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Abstract

ZnMn,O4/Mn30, composite nanostructures were prepared by catheldictrodeposition
followed by heat treatment. A mixed hydroxide pmson was galvanostatically
electrodeposited from aqueous solution containingaWld Zn (as nitrates) and the obtained
precursor was annealed to prepare the compositig. ddmposite exhibited much better
electrochemical behaviors than baresMpn Rietveld analysis of the X-ray diffraction (XRD)
data showed that the product was composed afQyJrznMn,O4 and minor amounts of-
MnO,. Furthermore, the obtained composite was chaiaeteby Fourier transform infrared
spectrometry (FT-IR) and energy dispersive speattom(EDS). Field emission scanning
electron micrographs (FE-SEM) and transmissiontelacmicrographs (TEM) revealed co-
existence of nanoparticles and high aspect ratonmoals. Electrochemical performance and
ion transport of ZnMsD4/Mnz0, composite were studied via galvanostatic chargehdirge
(GCD) cycling and electrochemical impedance spscopy (EIS). Cyclic voltammetric
(CV) measurements showed a maximum specific cagra@tof 321.34 F/gt the scan rate of

1 mV/s. 93% of this specific capacitance was re@iafter 2000 cycles.

Keywords. ZnMn,O4; Mn304; Electrosynthesis; Nanorods; Supercapacitor



1. Introduction

The rich chemistry of manganese oxides has arousexst in various scientific fields such
as catalysis [1], ion exchange [2], magnetic/etentagnetic [3, 4] and energy storage
materials [5]. As energy producing materials, mawega oxides have a long history that goes
back to the discovery of Laclanche cells in 186&clanche cells have been replaced by more
efficient ones in many applications. However, récenorks have proposed an emerging
application for manganese oxides as energy stomaagerials [6, 7]. These are necessary
parts of future energy production facilities thatgre a sustainable supply of energy from
renewable sources of discrete nature. Supercapmacitave been identified as a new
generation of efficient energy storage devicestdugeir long cycle life, high power density,
and rapid charge-discharge rate. Transition metales with different oxidation states are
widely used as electrode materials in supercapacitdere the charge is stored through
internal redox reactions. High abundance, envirartalefriendliness, different oxidation
states, and low cost make manganese oxides suitdndidates for supercapacitor
applications. Hitherto, various strategies havenbegplied to improve the storage ability of
MnOy including morphological modification [8, 9], compieghybrid formation, and doping
[10, 11]. Among the various forms of manganese ®xMnzO, (hausmannite) is one of the
most stable forms which has specifically been amred as an electrode material in
supercapacitors. In the reverse spinel structurBanlmannite, manganese simultaneously
exists in two oxidation states (¥fhand Mr*). Although, MrO, nanostructures exhibit a
good storage ability in a relatively broad potenttandow but the specific capacitance values
are far below theoretic values. High specific céiipace of hausmannite is bottlenecked by
its low inherent electrical conductivity [12]. Ahé nanoscale, special properties appear to
improve electrical, optical, chemical, and mechahaharacteristics [13]. The physical and

chemical properties of nanomaterials are relatetdm particle sizes and morphologies.



Various methods for the synthesis of #@3 nanostructures such as thermal decomposition
[4], hydrothermal [14]/solvothermal synthesis [18¢)—-gel technique [16] angbno-chemical
synthesis [17] have been reported. Unfortunatelystrof these techniques are destructive to
the environment because of their toxic solventsraddcing agents which should be replaced
by green ones.

ZnMn,0O, has been widely studied as an electrode matesralithium ion batteries [18].
Some researchers have proposed Zidjnas a supercapacitor material but its reported
specific capacitance values are around 160 F/gJ@Pwhich are relatively low with respect
to other binary/ternary transition metal oxides. @ other hand, ZnM@, nanorods
demonstrate a high electrical conductivity makihguitable material for solid oxide fuel
cells [21] and microwave dielectrics for low-temgere co-fired ceramics (LTCC)
technology [22, 23]. The high electrical condudtivbf ZnMmnO, is attributed to high
mobility of Zn in the structure [24]. The idea bethi this work was to prepare a
ZnMn,04/Mn30, composite in order to take advantage of high cotidty of ZnMn,O, and
high specific capacitance of M.

