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The morphology of a nanoparticle strongly controls the path of electronic interaction, which directly

correlates with the physicochemical properties and also the electrochemical comportment. Combining it

with a two-dimensional (2D) material for a layer-by-layer approach will increase its possibilities in

applications such as energy conversion and storage. Here, two different morphologies of MnFe2O4,

nanoparticles and nanoneedles, are developed by a facile hydrothermal approach and sandwiched with

reduced graphene oxide for constructing a 2D/3D sandwiched architecture. The rGO planar structure

with abundant hierarchical short pores facilitates the thorough utilization of the utmost surface area to

permeate the electrolyte within the structure to minimize the accumulation of rGO nanosheets laterally.

The ferrite composited with rGO manifests high specific capacitance as the EDLC behaviour surpasses

the faradaic pseudocapacitance boosting electrical conductivity compared to the as-synthesized

MnFe2O4 structures. Benefiting from a 3D structure and the synergetic contribution of the MnFe2O4

nanoneedles and electrically conductive rGO layer, the MnFe2O4 nanoneedles@rGO electrode exhibits

a high areal capacitance of 890 mF cm�2 and a remarkable specific capacitance of 1327 F g�1 at

a current density of 5 mA cm�2. 93.36% of the initial capacitance was retained after 5000 cycles in

1 mol L�1 Na2SO4 indicating its high cycling stability. The synthesis route proves to be beneficial for

a comprehensive yield of MnFe2O4@rGO nanosheets of different morphologies for use in the

sophisticated design of energy-storing devices. This research strongly suggests that nanoparticle

geometry, in addition to two-dimensional carbon-based materials, is a critical factor in a supercapacitor

design.

1. Introduction

Sustainable technologies for energy conversion and storage

remain an indispensable part of the current civilization taking

into consideration the rising global economy with environ-

mental consciousness. The present rapid depletion of fossil

fuels and increasing environmental pollution have prompted

the scientic community to focus on delivering green and

environmentally friendly research output.1 In electrochemical

energy storage (EES) technology, supercapacitors surpass

batteries in many aspects as they possess some exceptional

properties like fast recharge capability, high power density, long

cycle life over repeated charge–discharge cycling and better

endurance. They are diversied in various applications

including portable electronic gadgets, power back up, hybrid

electric vehicles and several microdevices.2,3 Motivated by the

aforementioned endeavours, multitudinous efforts are being

made to increase the quality of the electrode material which

plays a pivotal role in the overall efficiency of a supercapacitor.

Electrode materials are generally classied into two types:

electric double layer capacitors (EDLCs) and pseudocapacitors.

EDLC based supercapacitors have superior specic capaci-

tance but are limited by low energy density as their storage

mechanism occurs on the electrode surface at the interface

between the electrolyte and electrode via electrostatic adsorp-

tion of electrical charge. This constricts their broader range of

applications, where an appropriate power density is necessary

only for a short period of time.4 Generally, carbon based

materials such as graphene, carbon black, graphene oxide,

reduced graphene oxide, etc., exhibit EDLC-type behaviour. In

the case of pseudocapacitors, a very high energy density is ob-

tained where the charge storage mechanism is due to fast

faradaic redox reactions.5,6 Different types of metal oxides
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including spinel,7,8 transition metal oxides9,10 and conducting

polymers11,12 have been reported as pseudocapacitive materials.

However, these metal oxides suffer from sluggish ion diffusion

problems and poor electrical conductivity resulting in low

capacitive performance. Moreover, the inferior structural

stability of conducting polymers limits the cycle life of the

electrode.7 To circumvent these challenges, the benecial

features of the individual components of EDLC and pseudoca-

pacitive materials are scrutinized to form a nanocomposite and

developed into an efficient active electrode material.13

In our work, the pseudocapacitive constituent of the nano-

composite is designed as MnFe2O4, a spinel ferrite as it is

advantageous with the coexistence of two different transition-

metal ions Mn and Fe. Also, a rich faradaic redox reaction

considering the multiple oxidation states of Mn will meet the

requirements of an efficient electroactive component.14–16 Many

research groups have already tried to synthesize MnFe2O4 by

various wet chemical methods including co-precipitation, sol-

vothermal, and template-assisted methods.17,18 The sol-

vothermal method proves to be advantageous compared to the

other wet chemical methods as the working parameters such as

pH, temperature, solvent selection, etc. could be altered in

a wider range.19 However, the material performance depends on

not only the synthesis route but also the morphology, size and

microstructure of the sample obtained. Therefore, control over

the morphology and uniform size of MnFe2O4 remains a major

focus.20 Several morphologies of MnFe2O4 have been developed

(spheres, clusters, needles, akes, etc.). We have concentrated

mainly on spherical and one-dimensional nanoneedles which

were synthesized by altering the working parameters in the

hydrothermal method.

