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A facile synthetic route has been proposed to prepare cauliflower-like nanostructures of Cr doped Mn,O3. The
synthesis was carried out by constant current cathodic electrodeposition from Mn>* nitrate solutions containing
minor amounts of dichromate. It was found that the presence of Cr mediates the formation of cathodic MnO,
which then reacts with the excess Mn?* species to form Mn,O3 nanostructures. X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Differential Thermal Analysis (DTA) were used to characterize the
nanostructures. The storage ability of the obtained nanostructures was investigated by cyclic voltammetry (CV)

in 0.5 M Na,SO, solution. The results indicated that the Cr doped manganese oxide material shows better
performance than the non-doped one, and the charge capacity (SC) of doped manganese oxide (218 F/g) was
higher than pure manganese oxide (208 F/g).

1. Introduction

Recently, supercapacitors have attracted significant attention be-
cause of their bridging function between traditional dielectric capaci-
tors and batteries/fuel cells. The capacitance of a typical supercapacitor
is 20-200 times greater than that of a conventional capacitor of the
same volume or mass [1]. On the other hand, supercapacitors offer
higher power capability, reversibility and cycle life with respect to
batteries/fuel cells. The capacitance and charge storage of a super-
capacitor greatly depends on the electrode material used [1,2].
Transition metal oxides are considered as the best electrode materials
due to their high specific capacitance and low resistance which together
provide high power output required for commercial applications [3].
Among various transition metal oxides systems, manganese oxides are
the most economically reasonable and environmentally friendly ones.
Manganese dioxide is the most studied case. Other manganese oxides
such as Mn30,4 and Mn,O3 are to be less favorable as the tetragonal
distortion of the d* configuration in Mn (III) restricts the conductivity
[4] but the oxidation state is not the only parameter that affects the
charge storage ability. However, recent works have shown the en-
hanced storage ability of Mn30, and Mn,0O3 as a result of morpholo-
gical modification [5-10] or metal doping [11,12]. The classical
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method for the synthesis of Mn,O3 comprises thermal decomposition
of manganese compounds at high temperatures [13—-15]. Due to the
diversity in oxidation state of manganese, careful control of the
reaction temperature/atmosphere is needed to avoid formation of
other oxides such as MnO, Mn304 and MnO, [16,17].

In this investigation, the direct synthesis of Mn,O3 nanostructures
(without heat treatment) by mediating of dichromate ions as catalyst
would be reported. The product is characterized by Scanning Electron
Microscopy (SEM), differential thermal analysis (DTA) and X-ray
diffraction. The electrochemical properties of the sample have been
studied by cyclic voltametery. The results showed that doping of
manganese dioxide with 10 wt% Cr significantly improved charge
storage performance of the electrode.

2. Experimental
2.1. Materials

Analytical grade Mn(NOj3)»-4H-0O and K,Cr>O, were purchased
from Merck (Darmstadt, Germany). Deionized water was obtained

through a Millipore water purification system (Milford, MA, USA). The
graphite anodes were purchased from local suppliers.
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2.2. Preparation of Mn,03

Thin films of manganese oxide and manganese oxide doped with
chromium were prepared by the cathodic electrodeposition method
from a solution of Mn>* at a concentration of 107> M by dissolving
appropriate amounts of Mn(NOs3),-4H,0 in deionized water. Different
amounts of Cr®*(as K»Cr,0-) were added to the solution until reaching
Cr/Mn ratio of 0, 2.5, 5,7.5%, and 10%. The electrochemical cell
included the cathodic substrate centered between the two co-planar
graphite counter electrodes. The cathodic deposits were obtained on a
steel electrode (316 L, 100 mmx50 mmx0.5 mm) by the galvanostatic
mode deposition at the current density of 0.25 mA cm~2. The deposi-
tion time was 25 min. The obtained deposits were washed with
deionized water, acetone and dried in air. The obtained samples were
dried at 120 °C for 2hr.

2.3. Characterization

X-ray diffraction patterns of the samples were recorded by means of
a STOE XD-3A X-ray diffractometer (CuKa radiation, A=1.5406 nm).
Scanning electron micrographs were taken using a TESCAN MIRA3
field-emission scanning electron microscope (FESEM) equipped with
energy dispersive x-ray (EDX). The Infrared spectra of the samples
were recorded by means of a BOMEM MB-series FTIR spectrometer
within the wave number range of 250-4000 cm™! after pelleting with
KBr. The specific surface area was determined with a Quanta-chrome
NOVA-2200e system, through measuring N, adsorption-desorption
isotherms at 77 K.