In this study, for the first time, ZnM®,/Mn3;0, composite nanostructures were synthesized
by a facile, green, and controllable cathodic etetgposition methodThe synthesis route
comprisesgalvanostatic generation of base in a mixed Zn/Mrate solution at a Zn/Mn
ratio of 10%. The electrogenerated base causessitiepoof a mixed hydroxide precursor
which is then heat treated to prepare Za®WMn3;O, composite. XRD patterns confirmed
the presence of ZnM@, and MO, along with minor amounts 6t-MnO,. The FE-SEM
and TEM micrographs showed dual nanorods/nanopartiworphology of the prepared
composite. Back scattered electron (BSE) imagesated that the nanorods are more likely
to be ZnMnO,. The electrochemical behavior and charge stordgéyaof the prepared

composite were examined by CV, GCD and EIS measemésn



2. Experimental

2.1 Materials

Mn(NO3),.4H,0 and Zn(NQ)..6H,O were purchased from Merck (Darmstadt, Germany).

Deionized water was obtained by a Millipore waterification system (Milford, MA, USA).
2.2 Preparation of ZnMn;04/Mn304

The starting solution consisted of Rn(10° M) freshly prepared by dissolving
Mn(NOs),.4H,0 in deionized water. Zf was added as Zn(N§2.6H,0 at Zn to Mn molar
ratios of 0 and 10%. The electrodeposition wasqoeréd in a 1 L cubic glass container with
a common 100x100x0.5 mm steel 316 L planar cathotlee center and two parallel planar
graphite anodes of the same dimensions placed dh bides of the cathode. The
electrodeposition was performed under a galvanostagime at the current density of 0.75
mA/cn? and total charge of 2 coulombs per square centimstéhe cathode area. The
cathode was removed from the solution, washed é&eitpiwith deionized water and allowed
to dry in air for 12 h. The electrodeposited lay@s then scrapped from the cathode surface
and heat treated in a temperature program inclutiegise of temperature from 25 to 3t

at the heating rate of 10/min.
2.3 Characterization

The crystalline structure of the samples was stutie X-ray diffraction (XRD) analysis by
means of a STOE XD-3A X-ray diffractometer usingKGuline at A=1.5406 nm. The
morphology and elemental composition of the sampleie investigated using a TESCAN
VEGA3 SB field-emission scanning electron microse@pE-SEM) equipped with an energy

dispersive spectrometry (EDS) detector and trarsamselectron microscope (TEM, Zeiss-



EM10C). A BOMEM MB-series FT-IR spectrometer wagdi$o record the FT-IR spectra of

the samples in KBr media within the wave numbegeaof 250-4000 cih

2.4 Electrochemical measurements

Electrochemical measurements were carried out wBINGRIGAFLEX-OGF500 (France) in
the frequency range of 100 kHz to 0.01 Hz. Cycbtammograms were recorded inJS&;
(2.0 M) aqueous solution within the potential rangfe-0.1 to +0.9 V vs Ag/AgCl in a
standard three-electrode cell configuration witplainum wire, an Ag/AgCl, and a glassy
carbon (with 0.071 cfnarea) as counter, reference and working electrodspectively.
Specific Capacitance (SC) values were calculatenhiegration of current over the range of
applied potential at different scan rates accortiingqg. 1:

SC 1(V)dv (1)

Ve
_ 1]
- mu(V, - V)

Va

where, | is the measured current (A) W) is the sweep potential range (V), m is the mass
of electrochemically active material (g), anis the sweep rate (V3. The SC of the samples
was also independently calculated from galvanastdtarge-discharge cycles at the constant

current density of 1 mA/cfn

1At
SC =—— 2
maV @)

where, SC is the specific capacitance (F/g), hésdischarge current (A)V is the potential

window (V), At is the discharge time (s), and m is the mas$eatr®-active material (g).



3. Resultsand discussion

3.1 Electrodeposition mechanism

There are various routes for the cathodic generatidase at the electrode surface according

to the following reactions:

H,0+2€ — Hy+20H E%= -1.05 V vs. Ag/AgCl (3)
O+2H,0+ 4é — 40H E%= +0.18 V vs. Ag/AgCl (4)
NO5 +H,0+26 — NO, +20H E%=-0.21 V vs. Ag/AgCl (5)

The generation of base brings about a local changkl at the cathode surface which results

in the precipitation of metallic ions and formatiohhydroxide layer (Eq. 6):

Mn?*+ 20H— Mn(OH), K=Ksp= 2.5x18° (6)

Firstly, the annealing of the resulting hydrous gerese hydroxide precursor yields
hausmannite via a multistep solid phase reaction TE

Mn(OH),2Mn(OOH) AMn304 (7)