Reduced graphene oxide (rGO) is taken as the EDLC

component of the working electrode as its spongy wrinkled

nature with a high surface area acts as a supportive matrix for

MnFe2O4 to attach itself onto the layered surface. The scarcity of

oxygen functional group in rGO compared to graphene oxide

(GO) and the increase in C/O ratio above 6 facilitates a faster

electron transport processing rGO compared to GO.21 Therefore,

a decrease in the diffusion length of the ions enhances the

electrical conductivity in the nanoscale domain thereby

improving the effective electrochemical utilization of MnFe2O4

in the nanocomposite. Recently, research was made towards

developing a complete cell for a supercapacitor comprising

MnFe2O4/rGO as the cathode and rGO as the anode, which

exhibited a good power density of 750 W kg�1 with an energy

density of 28.12 W h kg�1. A prominent specic capacitance of

768 F g�1 was also attained at a current density of 8 A g�1

contributing to the overall performance of the fabricated cell.16

Another group fabricated a hybrid supercapacitor using a two-

electrode system with the MnFe2O4/rGO nanocomposite which

revealed a specic capacitance of 271 F g�1 at a current density

of 0.5 A g�1 with an exceptional cycling durability of 104% aer

5000 cycles.22 To our knowledge, only a few reports on the

supercapacitive behaviour of morphology dependent MnFe2O4

on a carbon matrix (GO, rGO, CNT nanobers, etc.) have been

published, a summary of which is in Table 2. Herein, we report

the preparation of MnFe2O4 nanoparticles–rGO nanocomposite

and MnFe2O4 nanoneedles–rGO nanocomposite by a one-pot

solvothermal method. The optimum weight percentage of

MnFe2O4 and rGO was xed before depositing over a stainless

steel substrate. To determine the effect of the substrate, copper

foil was also taken as an additive substrate. A three electrode

set-up was arranged to determine the electrochemical proper-

ties of the synthesized materials and their specic capacitance

was evaluated by cyclic voltammetric and galvanostatic charge–

discharge measurements. The electrochemical performance of

the two pristine and rGO nanocomposites of MnFe2O4 was

evaluated by calculating specic capacitance from both cyclic

voltammetry and galvanostatic charge–discharge measure-

ments. The Trasatti method was applied to determine the

contribution of pseudocapacitance and electric double layer

capacitance. The results of power density, energy density and

cycling stability demonstrate that the MnFe2O4 nanorods–rGO

nanocomposite could be an optimal choice for supercapacitor

electrode material characterized by its high specic capacitance

and related properties.

2. Experimental section
2.1 Chemicals and reagents

Graphite powder (325 mesh) and manganese chloride (MnCl2-

$4H2O) were purchased from Sigma. Ferric chloride (FeCl3-

$6H2O), sodium hydroxide (NaOH), potassium permanganate

(KMnO4), ammonia solution, sodium nitrate (NaNO3), sulfuric

acid (H2SO4), hydrogen peroxide (H2O2) and ethanol were ob-

tained from HiMedia. All the chemicals purchased were of

scientic grade and used directly without any purication.

2.2 Synthesis of MnFe2O4 nanoparticle and nanoneedle

structures

The preparation methodology for MnFe2O4 nanoneedles is

reproduced from earlier work with some modications.23 For

a typical synthesis of MnFe2O4 nanoneedles named (M-nr),

MnCl2$4H2O and FeCl3$6H2O were taken in a ratio of 1 : 2

and stirred separately in 20 ml of distilled water until

completely dissolved. The iron chloride solution was then

added dropwise to the manganese chloride solution and stirred

for another 30 minutes. Finally in this protocol, the required

weight of NaOH was dissolved separately in 10 ml deionized

water and it was added dropwise to the metal salt solution until

the pH reached 14. The slurry was then decanted into a Teon

autoclave and kept at 180 �C for 18 hours. The obtained sample

was washed with distilled water and ethanol to remove the

impurities and nally dried in a vacuum at 80 �C for 6 h. To

obtain MnFe2O4 nanoparticles described henceforth as (M-np),

the same procedure was repeated except that the pH was

maintained at 12 and the oven temperature was kept at 180 �C

for 12 h.

2.3 Synthesis of MnFe2O4/GO composites

Graphene oxide was synthesized based on a modied

Hummer's method involving both the oxidation of the graphite

sheets and further exfoliating them to obtain GO sheets as

2888 | Nanoscale Adv., 2021, 3, 2887–2901 © 2021 The Author(s). Published by the Royal Society of Chemistry
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reported in our earlier work.24 In a typical process, 10 mg of the

as-prepared GO was ultrasonicated in 20 ml DDW solution for

several hours forming a uniform yellow-brown suspension.

Then, the precursor solution of the respective MnFe2O4 (nano-

particles or needles) was added slowly to the GO suspension and

sonicated for two hours. Themixture was transferred to a Teon

autoclave and reuxed at their respective temperatures

mentioned before. The precipitate was rinsed several times and

maintained at 80 �C overnight to obtain MnFe2O4

nanoparticles/rGO and MnFe2O4 nanoneedles/rGO composites

denoted as M-np/rGO and M-nr/rGO respectively. The prepara-

tion protocol of the MnFe2O4 nanocomposites is presented

schematically in Scheme 1.

2.4 Characterization

The synthesized MnFe2O4 structures and their respective GO

composites were characterized by using a Rigaku SmartLab X-

ray diffractometer with monochromatized Cu Ka1 radiation

(1.5406 �A) for their crystallographic details. The topographical

and morphological information was obtained using a ZEISS,

Merlin model Field Emission Scanning Electron Microscope

(FESEM) with an accelerating voltage of 5 kV and the elemental

analysis was done by energy dispersive X-ray spectroscopy

(EDAX). Raman spectroscopy was performed on a Horiba Jobin

Yvon LabRam-HR Raman spectrometer with a laser source with

an excitation wavelength of 514 nm.

2.4.1. Electrochemical measurements. The electro-

chemical measurements were carried out on VersaSTAT

Princeton Applied Research – AMETEK model. The electrolyte

was optimized in 1 M Na2SO4 with Ag/AgCl as the reference

electrode and Pt as the counter electrode. The working electrode

of the four samples was prepared by making a slurry of the

respective active material, PVDF (polyvinylidene diuoride) and

carbon black in a ratio 8 : 1 : 1 mixed with a drop of N-methyl-

pyrrolidinone (NMP). The paste was coated uniformly using the

doctor blade method onto a stainless steel substrate with

a working area dimension of 1 � 1 cm2. The substrate was

weighed before and aer coating (dried) to calibrate the accu-

rate mass of the active material coated. To determine the effect

of the substrate, copper foil was also used as a substrate with

the same dimension. Cyclic voltammetry (CV) from 0.1 to

�0.35 V was performed with different scan rates ranging from 5

m to 100 mV s�1. The galvanostatic charge and discharge tests

were carried out in the same potential window of CV. Electro-

chemical impedance spectroscopy (EIS) was performed by

applying a frequency range from 1 Hz to 10 kHz.

