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Abstract: The deposition of MnO,on stainless steel substrate was carried out using potentiostatic (PS) and
galvanostatic (GS) deposition methods. Both deposited layers were found to be amorphous in nature. The SEM
micrographs confirm this result. The I-V curves of the constructed supercapacitor show that the maximum and
average stored electric power were 18 and 6.2 watt using PS deposition method. These values were independent
on the voltage scan rate after 1000 cycle. The stored electric energy using PS was nearly one and half that stored
using GS.The values of the stored energy were 91 and 73 joules using PS and GS, respectively. The maximum
specific capacitance of the constructed supercapacitor was 389 and 327 Farad/gram for PS and GS respectively.
The time constant of charge periods were 5x10° S, and 6.02x10 S, for both PS and GS films respectively, but
the time constant for the discharging period for both of PS and GS films was the same,and has the value
1.02x10°® seconds. The Nyquist plots of deposited MnO, films show features of porous electrodes. This means
that their impedance are resistance at high frequency and capacitive at low frequency.
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I. INTRODUCTION

Nowadays the energy crisis in the world increase, so world makes great attention to use of renewable
energy sources and developing energy storages technologies. Energy storage systems are the way to manage the
discontinues nature of renewable sources’. One of these systems is supercapacitor known also ultracapacitor or
electrochemical capacitor which has high energy density, high power, short charge time, high safety, long cycle
life and high efficiency?®. There are two main categories of supercapacitor depending on active electrode
material, double- layer capacitor where carbon is the base active material; pseudo-capacitor where conducting
polymer or transition metal oxide is the active electrode® * ® 7. Metal oxides are used because they have
characterized properties like high conductivity and high specific capacitance™® such as RuO,” ',Ir0,™ Mn0,"*
B NiO, C0,0;, SnO,, V,0s,0r MoO, . However most effective are Ruthenium and manganese oxides® **. But
RuO, is toxic and expensive* unlike MnO, is abundant, eco-friendly and has promising electrochemical
features™*’. Electrodeposition of manganese dioxide thin film can be obtained by anodic or cathodic
technique®. Anodic electrochemical deposition method of MnO, is commonly used®®. Manganese dioxide thin
film is generally produced by anodic deposition onto metallic conductive substrate using acidified MnSO,
solution. However, this method usually leads to the dissolution of the conductive substrate or build up an
insulating oxide layer at the active oxide/substrate interface. Many techniques can be used for anodic deposition
such as, potentiostatic, galvanostatic, potentiodynamic, and pulse deposition*® *°. The aim of the present work is
tostudy the electrochemically deposit thin films of MnO, on stainless steel substrategrade(304)as a current
collector by anodic electrochemical deposition method using manganese acetate solution. This is to avoid the
oxidation problems in acidic medium and applying both the potentiostatic and galvanostatic techniques, as a
comparison study on the structural and electrochemical properties of deposited MnO, for supercapacitor
application.

I1. EXPERIMENTAL

2.1 Electrochemical deposition of MnO, films

Stainless-Steel(SS) foils commercially available (type 304) of thickness 0.175mm were cut as samples
of 1x 2 cm? each to be used as working electrodes for the electrochemical deposition. The samples were first
etched in Hydrochloricacid, 38% for 10 minutes, and then washed with distilled water and air dried. MnO,, thin
films were anodically electrodeposited from 0.25 M (CH;COQ),Mn.4H,0 solution bybothpotentiostatic(PS) and
galvanostatic(GS) conditions at 1volt and ImA/cm?, respectively. The estimated mass loading of thedeposited
MnO, film was 300 pg/cm?, which controlled by adjusting the total charge passed through the electrode during
deposition time.
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2.2 Structure and Electrochemical characterization of MnO,/SS electrode:

The structural and morphological characteristics of prepared MnO, films were examined by X-ray
diffraction (XRD) and scanning-electron microscope (SEM), respectively. The X-ray diffraction pattern of the
filmswas recorded usingautomated and computerized Philips (model PW1051) supplied with monochromatic
CuKa radiation source (A=1.541A), while surface morphology of electrodeposited films was investigated using
(Quanta 250 FEG) Scanning electron microscope.