Decay

In the next step and after the addition of‘Zo the solution, a uniform precipitation of mixed
metal hydroxides (Zr(OH),, Mn,(OH),) is formed on the surface of cathode electrode.
Considering the values of solubility product const@sp) at 25 °C for Zn(OH)3 x 109

and Mn(OH) (2.5 x 10™3), the following equation can be proposed:
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nZn** + mMr#* + KOH —Zn,Mnm(OH) 8)

Then, the heating step involved an oxidation reactihat converted the Z¥n,(OH)x

precursor into spinel ZnME, (Eq. 9):

ZnaMnm(OH) +-0,—ZnMn,0;4 + k/i2H0 ()

The concentrations of Zhand Mrf" in the initial solution were not in stoichiometritio of
ZnMn,O,4. Hence, the excess of Kfrions formed MpO, and, therefore, a ZnM®4/Mn3z04

composite was obtained.

3.2 X-ray diffraction analysis and Rietveld refinement

The cathodic base generation in ¥lbaths is used to prepare manganese oxides witkad g
variety of morphology and crystalline forms. Thera§ diffraction was used to characterize
the phase and crystal structure of thes®sample (S1) and ZnM®,/Mnz;O, composite
(S2). In this case, the Rietveld refinement is thest efficient method for determining
crystalline phases, lattice parameters, and spacggThe introduction of this technique has
resolved the difficulties of other techniques wibwder diffraction such as systematic
overlapping of diffraction peaks because of symynetmditions or significant background
which reduces the accuracy of the results. ThevBligtmethod refines the parameters to
achieve the best fit of experimental and calculatath by using a least squares fitting [25].
Fig. 1 presents the powder XRD patterns of the sssnfhe solid line displays the intensity
of the calculated patterns and the dots indicateotiserved intensity. As can be seen in Fig.
1a, the refinement results show the formation sihgle phase spinel structure of ¥ with

tetragonal symmetry in the space group 141/amdnatiebut any impurity peaks. The broad



reflection peaks reveal the smaller crystalliteesinf MO, with poor crystallinity. The area

under the peak is used to calculate crystallinityoading to Eq. 10.

sum of net area

degree of crystallinity = 100 (10)

3
sum of total area

In the next step, Z# was added to Mii baths and ZnMi©D4 nanorods were formed on the
substrate of MgO, nanoparticles. This new phase demonstrates simstlaictures with
Mn3O,4 phase (tetragonal symmetry in the space groupatdd). At ZnMnO,spinel phase, a
portion of Zrf* can be removed from the tetrahedral sites of ZiMwrystal structuréo
form A-MnO, [26, 27]. This shows the cubic symmetry of mangangisxide in the space
group Fd3m. Fig. 1b illustrates the presence oftatne phases very well. A complete

expression used in Rietveld method to calculatetistallite size is defined as:

FWHM? = (U +D2s)(tan20)+V(tan0)+W+ IG/cos20 (11)

where U, V, and W are the usual peak shape paresnk®eis a measure of the isotropic size

effect and [ is the coefficient related to strain.

The main results from Rietveld refinements, crys¢akize, and degree of crystallinity are
shown in Table 1. The reliability R-factors contag profile residual R weighted profile

residual R, and goodness of fif confirmed the accuracy of the results [28].

3.3 Thestudy of FT-IR

The prepared samples were characterized by FT-¢Rtiggscopy. As shown in Fig. 2, both
samples have IR bands in the high frequency regbn3400 cm' and 1370 cm
corresponding to the stretching and bending vibnatiof surface hydroxyl and adsorbed

9



atmospheric moisture on the surface of the nanamkerespectively. Both samples also
showed prominent IR bands at 507 %630 cm, and a shoulder at 710 &mwhich can be
attributed to the stretching vibration of Mrspecies in octahedral, tetrahedral sites, and the
asymmetric vibration of Mn-O band in an octahedesvironment, respectively. For
ZnMn,04/Mn30, sample, the shoulder disappeared and an additmea emerged at 423

cm*which can be ascribed to the stretching vibratibAreO.