3. Results and discussion
3.1 Structural and functional group analysis

The crystalline nature and phase identication of the individual

morphological components, as well as their respective reduced

graphene oxide composites, were analyzed by XRD. Their X-ray

diffraction (XRD) prole in the range of 20� < 2q < 75� with a step

size of 0.02� is shown in Fig. 1a. The sharpness of the highest

intense peak (311) indicates that the material is highly crystal-

lized without any impurities and its broadness indicates that

the crystalline size is very small. The diffraction peaks observed

at 2q of 28.79, 33.5, 35.08, 40.47, 53, and 58.17� represent the

Bragg reections corresponding to the planes (220), (311), (222),

(400), (422), (511), (440), (531), and (622) respectively conrming

the spinel cubic structure of MnFe2O4 with the space group

Fd�3m (227) according to the JCPDS card no. 73-1964.25

The distinctive peak of graphene oxide at 11.23� signifying

the (001) plane is represented in the XRD diffractogram

(Fig. S1†). The diffraction peaks for MnFe2O4/rGO nano-

composites show a low intense peak compared to the pure

MnFe2O4 structures. Graphene related peaks were not observed

in the composite which suggests that during the hydrothermal

reaction, the GO is well exfoliated for the MnFe2O4 structures to

nucleate and infuse into the graphene layers.26 Previous results

suggest that the reections of rGO in XRD also diminish due to

Scheme 1 Schematic illustration of hydrothermal synthesis of morphologically tuned MnFe2O4/rGO nanocomposites of nanoparticles and

nanoneedles.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2887–2901 | 2889
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the ultra-sonication which is further found to be reduced and

aggregated into a multilayer structure.27,28

The interplanar spacing dhkl was calculated using Bragg's

equation for the most prominent plane (311) which further

helped to derive the experimental lattice constant from the

relationship

aexp ¼ d(h2 + k
2 + l

2)1/2 (1)

The well-known Scherrer formula was used to determine the

average crystalline size of the synthesized MnFe2O4 structures

and nanocomposites29

D ¼ kl/b cos q (2)

where k is the shape factor (0.9), and l, b and q are the wave-

length of the Cu-Ka X-rays (1.5406 �A), full width at half

maximum derived from tting the curve converted to radians

and the diffraction angle (in radians) of a specic diffraction

peak respectively. The broadening of the diffraction peak is

based on the combined effect of the size and the strain devel-

oped in the nanostructures.

bT ¼ bs + b3 (3)

where bT is the total broadening, bs is the broadening due to the

size and b3 the broadening due to strain. By employing the

Williamson–Hall (W–H plot) method,30 both the strain devel-

oped (3) and the grain size (P) could be calculated from the

relationship

b cos q ¼ 3(4 sin q) + kl/P (4)

When plotting 4 sin q on the x-axis and b cos q on the y-axis,

the gradient (slope) of the line gives the strain (3) and the grain

size (P) can be calculated from the intercept of the line on the y-

Fig. 1 (a) XRD diffraction pattern of the hydrothermally synthesized MnFe2O4 nanoparticles: M-np, MnFe2O4 nanoneedles: M-nr, reduced

graphene oxide composite of MnFe2O4 nanoparticles: M-np/rGO and reduced graphene oxide composite of MnFe2O4 nanoneedles: M-nr/rGO,

(b) Williamson–Hall (W–H) plot of the synthesized samples and (c) the relationship between particle size and strain derived from theWilliamson–

Hall method.

Table 1 The d-spacing of the (311) plane (d311), the experimental lattice parameter calculated, the volume of the cubic cell (�A3), the average

crystallize size calculated from the Scherrer formula (DScherrer) andW–H plot (DW–H plot), and the strain (3) derived from the slope of theW–H plot.

The values in the square brackets represent the estimated error

Samples

Lattice distance

(�A)

Lattice parameter

(�A) [�0.005]

Lattice volume

(�A3)

Average grain size (nm) [�2 nm]

Strain (3)Scherrer formula

Williamson–Hall

plot

M-np 2.542 8.446 602.494 98 84 �1.834 � 10�8

M-nr 2.537 8.442 601.639 94 78 �1.72 � 10�8

M-np/rGO 2.523 8.439 600.997 81 67 �2.14 � 10�7

M-nr/rGO 2.512 8.435 600.143 77 65 �2.31 � 10�7

2890 | Nanoscale Adv., 2021, 3, 2887–2901 © 2021 The Author(s). Published by the Royal Society of Chemistry
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axis by equating it to the known parameters. From Fig. 1b, it is

evident that the slopes are negative for all the plots indicating

that only aminimum strain is developed.31 The strain developed

is inversely proportional to the grain size which can be seen

from Fig. 1c indicating an increase in the interface between the

rGO layers. The calculated parameters are tabulated in Table 1.