All electrochemical deposition and measurements were performed by conventional three electrode
system using SP-150 potentiostat /galvanostat device in an electrochemical cell with stainless steel substrate as a
working electrode, Ag/AgCl (NaCl saturated) as a reference electrode, Pt wire as a counter electrode, and 0.5 M
Na,SO, solution as the characterization electrolyte. The deposited MnO, thin films were tested for
supercapacitor application by studying the cyclic voltammetry, charge-discharge, and electrochemical
impedance spectroscopy (EIS) measurements. Cyclic voltammetry (CV) tests were conducted in a potential
range of 0-1 V at scan rates of 10-100 mV/s. Galvanostatic charge/ discharge cycling was conducted at current
density of 1-10 mA/cm? between 0 and 1 volt.EIS data were collected at alternating current root mean square
voltage amplitude 10 mV in a frequency range of 100 kHz-10MHz.

I1l. RESULTS AND DISCUSSION
3.1. Structure studies
X-ray studies
Fig(1)shows, the appearance of x-ray sharp peaks, reflecting the crystalline structure of the bare
stainless steel (SS) substrate. After the potentiostatic deposition of MnO, on stainless steel substrate, the x- ray
diffraction pattern was recorded once again.
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Fig.(1)XRD patterns of etched bare SS and potentiostatically deposited MnO,/SS.

The obtained x- ray pattern confirms the amorphous nature of the deposited MnO, layer. The detected
x-ray peaks roots which are superimposed on the pattern ofMnO, at the same location of SS crystalline peaks
may be due to higher order of x-ray reflections form SS substrate. This confirms the amorphous nature of the PS
deposited film. However, the amorphous nature of the deposited metal oxide film is generally required for
obtaining electrodes with large surface area for supercapacitor purposes,where the amorphous phase can give
the chance for ions to penetrate the bulk active material® %°.

3.2.SEM Studies

Fig (2) (a-f) shows the SEM surface morphological micrographs for as-active bare SS(a),etched bare
SS(b), potentiostatic deposition MnO,layer (c), and galvanostatic deposition MnO,layer (d) and potentiostatic
deposited MnO,layer after 1000 cycles of charging and discharging (f).Referring tofig(2) it is clear that, the
surface of both (a) and (b) micrographs has regular striped features. The features look like to be dim in image(a)
and bright in image (b) as a result of different applied treatments.
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Fig.(2)SEM micrographs of (a) as received bare SS, (b) etched bare SS, (c) potentiostatically deposited
MnO,/SS, (d) galvanostatically deposited MnO,/SS, (f) potentiostatically deposited MnO, after cyclic stability
investigation.

Fig (2c) reveals irrigular bright circles nearly of the same diameters (450nm). This may be represent
the top view of some topological structures of MnO, layer as depoosited potentiostatically. This micrograph
reveals that the deposition of MnO, on SS was wavey heterogenous deposition, forming hills and valleys. The
hills appear to be bright cylinders,while, the valleys appear to be dark grooves. Both of hills and valleys
composed one unit domain with two different heights, but with well cross-linking.Fig(2f) shows the deposition
of MnO, using PS after undergoing 1000 charging and discharging cycles. This multiprocess yelids three
dimentional growth (3DG) MnO, matrix.

As aresult of this 3DG the deposition of MnO, matrix, becomes large enough to the possible effective
polarization. These leads to the constraction of supercapacitorof high capacity used as agreat energy source.
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3.3. Electrochemical capacitive behavior
3.3.1. Cyclic voltammetry

Fig(3a) shows the cyclic voltammetry(l-V) comparison curves for both PS and GS deposition methods
for MnO,layers on etched SS electrodes measured in 0.5 M Na,SO, electrolyte, over the electric potential range
from 0 to 1 V using voltage scan rate of 100mV/s. The non-liner growth of 1-V curves under any of PS or GS
conditions, resulting from the nearly rectangle curves without redox peaks that were obtained in the tested
potential range, indicating the existing of a high capacitive behavior with a good response of ion (or charge
carrier) transfer. The result show that, as the electric potential (V) reaches one volt the current (1) start to decay
to minimum value until the electric potential (V) reaches zero. The growth and decay |-V curves forming a
rectangular loop of area representing the stored electric energy per unit time as a result of MnO,
polarization.The calculated stored electric power within the formed supercapacitor is the best way to select PS
or GS deposition method for the energy storage.
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Fig.(3a) 1-V curves of (PS) aha“(AéAS‘)' deposited MnO, films measured in 0.5 M Nafz'élafe‘llectrolyte at scan rate
of 100 mv/s and (b) I-Vcurves of (PS) deposited MnO, films at different scan rates.