3.4 Morphology

The general morphology of the samples was examimedE-SEM. The nanostructure
electrodeposited from manganese nitrate solutid) 8ssessed broken irregular nanosheets
(Fig. 3a). The formation of nanosheets is attridute2D growth of electrodeposited layer in
the dynamic template provided by the intense ewwmludf gaseous hydrogen. The addition of
zinc in (S2) resulted in the formation of two castg nanostructures including
nanoparticles and nanorods as depicted in Fig.n8bFég. 3c. The higher brightness of an
individual nanorod in back scattered electron (B8#grograph of Fig. 3d suggested that the
nanorods were composed of Zn)}, whereas the nanoparticles were composed afoyin

In the BSE mode of operation, the atoms of highema number (Zn in this sample) reflect
higher amount of electrons out of the specimenutnoelastic scattering [29]. The bell-
shaped histograms of the particle size distributamtording to FE-SEM images for
ZnMn,0O4/Mnz0, composite are illustrated in Fig. 4. The highaatreeter size distributions
of nanopatrticles and nanorods existing in the cait@avere observed in the range of 50-55
and 25-30 nanometer, respectively. The TEM waszatll for further investigation of the
detailed structure of ZnM@4/Mn3z0O, composite. As can be seen in Fig. 5, the TEM image
of composite confirm the co-existence of nanopl@siand nanorods, which strongly support
FE-SEM analysis.

10



The EDS spectra of the samples S1 and S2 are givEig. 6a and Fig. 6b, respectively.
Quantitative elemental analysis showed that theMm, and O contents in S2 were 3.59,
58.08 and 38.33%, respectively. The Zn/Mn ratiagh@ product was lower than that of the
initial solution, indicating the partial leachingyon atoms from tetrahedral sites of Znjn

and forming\-MnO;.

3.5 Electrochemical properties

The investigation of the electrochemical perforneamé synthesized samples as electro-
active electrodes was done by cyclic voltammetry)(Cgalvanostatic charge-discharge
measurements (GCD), and electrochemical impedampeetrescopy (EIS) in N&O,
agueous solution (1.0 M). The three-electrode systecluded platinum electrode as
auxiliary electrode, Ag/AgCI electrode as referemtectrode, and a working electrode. To
provide the working electrode, 85 wt% of the heatealed samples was mixed with 10 wt%
acetylene black as the conducting material and% wit polyvinylidene fluoride (PVDF) as
binder in N-methyl-2-pyrrolidone (NMP) solvent. Thesulting paste was then pressed on the

surface of the glassy carbon electrode and drig@‘a for 12h.

Fig. 7a shows the cyclic voltammetry (CV) curvescapacitive performance of the Mdy

and ZnMnO4/Mn3z04 electrodes in the potential window of -0.1 to 0.93/Ag/AgCl at the
scan rate of 10 mV/s. As can be seen, current tordge capacity significantly enhanced
with the addition of zinc and composite formati@scause of the 1D structure of Znj
nanorods, diffusion of protons or alkaline ionsoitite structure becomes easier and faradic
reactions perform better. The improvement of sugggacitor properties in composite mode is
clearly seen by comparing the voltammograms (F@). 7o further investigate, cyclic

voltammetry curves of the M@®, and ZnMnO,/Mn30, electrodes were recorded at various

11



scan rates ranging from 1 to 50 mV/s (Fig. 7b ailgd Fc). The shapes of CV curves proved
the excellent electrochemical reversibility andaldeapacitive behavior of electro-active
materials [30]. According to Eq. 1 from CV curvele highest specific capacitances of
ZnMn,04/Mn30, composite and bare MO, were found to be 321.34 and 248.79 F/g,
respectively, at the scan rate of 1 mV/s. The $ijgecapacitance increases as scan rate goes
down, so the lowest scan rate indicates the high@€sin general, at higher scan rates, charge
transfer is found to be low limiting the diffusiorate of electrolyte into the electrode
materials because of decreasing the interactiowdsst the electrolyte ions and electrode.
However, at lower scan rates, the cations find titmeeasily penetrate throughout the
electrode material. As a result, the capacitanagci®ased very much [31]. The SC values of
321.34, 246.13, 205.66, 169.56, 153.73, 139.98 &B#.97 F/g for ZnMgO4/Mn3z0,
composite and 248.79, 177.51, 132.38, 98.28, 849&5 and 73.92 F/g for bare bOy
were obtained using Eq. 1 at the scan rates of 10,520, 30, 40 and 50 mV/s, respectively.
These calculated specific capacitance values for bare and composite forms were plotted
versus scan rates as can be seen in Fig. 7d. Thescshow that with increasing the scan
rate, the SC of electrode materials reduced slowhg capacitive storage ability of 131.97

F/g even at the scan rate of 50 mV/s confirms thk functionality of the supercapacitor.