A decreasing trend is seen in the average grain size with the

MnFe2O4 nanoneedle composite (M-nr/rGO) displaying the

least value of 77 � 2 nm. Also, the calculated d-spacing value of

pure MnFe2O4 structures (�2.542 �A) is very less compared to

that of GO (7.869 �A) signifying that it could very easily impreg-

nate between the graphene oxide layers and it also corresponds

well to previously reported values.32

Raman spectroscopy is an essential tool to explore the

structural properties of the synthesized materials. Fig. 2A shows

the Raman spectra of M-np, M-nr, graphene oxide (GO), M-np/

rGO and M-nr/rGO nanocomposites. In MnFe2O4, oxygen

atoms at the tetragonal sites are prone to symmetric stretching

represented as the A1g mode. The peaks appearing at 560 cm�1

in all the spectra except Fig. 2A(c) denotes this A1g mode.33 In

GO, the vibrations of the planar sp2 carbon atoms denoted as

the E2g symmetry (also called the G band) originate at

1592 cm�1 as illustrated in Fig. 2A(c). The graphene layer width

can be correlated with the decrease in the lattice spacing of the

nanocomposites. The band at 1350 cm�1 (Fig. 2B) represents

the j-point phonons of A1g symmetry, also called the D band or

the defect band. It corresponds to the defect levels or the

agglomeration formed within the graphene layers. The intense

D band in the GO spectra is associated with the cleavage of sp2

bonds to generate more sp3 bonds.34,35 The ratio of ID/IG is

deduced to be 1.45 and 1.46 for M-np/rGO and M-nr/rGO

nanocomposites respectively, compared to graphene oxide

(0.97) suggesting the reduction of GO to rGO. The ratio of the D

band to G band intensity can also be used to determine the in-

plane crystallite size (La) of the graphene oxide layers as shown

in Fig. 2C using the relationship of36

La (nm) ¼ 4.4 � ID/IG (5)

The calculated results suggest that the M-nr/rGO nano-

composite has a larger in-plane crystallite size of 6.45 nm

compared to the M-np/rGO nanocomposite with 6.38 nm and

GO with 4.3 nm respectively. This demonstrates that the GO

sheets were well exfoliated during the nanocomposite forma-

tion to make room for the MnFe2O4 structures to disperse well

on the layers of GO.

An insight into the morphology and microstructure of the

synthesized samples was obtained by FESEM. The morphology

of the sample depends purely on the synthesis method and it is

substantiated from Fig. 3a and b that MnFe2O4 nanoparticles

are spherical. The diameter of the spherical structure is

�250 nm described in the form of a histogram (Fig. 3c) and the

elemental details are conrmed by EDAX analysis (Fig. 3d) and

mapping (inset). The needle like morphology of MnFe2O4 is

conrmed from Fig. 3e. The edges of the needle are in a split

fashion (Fig. 3f) which is not reported elsewhere. This

morphology is more benecial as the surface area is enhanced

in the edges when compared to the spherical nanoparticles. The

M-nr samples exhibited a signicantly high-aspect ratio with

a height prole of �2.2 mm and a width of �220 nm.

Fig. 4a reveals the binary composite morphology of MnFe2O4

nanoparticles and nanoneedles with the rGO sheets. The

spherical structure of the nanoparticles is agglomerated with

the rGO sheets. In contrast, when a MnFe2O4 nanoneedle is

composited with rGO (Fig. 4b) it retains its morphology as the

nanoneedles are interrelatedly spread on the 2-dimensional

surface which further promoted the electron transfer and

Fig. 2 (A) Raman spectra of (a) MnFe2O4 nanoparticles: M-np, (b) MnFe2O4 nanoneedles: M-nr, (c) graphene oxide (GO), (d) reduced graphene

oxide composite of MnFe2O4 nanoparticles: M-np/rGO and (e) reduced graphene oxide composite of MnFe2O4 nanoneedles: M-nr/rGO, (B) the

in-depth view of M-np/rGO andM-nr/rGO representing the reduced graphene oxide peaks and (C) scheme depicting the in-plane crystallite size

– La in the GO layers during the nanocomposite formation.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2887–2901 | 2891
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intensied the active sites thereby suppressing agglomeration.37

Fig. 4c shows the survey spectrum of the M-nr/rGO sample

providing proof for the existence of elements Mn, Fe, O and C.

The ratio of atomic contents of Mn and Fe is about 1 : 2 and the

carbon content is predominantly from graphene exposed on the

surface. Their respective EDS mapping is presented in Fig. 4d.

3.2 Electrochemical properties

For effective practical application as a supercapacitor, the

electrochemical performances were evaluated with the aid of

a three-electrode system where the respective sample of

MnFe2O4 was employed as the working electrode against Ag/

AgCl as the reference and Pt wire as the counter electrode in

a 1 M Na2SO4 aqueous electrolyte. Initially, the cyclic voltam-

mograms of individual electrodes depicted in Fig. 5a at

a constant scan rate of 5 mV s�1 clearly show that M-Mn/rGO

possesses the maximum area under the CV curve with the

maximum current density. This can be ascribed to the differ-

ences in the structure and crystalline size between the nano-

particle and needle-like structures of MnFe2O4 and also due to

the synergetic effect of the graphene composite with the ferrite.

Also, the contact area between the electrode and the electrolyte

as well as the rate of the electrode reaction is enhanced with the

graphene architecture incorporated into the 1-D needle like

MnFe2O4 structures.38 Compared to pure MnFe2O4 structures,

the CV graph of porous graphene oxide recorded in 1 M Na2SO4

solution is nearly rectangular in shape. No distinct peaks are

observed signifying that the redox reaction is absent and there

are no distortions in the curves even at a scan rate of 100 mV s�1

(Fig. S3†). This indicates excellent capacitance behaviour and

fast diffusion of electrolyte ions into the electrode.39 Although

the integration of a carbon content into the MnFe2O4 matrix

increases the efficacy, that alone is not sufficient to increase the

capacitance which is clearly evident from the vast difference in

the current densities of M-Np/rGO and M-Mn/rGO. The

agglomeration of the MnFe2O4 nanoparticles (M-Np) onto the

rGO demonstrated through FESEM discloses that the transport

of electrolytic ions through the electrolyte is compromised

leading to the above said issue.40

The cyclic voltammograms of M-Mn/rGO between the

potential 0.1 and�0.35 V were recorded at various scan rates (5,

10, 20, 50, and 100 mV s�1) as illustrated in Fig. 5b. The area

under the curve was found to be proportional to the scan rate.