The values of maximum and average stored power parameters using both PS and GSmethods were 18
watt and 6.2 watt,for PS and 12 and 6 watt for GS respectively. These results confirm that PS deposition method
is the best to store electric power when used as a supercapacitor. Fig (3b) shows that at a higher rate of scan rate
voltage (100 mv/s), the calculated maximum stored electric power was 19 watt, while the average stored electric
power was only 6 watt. This means that, the stored electric power is independent on the voltage scan rate. This
may attributed to the maximum limit of the electric polarization of MnO,i.e. maximum capacity of the
constructed supercapacitor.The specific capacitance of the supercapacitor was calculated as a function of the
voltage scan rate, for both PS and GS deposition methods Fig (4).This relation varfying, the basic capacity
potential relation on one hand. On the other hand ensure that, the capacity of deposited layer of MnO2 using PS
method is generally higher and it is the best method to constract supercapacitor of higher capacity.
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Fig(.4)Dependence of specific capacitance on voltage scan rate for both tested PS and GS deposited MnO,
films.

The specific capacitance of the constructedsupercapacitor was recorded once again as a function of the
current density using PS and GS deposition method, fig(5). It is clear that, the specific capacitance decreases as
current density increases for both PS and GS. Also at any current density value the value of the specific
capacitance from PS was higher than its value from GS. The highest capacity values were 389 and 327 F/g for
PS and GS respectively.

This result is in a good agreement with that extracted from the capacity volt relation and confirms it completely.
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Fig.(5)Dependence of specific capacitance on the current density for both tested PS and GS deposited MnO,
films

Otherwise, the PS technique is the best one to beconstructed, supercapacitor to store electric energy. The stored
electric energy on the constructed supercapacitors was calculated and tabulated in table (1).

Voltage scan rate (mv/s) Energy (Joules) for PS method | Energy (Joules) for GS method
10 1.54 x10°° 1.32 x10°
20 5.56 x10 4.78 x10”
30 11.64 x10° 9.96 x10°
40 19.36 x10° 16.48 x10~
50 28.75 x10° 24.25 x10°
60 39.3x10° 32.8x10°
70 51.00 x10 42.1 x10°
80 63.36 x10° 47.84 x10°
90 76.95 x10° 62.38 x10
100 91.00 x10° 73 x10°

According to table (1), it is clear that, the stored energy increases as voltage scan rate increases even
using either PS or GS deposition methods. Also, the stored energy using PS method is three by two times, the
stored energy using GS method. This may confirm that the MnO, polarization under PS condition is much
higher than its value under GS condition.

3.3.2. Charge- discharge characteristics

The charge/discharge processes for theconstructed supercapacitor were conducted using PS and GS
deposited methods under the condition of 0.5 M Na,SO, electrolyte using different current densities. This cycle
was recorded in fig (5) for PS and GS at current density 1 mA/cm?.
The charging period was controlled by the well-known relation 1= I,eT where (1) is the current at agiven time
(1), 1o is the start currently- gr Whereg is the electromotive force of the given battery and R is the shunt resistance,
through which the capacitor start to charge,and! is the capacitor time constant RC. The charging time period of
the capacitor t was 140 seconds using PS method, and 105 seconds using GS method. The time constant of the
charging period was 6.02x107 sec for PS and 5x107 sec forGS. As a result the shunt resistance for PS was 2x10°
®Qand 1.06.10°Q for GS.
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Fig (6)Charge -discharge Voltage-Time curves of both tested PS and GS deposited MnO, films at a current
density of 1 mA/cm? measured in 0.5 M Na,SO, electrolyte.