To further evaluate the electrochemical performaatéhe MnO, and ZnMnrO4/Mn30,
electrodes, galvanostatic charge-discharge (GC&¥ wwere employed within the potential
window of -0.1 to 0.9 V. Fig. 8a represents therghalischarge curves at the current density
of 1 A/g. With the addition of Zii and the formation of composite, discharge time wgnt
and SC value also increased according to Eq. & iShdue to the special morphology of the
ZnMn,0O4/Mn30,4 composite which can lead to the considerable restuaif the diffusion
length. The 1D structure of the observed nanoredsitates the charge-discharge process

and shows a better performance than the barewsiidtea 2D structure [32]. Fig. 8b and Fig.

12



8c show the charge-discharge curves of®jrand ZnMnO4J/Mn30, electrodes at different

current densities ranging from 0.5 to 10 A/g, resipely. As current density rises, SC is
reduced which can be due to the decreased efficiglization of the active sites in the

electrode material [14]. IR drop in these curvemdestrates faradic behavior of reaction
which is in good agreement with the results of @Wth insertion and/or release of Niato

or out of the MO, structure, charge-discharge process can be obtasméallows [33, 34]:
Mn3O, (spinel) — NaMnO,.nH;O (12)

NasMnO,.nH,O + yH' + zN& (y+z) € < Nas:+,MnOy,.nH,O (13)

To further explore the electrochemical performarte® parameters of energy density (E,
Wh/kg) and power density (P, W/KQ) using chargesldésge curves at different current

densities were obtained by the following equatikdig:

CVv?

E=338 (14)

E
P=-
t

(15)
Fig. 8d shows a Ragone plot of the correspondirgip E versus P values for MD,and
ZnMn,0O4/Mn30, electrodes. As the energy densities reduce slowly imcreasing power
densities, the energy density of the ZnKagMn30, electrode at the same power density is
higher than that of MyO, electrode which means that the Znj@wMn3;O, composite

exhibits a better performance.

The cycle stability of MgO, and ZnMnO4J/Mn3O, electrodes was studied for 2000

continuous CV cycles in 1.0 M Ma0O, solution at the scan rate of 1 mV/s. As can be see

13



Fig. 9a, composite mode demonstrates a betterngydiability. 89% and 93% of initial
specific capacitances were retained after 2000esy¢br MO, and ZnMnO4/Mn3z0,
electrodes, respectively. The improvement of cyshability in composite mode makes it

suitable for practical applications.

In order to evaluate the ion transport mechanidegt®chemical impedance spectroscopy
measurements (EIS) were performed at an open tpotential with an ac perturbation of 5
mV in the frequency range of 100 kHz to 0.01 Hz.Eb shows the Nyquist plots and the
equivalent circuit for MgO, sample and ZnMi®©4/Mn3O, composite. The equivalent circuit
includes the solution resistance of Be charge transfer resistance @f Bhe double layer
capacitance of & the pseudo capacitance aof, @nd the Warburg impedance of W (inset of
Fig. 9b). The shape of the curves demonstratespieido-capacitive behavior of the
electrode materials. As shown in Fig. 9b, theretaredistinct regions in the EIS spectra: 1)
a semicircle at the high frequency region(R2) a straight line at the low frequency region
(W) [36]. Consistent with the previous results lo¢ fpresent work, the impedance decreased
by increasing zinc and formation of composite coragawvith bare MgO,. The diameter of
the semicircle for ZnMgO,/Mn3zO, composite is much smaller {R2.57 Q) than that of
Mn3O4 sample (R: 0.76Q), which suggests that the composite mode poss#ssdswest
charge transfer resistance. This is because ofpleeial morphology of nanorods which
facilitate ion transfer throughout the structurel mompensate the low conductivity of bare

Mn304[15].

A comparison of this work with previously reportiadbrication methods and electrochemical
performance of different Mi®, or composite electrodes for supercapacitors arengin

Table 2.
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4. Conclusion

In this work, ZnMnO4/Mn3z0, composite nanostructures were synthesized by #e fac
cathodic electrodeposition method. The phase coitipof the obtained composite was
evaluated by Rietveld analysis of the XRD patteRts:SEM and TEM micrographs showed
the unique architecture of the sample includings®@ymnanoparticles connected by Znjn
nanorods. Electrochemical tests including CV andGfieasurements revealed a significant
improvement in the charge storage ability of thenposite compared to that of Mdy
nanostructures synthesized in similar conditiortse fighest specific capacitance values of
248.79 and 321.34 F/g were obtained for ;8nand ZnMnO,/Mn3O, composite,
respectively, at the scan rate of 1 mV/s. The impneent of the electrochemical behavior
especially in the electrical conductivity for congite state was determined by EIS test. In
fact, ZnMnO, with its high conductivity compensates the weaknals®iausmannite. The
composite retained 93% of its initial storage céyaafter 2000 cycles, while this amount is
89% for bare MgO,4. The high charge storage performance of the peepsample, along
with the simplicity and low cost of the synthesisute, justifies its viability as a

supercapacitor material.
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Figure captions
Fig. 1. Rietveld refined XRD patterns of (a) single phaample, (b) composite sample (Black dots:

experimental data; red lines: calculated pattdsh& lines: difference patterns).