The virtually symmetrical redox peaks indicate good revers-

ibility during charging and discharging and the structure of the

CV curve implies that the pseudocapacitive behaviour of the

electrode is mainly governed by a faradaic redox reaction. This

is attributed to the intercalation/extraction of Na+ ions from the

electrolyte at low scan rates as slow faradaic reactions

contribute to more active sites from the inner surface of the

working electrode for charge storage. The Na+ ions interact with

the MnFe2O4 structures in the electrolyte by a redox couple

reaction which is reversible as shown in eqn (6):27,41

xNa+xe� + MnFe2O4 5 NaxMnFe2O4 (6)

Fig. 5f shows the specic capacitance and areal capacitance

of the active electrode material acquired from CV curves at

different scan rates using the relationship:

Cs ¼
1

2mv
�

Ef � Ei

�

ð

Ef

Ei

IðEÞdt (7)

Ca ¼
1

2Av
�

Ef � Ei

�

ð

Ef

Ei

IðEÞdt (8)

where ‘Cs’ symbolizes the specic capacitance (F g�1), ‘Ef � Ei’

indicates the potential window, ‘v’ indicates the scan rate in

Fig. 3 (a and b) FESEM image of MnFe2O4 nanoparticles: M-np and (c) histogram of the particle size distribution of M-np, (d) EDX spectra of

MnFe2O4 nanoparticles: M-np (inset shows the corresponding EDS mapping and elemental analysis based on the weight% of Mn, Fe and O

present), (e and f) FESEM image of MnFe2O4 nanoneedles: M-nr and (g and h) histogram of the grain size distribution of M-nr representing the

length and width of the nanoneedle.
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volts (V), I(E)dt indicates the area under the CV curve of M-Mn/

rGO immersed in 1 M Na2SO4 solution and ‘m’ species the

active mass deposited on the stainless steel substrate in ‘g’. ‘Ca’

represents the areal capacitance (F cm�2) and ‘A’ is the

geometric area set at 1 � 1 cm2 in this electrochemical study.

A maximum specic capacitance of 1327 F g�1 and an areal

capacitance of 890 mF cm�2 were observed at the lowest

measured scan rate of 5 mV s�1 (Fig. 5f). The active sites in the

MnFe2O4/rGO nanoneedles are explored more as the permeable

surface structure is benecial to enrich the electrochemical

behaviour. At a lower scan rate, a higher capacitance value is

guaranteed as the electrode is fully diffused by Na+ ions due to

more time utilization. In contrast, a low specic capacitance at

a higher scan rate is an outcome of the restriction of the same

ions due to time limitation. The specic capacitance of all the

working electrodes is demonstrated in Fig. S4.† The lower

values of the specic capacitance of pure MnFe2O4 np and nr

may be due to the surface adsorption charge storage

mechanism and intrinsically poor electronic conductivity of the

electrode and these two prominent factors are related to the

average crystallite size of the structures calculated by XRD. The

grain size is directly proportional to the electronic conductivity

and inversely proportional to the specic surface area.42–44

Therefore tailoring the synthesis parameters to tune the shape

and crystallite size of the material promotes optimum electro-

chemical properties.

To detect the origin of capacitive behaviour at a fundamental

level, the Trasatti method was employed to explore the contri-

bution of double-layer capacitance and pseudocapacitance

towards the overall specic capacitance.44,45 The surface capac-

itive effect is due to the exterior electrochemical sites specied

by the direct exposure of the electrode and electrolyte whereas

the diffusion-controlled intercalation process is from the inte-

rior regions of aws such as cracks, cavities, ssures and frac-

tures in the grain boundaries.46 The current response i(V) at

Fig. 4 FESEM image of the (a) rGO nanocomposite of MnFe2O4 nanoparticles: M-np/rGO and (b) nanocomposite of MnFe2O4 nanoneedles: M-

nr/rGO, (c) EDX spectra of the MnFe2O4 nanoneedle composite: M-nr/rGO (inset shows the elemental analysis based on the weight% of C, Mn,

Fe and O present) and (d) the corresponding EDS mapping of the M-nr/rGO composite.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2887–2901 | 2893
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a xed scan rate as a combination of these two effects can be

expressed as:

i(V) ¼ k1v + k2v
1/2 (9)

i(V)/v1/2 ¼ k1v
1/2 + k2 (10)