2.4. Electrochemical measurements

Electrochemical studies were performed using an Autolab 302 N
potentiostat. Cyclic voltammetric measurements were carried out by
means of a standard three electrode cell configuration with a platinum
wire, an Ag/AgCl and a glassy carbon (with 0.071 cm? area) as counter,
reference, and working electrodes, respectively. 85 wt% of the obtained
sample was mixed with 10 wt% of acetylene black as a conductivity
enhancer and 5 wt% of polyvinylidenefloride as the binder. Few drops
of N-methyl-2-pyrrolidone were added to obtain a homogenous slurry.
The obtained slurry was dried at 80 °C for 12 h and then pressed on the
surface of the glassy carbon electrode. In order to investigate the
storage ability of the samples, cyclic voltammetry was performed in a
Na,SO,4 (0.5 M) aqueous solution within a potential range of —0.1 to
+0.9 v vs. Ag/AgCl at different scan rates ranging from 1 to 100 mVS™t.
The Specific Capacitance (SC) was then calculated by integration of the
current over the whole range of the applied cyclic potential according to
Eq. (1):

Ve
1

SC=————— [ 1(V)dV
my (Vo = Vo) &

1)

where, I is the measured current (A), (V,—V,) is the sweep potential
range (V), m is the mass of electrochemically active material (g) and v is
the sweep rate (V s,

3. Results and discussion
3.1. XRD study

Fig. 1 shows the XRD patterns of the samples as prepared from the
solutions containing different amounts of Cr®*. The addition of Cr at a
Cr/Mn ratio of 2.5% resulted in the emergence of different character-
istic peak as demonstrated in Fig. 1(a). The new peaks at 20=23.1,
32.9,38.2, 45.1, 49.3, 55.1 and 65.7° can be attributed to [211], [222],
[400], [332], [431], [440] and [622] planes of Mn,O3 respectively. By
increasing the amount of the added Cr, the intensity of the character-
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Fig. 1. X-Ray diffraction patterns of the samples synthesized frommanganese (II) nitrate
solutions containing 2.5% (a), 5% (b), 7.5% (c) and 10% cro*(d).

istic peaks decreased until fading at a Cr/Mn ratio of 10% (Fig. 1(d)).
3.2. Electrodeposition mechanism

We have recently proposed a novel method for the electrosynthesis
of hausmannite nanoparticles [11]. The method is based on the
transition metal mediated formation of Mn®*. Theoretically, any
transition metal with two different oxidation states can act as a
mediator in oxidation of Mn3*. In the case of Cr, the reaction is:

Cr®* +3Mn%*>Cr’*+3Mn>*

e))

Reaction (2) seems to be less probable as Mn>* is a strong oxidizer
that can easily revert the reaction by the conversion of Cr** to Cr®*
[18]. In fact, the reaction takes place just because it is followed by
exothermic disproportionation of Mn3*:

2Mn®*+2H,0-Mn?"+ MnO,+4H* AG=-53kJ mol™? &)

According to Eq. (3), the disproportionation of Mn®*is facilitated by
low proton concentrations. The local proton concentration at the
cathode surface is lower than the bulk of the solution due to cathodic
generation of OH™:

H,0+2¢ >H,+20H™ E°=-1.05 V vs. Ag/AgCl )
0,+2H,0+ 4e” > 40H™ E°=+0-18 V vs. Ag/AgCl )
NO5+H,0+2e” - NO, +20H™ E®=-0-21 V vs. Ag/AgCl (6)

This may tend to form manganese dioxide on the cathode surface
which can be converted to Mn,O3 by further reduction [19] or by a
chemical reaction with the excess Mn>*[20]:

2MnO,+H,0+2e »Mn,03+20H"  E°=+0-15 V vs-Ag/AgCl @)

MnO,+Mn?*+H,0—Mn,03+2H* (8)