Fig. 2. FT-IR spectra of (a) My©,nanostructures and (b) ZnMd/Mn;O, composite nanostructures.

Fig. 3. (a) FE-SEM image of My©, hanostructures, (b and c) FE-SEM images of ZyB4Mn;0,

composite nanostructures, (d) BSE image of Zs®jMn;O, composite nanostructures.

Fig. 4. Diametersize distribution histogram of ZnM@4/Mn;0O, composite: (a) hanoparticles and (b)

nanorods.

Fig. 5. TEM images of ZnMgO,/Mn30O, composite nhanostructures: (a) low magnificatiod @)

high magnification.

Fig. 6. EDS spectra ofa) Mn;O, nanostructures and (b) Znidw/Mn;O, composite nanostructures.

Fig. 7. (a) CV curves of MgD,and ZnMnO,/Mns0O, electrodes at the scan rate of 10 mV/sin 1.0 M
Na,SO,electrolyte, (b) CV curves of M@, electrode at different scan rates of 1 to 50 m@sCV
curves of ZnMpO4J/Mn;0O,composite electrode at different scan rates of 30tanV/s, (d) Variations

in the specific capacitance of Mdyand ZnMnO,/Mnz0, electrodes at different scan rates derived

from CV.

Fig. 8. (a) Charge-discharge curves of ¥ and ZnMnO4/Mn30, electrodes at 1 A/g current
density, (b) Charge-discharge curves of;8yat different current densities from 0.5 to 10 Alg),
Charge-discharge curves of Zndn/Mn;O,composite at different current densities of 0.300A/g,

(d) Ragone plots of the M@,and ZnMnO,/Mn;O, electrodes.

Fig. 9. (a) Cycle stability of MgO,and ZnMnO,/Mn;0, electrodes over 2000 cycles, (b) Nyquist
plots of MROsand ZnMnO,/Mn3zO,4electrodes in 1.0 M N&Q, electrolyte and its equivalent circuit

model.
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Table 1: Crystallite size, degree of crystallinity and Rild refinement parameters.

Sample 2+. 5 2+  Crystalline A Crystallite Degree of 2
code Mn= Zn phase Composition (%) size(nm)  crystallinity (%) wp x
S1 100:0 MO, 100 21.76 32.63 0.14 1.43
Mn30, 90.41 24.57
S2 100:10 ZnMn,O4 8.25 22.98 55.70 0.12 1.13
A-MnO, 1.34 26.86
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Table 2: Comparison of the synthesis route and electroata@merformance oiin;O, or composite electrodes

for supercapacitor applications.

1 i i 0,
Working Fabrication method Pgtentlal Cs(F/g) CSretention (%) R, (Q) Ref.
electrode window (V) /cycle number
Mn3O4/Ni foam hydrothermal 1.0 263 80/2000 NR [14]
composites
Mn30,4 solvothermal 0.95 302 89/5000 0.52 [15]
Mn;O/MnOOH sonochemical 1.0 307.8 98/2000 4.34 [17]
nanocomposite
hydrothermal and
MoS,/Mn30, chemical 0.4 172.2 69.3/2000 1.41 [30]
precipitation
MnzO, low temperature 2.0 216 85/1000 4.30 [31]
solution process
rGO-MnyO, atom-efficient 1.0 221.6 97.1/1000 NR [32]
composites strategy
Mns;O4/graphene hydrothermal 1.0 171 NR NR [37]
ZnMn2Q4/Mn3O4 eIectrqqhemmaI 10 3213 93/2000 0.76 This
composites deposition work

NR: not reported
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Highlights

*  ZnMn,O4/Mnz0, composite was synthesized by cathodic el ectrodeposition.
* The prepared composite possess nanosized rod/particle morphology.

«  The prepared composite nanostructure exhibited a maximum storage capacity of 321.34 Fg*.