Here, k1v corresponds to the surface capacitive effect and k2v
1/2

is related to the diffusion-controlled insertion process, where k1
and k2 are the scan rate independent constants and v is the scan

rate respectively. The scan rate dependence of the current can

be derived by dividing both sides with the square root of the

scan rate as shown in eqn (10). The total capacitance (Ct)

involving the double-layer charging (EDLC) and faradaic pseu-

docapacitance (PC) (Fig. 5e) can be assessed by extrapolating

the linear t obtained from the reciprocal of areal capacitance

‘C�1
’ versus ‘v1/2’ (Fig. 5c) presuming ‘v’ goes to zero. In contrast,

the surface capacitance ‘Csur’ can be studied from ‘C’ versus ‘v�1/

2
’ (Fig. 5d) assuming ‘v’ goes to innite. Then, the contribution

of capacitance insertion ‘Cins’ can be naturally resolved from the

Fig. 5 (a) Cyclic voltammograms of MnFe2O4 nanoparticles, MnFe2O4 nanoneedles, MnFe2O4/rGO nanoparticles and MnFe2O4/rGO nano-

needles at a constant scan rate of 5mV s�1, (b) CV of M-nr/rGO at various scan rates extending from 5 to 100mV s�1, (c) a linear fit of reciprocal of

areal capacitance (C�1) vs. square root of scan rate (v1/2) of M-nr/rGO, (d) linear fit of gravimetric capacitance (C) vs. reciprocal of square root of

scan rate (v�1/2) of M-nr/rGO, (e) percentage of capacitance contribution evaluated for all the samples based on Trasatti analysis, and (f) the plot

of specific capacitance vs. areal capacitance of M-Mn/rGO as a function of scan rate.

2894 | Nanoscale Adv., 2021, 3, 2887–2901 © 2021 The Author(s). Published by the Royal Society of Chemistry
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difference in ‘Ct’ and ‘Csur’ as Cins ¼ Ct � Csur.
47 The estimated

results from Fig. 5e suggest that pristine MnFe2O4 electrodes

have pronounced pseudocapacitance while the electric double

layer capacitance oppresses the capacitance of all rGO

composited samples. We nd that the faradaic pseudo-capacity

contributed 7.2, 13.8, 79.8 and 86.6% whereas the double-layer

charging contributed 92.8, 86.2, 20.2 and 13.4% for M-np, M-nr,

M-np/rGO and M-nr/rGO electrodes respectively. Taken

together, the outcome obtained proves that the faradaic reac-

tions characteristically have relatively slow kinetics, whereas the

ion adsorption formed by the electric double layer ensures good

rate capability for ultrafast charging/discharging.48

To evaluate the storage capability of all the electrodes in the

three-electrode system, the electrochemical performance con-

cerning charge and discharge behaviour was determined at

a constant current density of 0.5 A g�1 (Fig. 6a) with voltage

between 0.1 and �0.35 V. The specic capacitance or gravi-

metric capacitance, ‘Cs’, and the coulombic efficiency, ‘h’, from

galvanostatic charge–discharge were calculated using eqn (11)

and (12) respectively.

Cs ¼
I � Dt

m
�

Ef � Ei

�

�

F g�1
�

(11)

h ¼
td

tc
� 100% (12)

Here ‘I’ indicates the respective current density (A g�1),‘Dt’ is the

discharge time in seconds (s) eliminating the IR-drop, ‘m’

indicates the active mass deposited on the single electrode in ‘g’

and ‘Ef � Ei’ denotes the potential scale during the charge–

dischargemeasurement. The discharging and charging time are

represented by td and tc respectively. The capacitance calculated

from the GCD curves of Fig. 6a is 950, 876, 720, 536 and 380 F

g�1 for MnFe2O4/rGO nanoneedles, MnFe2O4/rGO nano-

particles, GO, MnFe2O4 nanoneedles and MnFe2O4 nano-

particles at 0.5 A g�1 respectively. As expected, the MnFe2O4/

rGO nanoneedle composite displays the longest discharge time

demonstrating the highest specic capacitance of 950 F g�1 at

0.5 A g�1 which is in accordance with the CV analysis. The

robust electrochemical performance of the MnFe2O4/rGO

nanoneedle sample whose specic capacitance is nearly 2.5

times that of the MnFe2O4 nanoparticles at 0.5 A g�1 is attrib-

uted to (i) the presence of reduced graphene oxide in the ferrite

sample, which exhibits an integrated large electrical conduc-

tivity due to the enhanced specic surface area, (ii) the

remaining oxygenated species present in rGO which promotes

faradaic capacitance49 and (iii) the contact between MnFe2O4

and layered rGO which boosts the electrode–electrolyte inter-

face thereby decreasing the migration path of the ions (Na2+) for

better electrolyte inltration.50

Fig. 6 (a) Galvanostatic charge–discharge curves of MnFe2O4 nanoparticles, MnFe2O4 nanoneedles, MnFe2O4/rGO nanoparticles and

MnFe2O4/rGO nanoneedles at a constant current density of 3 A g�1, (b) GCD of M-nr/rGO at various current densities from 0.5 to 3 Ag�1, (c) the

plot of specific capacitance vs. coulombic efficiency of M-Mn/rGO as a function of current density, and (d) the calculated specific capacitance of

all the samples fitted at different current densities.

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2887–2901 | 2895
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Good rate capability and coulombic efficiency are the main

criteria to evaluate the practical application of a supercapacitor.

Fig. 6b shows the GCD performance of the MnFe2O4/rGO

nanoneedle composite from 0.5 to 3 A g�1 with a difference in

current density of 0.5 A g�1. It can be seen that the charge–

discharge curves at all the current densities are dimensionally

symmetrical with a trivial IR drop indicating small internal

resistance and better reversibility of the electrode.51 The IR drop

in the Fig. 6b inset showed a linear increase from 0.04 U to 0.12

U with increasing current density. The specic capacitance of

the composite electrode scaled to 950 F g�1 at 0.5 A g�1

demonstrated a high coulombic efficiency of �97.5% and

retained a capacitance of 354 F g�1 at 3 A g�1 with an efficiency

of 89% suggesting admirable rate performance (Fig. 6c). In

contrast, for pristine MnFe2O4 nanoparticles, the specic

capacitance decreased from 380 F g�1 to 118 F g�1 signifying

a very low capacitive retention rate. The interface between the

rGO layer and pristine MnFe2O4 serves as a reason for the

synergistic effect between the pseudocapacitance and the

electric-double layer mechanism.52 Moreover, the active surface

area of 1-D MnFe2O4 nanoneedles compared to that of the

MnFe2O4 nanoparticles provides high exposure of electroactive

sites for rapid diffusion of ions demonstrating good rate capa-

bility and high specic capacitance of the MnFe2O4 nanoneedle

composite electrode. The specic capacitance of pristine and

composite electrodes of MnFe2O4 is calculated, compared and

illustrated in Fig. 6d.