Also, the maximum stored potential for PS was 2x10°®, volt, while it is for GS 1x10®volt .
Then the main conclusion is that, the potentiostatic (PS) deposition method is the best to store electric energy
using supercapacitor technique. During the discharge period, the time constant, RC, for both PS and GS was the
same value.Also the shunt resistance was 1.06x10°Q. These results lead to the electric potential was 1x107® volt.

3.3.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were recorded as Nyquist plots for both (PS)
and (GS) deposited MnO,films on etched SS substrates in 0.5 M Na,SO, electrolyte solution,as shown in Fig.7.
It is observed in each plot that an initial high frequency intercept on the real impedance axis at the beginning of
the semi-circle corresponding to the equivalent series resistance (ESR), which includes the ionic resistance of
the electrolyte, resistance of the active material, resistance of the current collector, and the contact resistance at
electrode/electrolyte interface.
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Fig.(7) Nyquist plots of both PS and GS MnO,deposited films investigated in 0.5 M Na,SO, electrolyte in the
frequency range of 10 MHz —100 kHz at 10 mV amplitude.

In the high frequency region, there is a small semicircle that represents the dominant resistance
behavior of the supercapacitor and corresponds to the charge transfer resistance (R.)* *’.i.e. interfacial reaction
kinetics. The electrode possibly blocks the ion exchange of faradic process at the electrode/electrolyte interface.
The value of R, can be derived from the diameter of the semicircle? %,

Finally, a linear region at low frequency range is obtained due to Warburg diffusion impedance, the
beginning of the linear part represents the combination of resistive and capacitive behaviours of the ions
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penetrating into the electrode pores. As the frequency decreases, the capacitive behaviour dominates which
results from the formation of the electric double layer system at the electrolyte/electrode interface; in this region,
the ions can more easily diffuse into the micro-pores. This means that, the impedance plots show typical features
of porous electrode, i.e resistance at high frequency and capacitance at low frequency® %,

Referring to Fig(.5), and fitting of Nyquist plots, the estimated ESR values for both PS and GS
deposited films are 5.72Q and 5.15 Q, respectively .The slight decrease in the ESR of the GS deposited film
might reflect the higher charge carrier density of GS deposited MnO, film due to the heterogenous arrangement
of that film on the SS substrate. On the other hand, the estimated R values for both PSand GS depositedMnO,
films are 52.88Q and 19.29 Q, respectively. The apparent decrease in the charge transfer value of the GS
deposited MnO, film indicates the enhancement in the electronic and ionic conductivities of the amorphous
regions in that film. The short Warburg line for PS deposited MnQ, film reflects rapid ion diffusion in its porous
structure and hence higher specific capacitance. This fact is in a good agreement with the SC data.

3.4. Cyclic Stability:

The electrochemical stability (life cycle) of the tested (PS) and (GS) deposited MnO, films are
investigated by repeating the charging—discharging process 1000 times atcurrent density 2mA/cm?for each of
them, and the results obtained are illustrated in Fig.8.
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Fig.(8)Life-cycle data of PS and GS deposited MnO, films at current density 2 mA/cm?

Figure(8) shows the dependence of capacitance retention on the cycle number of charge-discharge
process of both PS and GS films, respectively .As seen, a little increase in the specific capacitance is observed in
the case of potentiostatic deposited only MnO, film i.e 0.09% of its initial value after 1000 cycles..However, this
is an indication of excellent long term electrochemical cycling stability without fluctuations in the tested
potentiostatic deposited MnO,films.

IV. CONCLUSION

MnO, films were anodically electrodeposited on etched stainless steel current collector from
manganese acetate solution by applying two techniques potentiostatic(PS) and galvanostatic(GS). The
morphology of (PS) film shows small spherical grains innano-scale, but (GS) film revealed rough surface.
According to electrochemical measurements (PS) electrode exhibited the high specific capacitance of 389F/g at
current density 1mA/cm?. The specific capacitance of the (PS) electrode has excellent stability during 1000
cycles at a current density of 2mA/cm? The excellent capacitive behavior shows that the amorphous
potentiostatically deposited MnO, film on 304-stainless steel current collectors can be considered as a promising
electrode material for high performance supercapacitors.
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