3.3. Morphology

Fig. 2 shows the scanning electron micrographs of the samples
electrodeposited from manganese nitrate solutions containing Cr®* at
Cr/Mn ratio of 0% (a), 2.5% (b), 5% (c), 7.5% (d) and 10% (e). In the
absence of Cr, the electrodeposited layer was composed of densely
packed nanoparticles (Fig. 2(a)). The addition of Cr resulted in a
decreased in the surface density of the nanoparticles, forming porous
layers as shown in (Fig. 2(b)). Additional amounts of Cr tend to form
flower-like nanostructures as presented in Fig. 2(d) and (e). The
morphological evolution by the addition of Cr can be described as
follows:

There are three possible cathodic reactions during the generation of
base. These include reduction of water, dissolved oxygen or nitrate ion
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as illustrated by reactions (4), (5) and (6) respectively. Among them,
the first reaction is accompanied by gaseous hydrogen evolution,
whereas the remaining two reactions produce soluble products.
Hydrogen evolution has a detrimental effect on the morphology of
cathodically electrodeposited nanostructures. The bubble formation
provides a dynamic template for the particles being deposited on the
electrode surface [21]. As a consequence, nanoparticle formation is
favorable at low hydrogen evolution rates but the nanorods or
nanowire formation is favorable in high hydrogen formation rates.
Based on the above point, any change in the kinetics of hydrogen
evolution or the order of dominant reactions may lead to a change in
morphology of the obtained structures.

Transition metal ions are known for their positive/negative effect
on kinetics of hydrogen evolution reaction or water reduction on the
electrode surface [22]. In the majority of cases, the transition metal
ions decrease the rate of hydrogen evolution by either poisoning the
electrode surface [23] or by catalyzing the competing reactions such as
the reduction of nitrate [24]. On the contrary, some transition metals
act as catalysts for hydrogen evolution [25]. Fig. 3 shows the cyclic
voltammograms recorded in starting solutions at a scan rate of
20mVS~L. According to the obtained CVs, the reduction of water at
-1.1V vs. Ag/AgCl is the dominant cathodic reaction in all solutions.
Although the cathodic reaction is the same in all solutions, the rate of
hydrogen evolution dramatically increases by increasing the amount of
added Cr°*.

As presented in Fig. 4. The higher rates of hydrogen evolution tend
to form hierarchical nanostructures rather than densely packed nano-
particles observed at low evolution rate.

3.4. Thermal analysis and BET

In order to investigate the thermal behavior of the obtained
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Fig. 3. Cyclic voltammograms obtained from manganese (II) solutions containing Cr
(VI) at a Cr/Mn ratio of 0% (a), 2.5% (b), 5% (c), 7.5% (d) and 10% (e).

precursors, differential thermal analysis (DTA) was carried out at a
heating rate of 10Cmin~! at the temperatures ranging from 25 to
300 °C. Fig. 6 shows the results recorded for the precursors as
electrodeposited from manganese nitrate solution containing 2.5%
(a), 5% (b), 7.5% (c) and 10% Cr. For all samples, the broad
endothermic peaks, extended from the ambient temperature to
approximately 100 °C, represent the loss of the physically/chemically
adsorbed water. The intensity of the broad peak increases by increasing
the Cr/Mn ratio indicating stronger water adsorption due to the
improved porosity of the structure. In every case, the broad peak is
followed by the distinct endothermic peaks around 200 °C whose
magnitude is inversely proportional to the dopant content these peaks
can be attributed to the phase transformation of manganese oxide and
the production of Mn3O,4. The observed thermal behavior is in
accordance with the previous reports on DTA of metal doped Mn,03
[26]. The nanostructure nature of obtained sample is further validated
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Fig. 4. the effect of hydrogen evolution kinetics on the morphology of sample.
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Fig. 5. differential thermal analysis of the samples electrodeposited from manganese
nitrate solutions containing Cr®* at a Cr/Mn ratio of 2.5% (a), 5% (b), 7.5% (c) and 10%
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by N, adsorption/desorption isotherms. The BET surface area and
porosity were investigated by nitrogen adsorption/desorption iso-
therms at 77 K (as shown in Fig. 5). Before adsorption measurements
the sample was activated by heating to 423 K with heating rate of
0.5 Kmin™' and keeping at this temperature under the turbomolecular
pump vacuum. The specific surface area of samples (estimated from the
Brunauer-Emmett-Teller (BET) method) were: sample1(Cr/Mn ratio of
0%)=44 m?> g~!; sample2(Cr/Mn ratio of 2.5%)=43 m?g~!; sample3
(Cr/Mn ratio of 5%)=53 m? g~!; sample 4(Cr/Mn ratio of 7.5%)=62 m?>
¢! and sample5 (Cr/Mn ratio of 10%) =82 m? g~! the results are in
good agreement with morphology and capacity results(Fig. 5 inset).
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3.5. Capacitive behavior