Electrochemical impedance spectroscopy (EIS) of MnFe2O4/

rGO nanoneedles which exhibited superior electrochemical

properties was performed at room temperature to determine

the electrode's fundamental behaviour in the electrolyte. The

Nyquist plot before and aer charging for 5000 cycles is shown

in Fig. 7a. The spectra show a semicircle that intersects the real

axis in the high-frequency region, where the resistance (Rs) in

the ionic conductivity of the electrolyte system is enlarged in the

inset. The mid and the low-frequency region reveal a virtually

vertical line around 45� called the Warburg element which

distinguishes an electrode with high porosity and capacitance.53

A smaller value of Rs is advantageous for better ionic conduction

and decreasing the ohmic losses.54 The Rs value increased from

0.56 U to 0.94 U aer 2000 cycles (Fig. 7a inset) indicating

a diminution in the overall electrochemical behaviour of the

electrode material.

Furthermore, an important constraint to determine the

power capability of a capacitor is the “Knee frequency” where

a shi occurs from the high frequency to the low frequency

component.54 The knee frequency value before charging was

233 Hz, signifying that the electrode could be operated up to

233 Hz to utilize its capacitive properties. The value decreased

to 136 Hz aer charging for 5000 cycles.

Fig. 7 (a) The EIS impedance spectra of M-nr/rGO before charging and after 2000 cycles (the inset shows the internal resistance), (b) the real

component C0 and the imaginary component C00 plot vs. frequency of M-nr/rGO, (c) the calculated specific capacitance of the M-nr/rGO

nanocomposite from the impedance spectra before and after charging and (d) the phase angle Bode plot and impedance Bode plot of the M-nr/

rGO nanocomposite.

2896 | Nanoscale Adv., 2021, 3, 2887–2901 © 2021 The Author(s). Published by the Royal Society of Chemistry
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The areal capacitance, Ca, from EIS was calculated using the

relationships,

Ca ¼
CðuÞ

2pr2

�

F cm�2
�

(13)

C(u) ¼ C
0(u) + C

00(u) (14)

C
0
ðuÞ ¼

�Z00ðuÞ

ujZj2
and C

00ðuÞ ¼
�Z00ðuÞ

ujZj2
(15)

jZj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðZ0Þ2 þ ðZ00Þ2
q

(16)

where C(u) represents the total capacitance, C0(u) and C00(u)

denote the real and imaginary capacitance components

respectively, Z0(u) and Z00(u) represent the real and imaginary

impedance components respectively, and ‘u’ is the angular

frequency (2pf), where ‘f’ is the frequency in Hz and jZj is the

modulus of Z. Here r ¼ 1 cm as the mass loading area has

a dimension of 1 � 1 cm2. The total capacitance obtained from

EIS is a combination of both the real and the imaginary part of

the capacitance (eqn (14)). While the real component, C0(u), is

the charge stored as a function of frequency depending mainly

on the porosity of the material taken, the mass loading and the

nature of the electrolyte, the imaginary component, C00(u),

denotes the dissipation of energy during the storage of charge.

C0 and C00 versus frequency in Hz are plotted in Fig. 7b, where the

specic capacitance obtained is in microfarads. These values

are incomparable with the previously calculated specic

capacitance from CV and GCD curves because, during EIS

measurements, immobility occurs due to the connement of

ions in the electrolyte solution.54 Moreover, to determine the

rate of charge–discharge performance of an electrode, the

relaxation time so (s) is calculated from the imaginary part of the

capacitance (C00) with the relationship, so ¼ 1/fo, where fo (Hz) is

the peak point in the high frequency region. A very less value of

656 ms was in accordance with previously reported values,16,22,55

suggesting that only a minimum time is required to discharge

all the energy from the electrode.

The areal capacitance of the composite electrode before and

aer charging is plotted versus the log of frequency (Hz) from

eqn (13) and demonstrated in Fig. 7c. The calculated areal

capacitance starts with a value of 3.5 mF cm�2 at 10 kHz in both

cases indicating that the resistive nature of the electrode does

not change even aer charging. In contrast, the capacitance

Fig. 8 (a) Cyclic voltammograms of MnFe2O4/rGO nanoneedles and MnFe2O4/rGO nanoparticles deposited on stainless steel (SS) and copper

(Cu) substrates respectively at a constant scan rate of 5 mV s�1. (b) The cyclic voltammograms of MnFe2O4/rGO composites deposited on

a copper substrate enlarged to describe the actual specific current attained. (c) The EIS impedance spectra of Cu (M-nr/rGO) and Cu (M-np/rGO)

(the inset presents the internal resistance of both the samples).

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 2887–2901 | 2897
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increases to 573 mF cm�2 for the electrode before charging and

a slightly less capacitance value is seen in the mid and low

frequency regions of the electrode aer charging, which

matches with the Rs values and knee frequency values

mentioned earlier.

