown in Fig. 5(c).*®* The GCD
was performed for the zinc-ion supercapacitor in the potential
window of 0 to 1.2 V, as shown in Fig. 5(d). The humps in the
GCD further confirm the redox reactions associated with the
intercalation and deintercalation of zinc ions in Mn-Co LDH/
rGO/Co,Mn;0g. The Nyquist plot of the zinc-ion supercapacitor
device is shown in Fig. 5(e).

The semicircle in the high-frequency region represents
charge transfer resistance.” The lower R value of 0.6 Q reflects
the fast charge transfer kinetics of Zn** ion intercalation and
deintercalation due to the rosette-like and nanoflower-like
morphologies present in Mn-Co LDH/rGO/Co,Mn;Og. The
straight line in the lower-frequency region represents the War-
burg impedance.” Furthermore, the Ragone plot shows
a comparison of the energy density and power density perfor-
mance with the reported literature, as shown in Fig. 5(f). The

1756 | Nanoscale Adv.,, 2026, 8, 1748-1761

supercapacitors.

Mn-Co LDH/rGO/Co,Mn;0g electrode successfully achieved an
energy density of 100 Wh kg ™" at a power density of 780 W kg™ .
This represents a significant increase in energy density
compared to traditional asymmetric supercapacitors (ASCs).
Furthermore, the Mn-Co LDH/rGO/Co,Mn;0g electrode for
zinc-ion supercapacitors demonstrates significantly superior
performance in both energy density and power density when
compared to other electrode materials, such as POP-TAPP-
NCTA,* N-Ov-NCO®@CC,?* and H,0/Ni*/V,05,*> which have also
been used as cathodes in zinc-ion supercapacitors. A compar-
ison of the Mn—-Co LDH/rGO/Co,Mn;Og-based zinc-ion super-
capacitor with other ASC and zinc-ion supercapacitor devices
reported in the literature is shown in Table 1.

3.5. OER

The Mn-Co LDH/rGO/Co,Mn;0gz was also explored for OER
activity due to its hierarchical morphology. The OER electro-
chemical characterization was performed in 0.1 M KOH using
a three-electrode system employing Mn-Co LDH/rGO/
Co,Mn;0g. The platinum foil and Ag/AgCl served as the counter
electrode and reference electrode, respectively. All potentials
recorded on Ag/AgCl were converted to the reversible hydrogen
electrode (RHE) scale using the Nernst equation:**

E= EAg/AgCl + 0.197 + 0.059 x pH

Furthermore, the Tafel slope was calculated using the
following equation:*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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n = a + blog())

1 represents the overpotential in mV j represents the current
density in mAcm 2. a is a constant. b represents the Tafel slope
in mv dec ™.

The LSV was performed in the potential window of 0 to 1.5 V
vs. RHE at a scan rate of 10 mV s~ ', as shown in Fig. 6(a). The
LSV curve begins to rise at 1.3 V vs. RHE, which corresponds to
the onset potential. This indicates the electrocatalytic activity of
Mn-Co LDH/rGO/Co,Mn;0s. The overpotential calculated at 10
mA cm > was found to be 218 mV. The Tafel slope was calcu-
lated using the Nernst equation. The Mn-Co LDH/rGO/
Co,Mn;0g4 shows a low Tafel slope of 56.03 mV dec™?, as shown
in Fig. 6(b). The low overpotential and Tafel slope of Mn-Co
LDH/rGO/Co,Mn;0g indicate that the hierarchical morphology,
resulting from the nanoflowers of Mn-Co LDH integrated with
the rosette-like Co,Mn;Og, provides abundant active sites. This
enhances the electrocatalytic activity and kinetics of Mn-Co
LDH/rGO/Co,Mn;O4 for the OER. Mn-Co LDH/rGO/Co,Mn;04
outperforms the other electrocatalysts reported in the literature.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The EIS was also performed for Mn—-Co LDH/rGO/Co,Mn;0g, as
shown in Fig. 6(c).* The semicircle in the higher frequency
region represents R .. The low charge-transfer resistance reflects
the increased electrocatalytic activity of Mn-Co LDH/rGO/
Co,Mn;04 for the OER.

Fig. 6(d) shows the comparison of the overpotential of Mn-
Co LDH/rGO/Co,Mn;0g with various electrocatalysts reported
in the literature. Mn-Co LDH/rGO/Co,Mn;O with an over-
potential of 218 mV outperforms the Co;0,_; quantum dots,*”
MnO,/S-GC, CosMn-LDH/MWCNT,*® and NisMn-LDH/
MWCNT.*®

4. Conclusion

In conclusion, a unique rosette-like Co,Mn;0g was synthesized
and integrated with nanoflower-like Mn-Co LDH through rGO.
Mn-Co LDH/rGO/Co,Mn;0g was prepared via hydrothermal
synthesis, followed by calcination, exhibiting a high specific
capacitance of 2500 F g~ " at 1 A g~ '. Additionally, an asym-
metric supercapacitor (ASC) employing Mn-Co LDH/rGO/
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Co,Mn;0g demonstrated superior performance with an energy
density of 32 Wh kg™ " at a power density of 600 W kg™ '. The
zinc-ion supercapacitor based on Mn-Co LDH/rGO/Co,Mn;0g
showed even better electrochemical performance. The energy
and power density of the zinc-ion supercapacitor employing
Mn-Co LDH/rGO/Co,Mn;0; were significantly improved with
an energy density of 100 Wh kg™ " at a power density of 780 W
kg~ '. Furthermore, the OER activity of Mn-Co LDH/rGO/
Co,Mn;0g was evaluated in 0.1 M KOH, showing a low over-
potential of 218 mV and a Tafel slope of 56.03 mV dec™'. The
bifunctional capability of Mn-Co LDH/rGO/Co,Mn;04 for both
supercapacitors and OER arises from its unique rosette-like and
nanoflower morphology, which enhances charge transport and
reduces electrolyte resistance. This study provides a compre-
hensive strategy for addressing energy storage and conversion
using bifunctional materials.
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