The mechanism of energy storage in manganese oxides can be
expressed as [19]:

MnO, (OC);+5C*+6e~MnO,_3(OC)p.5 )
Where, C* denotes proton or alkali metal cations in the electrolyte and
Mn0O,(0OC)s and MnO,_;3(0OC);,.5 represent manganese oxide in its high
and low oxidation states, respectively. According to Eq. (9), the storage
ability of the oxide is governed by the transport diffusion path length
for both ions and electrons. As reported in the literature, the storage
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ability of MnOy is a function of both physical parameters (microstruc-
ture and morphology) and chemical ones (valence and hydrous state).
Whereas high crystalinity of the oxide results in higher conductivity,
the rigidity of the structure decreases the available surface area [3]. On
the other hand, lower crystalinity tends to form highly porous structure
but at the same time, the electrical conductivity of the sample will be
low. This indicates that the real storage ability of the sample comes out
of a trade-off between the electrical conductivity in the solid phase and
the ionic transport in the pore [3]. Another very important factor is the
valence of Mn in the oxide structure. The conductivity of the oxides
containing Mn(III) is lower than their Mn(IV) counterparts due to
Jahn-Teller tetragonal distortion.

Fig. 6 shows the calculated SC values for different scan rates
ranging from 1 to 100mV S™'. As can be seen in the figure, the
electrodeposition from the pure manganese nitrate solution (a) re-
sulted in an SC value of 208 F g™!. The addition of chrome at a Cr/Mn
ratio of 2.5% (b) tend to cause a significant drop of the maximum SC to
52 F g ! because of the presence of Mn(III) oxidation state. The lowest
SC value was observed at a Cr/Mn ratio of 5% (c). The SC values
increased by further increasing the Cr/Mn ratio, due to lower crys-
talinity and improved morphology of the sample, until reaching
281 F g1 in the case of (e). In fact, where the Cr/Mn ratio is below
5%, the adverse effect caused by valence rendering is dominant
whereas higher ratios tend to cause a positive effect due to morpho-
logical evolution and tuning of the crystallinity. The inset of Fig. 6
shows the cyclic voltammograms recorded at a scan rate of 1 VS,

Fig. 7 shows galvanostatic charge/discharge profiles of electrode at
current densitiey of 1A/g at 0—0.9 V vs. SCE. The results showed that
the sample with high Cr/Mn ratio (10%) shows higher capacitance and
this in agreement with cyclic voltammetry results.

Another important parameter for the electrochemical capacitor is
life-cycle. As a high cycle life and long term stability warranty
capacitors beneficial in many applications. The specific capacitance of
the Cr doped electrode increases awhile during the first 250 cycles,
which was owing to an activation process in the supercapacitor
electrode, similar to the previous report [27] and then decreases
gradually with a capacitance retention of 80% after 10,000 cycles of
charging and discharging (Fig. 8).

4. Conclusion

In summary, Cr doped manganese oxide, which correlated the
catalytic feature of Cr with the charge storage ability of the powdered
manganese oxide, were successfully developed by a simple process. The
product was characterized by XRD, DSC, FT-IR, SEM, and BET. The
potential of the obtained sample for the supercapacitor application was
evaluated. The SEM images clarified that the addition of Cr has a
significant effect on the morphology and surface area of the samples
and additional amounts of Cr tend to form flower-like nanostructures.
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The electrochemical properties of the product were investigated by
cyclic voltammetry. The electrochemical studies of the product eluci-
dated that the doped metal oxide sample shows a good electrochemical
behavior as a supercapacitor compared with the non-doped sample.
The SC values increased by increasing the Cr/Mn ratio, due to lower
crystalinity and improved morphology of the sample, until reaching
281Fg™!. The sample exhibited gross cycling stability during 1000
cycles as it showed only 10% decay of capacity.
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