The Bode plots of the phase angle and total impedance jZj

versus frequency (Hz) are shown in Fig. 7d with the equivalent

circuit presented in the inset. The graph implies that the phase

angle (F) in the lower frequency region is �84� conrming the

capacitive properties of the electrode (F ¼ 0�) for an ideal

resistor and (F ¼ 90�) for an ideal supercapacitor in the low

frequency region.54 The impedance Bode plot shows inclination

in the low frequency region (LF), the mid-frequency region (MF)

and the high frequency region (HF). The slope values were in the

order of LF (1–50 Hz) > HF (500–1000 Hz) > MF (50–500 Hz)

(Fig. S5†). The high slope value in the LF region is possibly due

to the resistive behaviour at the interfaces, and the HF regions

combine the characteristics of both the resistive and the

capacitive component, but the least slope value in the MF

regions depicts purely the capacitive nature of the electrode.56

To understand the substrate dependency concerning the

electrochemical performance of the synthesized MnFe2O4

samples, the MnFe2O4/rGO composites comprising nano-

needles and nanoparticles were deposited on copper foil with

no modication in any other parameters. The samples were

labelled with the prex Cu and SS for copper foil and stainless

steel substrates respectively. From the cyclic voltammetry test

depicted in Fig. 8a and b, the area under the curve of the

samples deposited on the Cu substrate is drastically less

compared to that of the previously available results of the SS

substrate. The enlarged view of MnFe2O4/rGO composites

deposited on the copper substrate is shown in Fig. 8b, where the

maximum specic current obtained is only 0.09 A g�1. The

rationale behind this is that copper ions on the substrate tend

to react with the electrolyte, which leads to the diffusion of ions

within the electrode. This increases the total resistance of the

system thereby hindering the overall stability of the

electrode.57,58 Fig. S6† illustrates the cyclic voltammograms of

MnFe2O4/rGO nanoneedles and nanoparticles deposited on the

Cu substrate recorded at various scan rates from 5 to 100 mV

s�1. It is clear from the CV prole that both the composite

samples exhibit redox peaks different from the ideal rectangular

shape for double-layer capacitance revealing that the samples

deposited on the copper substrate possess pseudocapacitance

properties.59 The impedance spectra shown in Fig. 8c describe

the certainty that the Rs value has almost doubled to 1.20 U (for

Cu(M-Mr/rGO)) and tripled to 2.05 U (for Cu(M-Mp/rGO))

compared to SS(M-Mr/rGO) (from Fig. 7a), revealing an escala-

tion in ohmic losses.

The overall performance of the MnFe2O4/rGO binary

composite is investigated by calculating the energy density (W h

kg�1) and power density (W kg�1) using the relationships (17)

and (18) as represented in the Ragone plot in Fig. 9a.

E ¼
Cs

�

Ef � Ei

�2

2
�

1000

3600

�

W h kg�1
�

(17)

P ¼
E � 3600

Dt

�

W kg�1
�

(18)

where Cs is the specic capacitance obtained from GCD, Ef � Ei
is the potential window aer eliminating the IR-drop and Dt is

the discharge time. It is clear from the Ragone plot that the M-

nr/rGO composite meets the required standards of an electro-

chemical supercapacitor. Interestingly, the composite provided

a maximum energy density of 28 W h kg�1 at a power density of

1.67 kW kg�1, which is comparable with or superior to that of

other carbon based composites of spinel ferrites (summarized

in Table 2). Though energy densities reduced slowly with

increasing power densities, it managed to maintain

5.7 W h kg�1 at a power density of 10 kW kg�1, indicating the

excellent energy storage ability of the device.60

To further assess the potential of the composite for effective

practicability of a supercapacitor device, the cycling stability of

M-nr/rGO was evaluated by reiterating the GCD and CV tests at

a current density of 1.5 A g�1 and a scan rate of 5 mV s�1

Fig. 9 (a) The Ragone plot for MnFe2O4/rGO nanoneedles (background adapted from ref. 46) and (b) cycling stability of MnFe2O4/rGO

nanoneedles for 5000 cycles (inset shows the galvanostatic charge–discharge curves for a different number of cycles and CV taken at 1.5 A g�1

and 5 mV s�1 respectively after completing the 5000 cycles).
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respectively. Fig. 9b reveals that the binary composite has

retained 93.36% of its initial capacitance aer 5000 GCD cycles

indicating remarkably good cycling stability to be implemented

in a supercapacitor. Cyclic voltammetry was also performed to

determine its electrochemical activation process aer cycling.

The M-nr/rGO binary composite has achieved this remarkable

electrochemical performance due to the mechanically robust

hierarchical architecture of 1-dimensional nanoneedles in the

spinel type MnFe2O4 along with the high conductivity of gra-

phene in its reduced form.61 Furthermore, the electrochemical

properties of M-nr/rGO signicantly surpassed those in other

similar literature described in (Table 2).

4. Conclusion

In summary, two different morphologies of MnFe2O4 and their

respective composite with rGO were synthesized by a facile

method for high performance supercapacitor application. The

planar structure of rGO aided the unique morphologies of

MnFe2O4 to permeate into the layers forming a stacked 2D/3D

structure. The synthesized samples were characterized by

different physical methods to determine their physicochemical

properties and their electrochemical performance was also

evaluated. However, owing to the synergistic effect of unique 1D

MnFe2O4 nanoneedles integrated with 2D-rGO, a higher specic

capacitance of 1327 F g�1 with an exceptionally high areal

capacitance of 890 mF cm�2 at a current density of 5 mA cm�2

was demonstrated. Also, a remarkable power density of 10 kW

kg�1 with a retention of 93.36% of the initial capacitance was

obtained aer 5000 cycles in 1 M Na2SO4, indicating high

cycling stability. To the best of our knowledge, this is the rst

time a needle like morphology of MnFe2O4 is composited with

rGO and reported for a supercapacitor application. The results

suggest that MnFe2O4 nanoneedle@rGO is a very promising

electrode material for assembling in a capacitor with both high

energy and good capacitance retention.
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