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Anodically Deposited MnO,/Stainless Steel
Supercapacitor Electrode at Different Mass Loadings
and Different Na,SO, Electrolyte Concentrations
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Abstract Manganese dioxide thin films are prepared by anodic potentiostatic electrochemical deposition on etched
stainless-steel substrates as a single supercapacitor electrode. Effects of different mass loadings of 25, 50, 100 pg/cm? for
manganese dioxide films deposited on stainless-steel current collector, and concentrations of Na,SO, electrolyte solution in
the range, from 0.1 to 0.9 mole/L, on the specific capacitance of the developed electrode are investigated using the cyclic
voltammetry, galvanostatic charging-discharging curves, and electrochemical impedance spectra. The highest specific
capacitances (484.7, 483.4 and 481.1 F/g) are obtained at 20 A/g (or 0.5 mA/cm?) with the electrode having mass loading of
25 pg/cm? at 0.1, 0.3 and 0.7 mole/L of Na,SO, electrolyte concentrations, respectively. This paper gives new vision on the
charge storage mechanism in manganese dioxide/stainless-steel film as an active supercapacitor electrode material, and its
transition between the pseudo-capacitive and double layer behaviors as an effect to the mass loading of the manganese

dioxide film, and Na,SO, electrolyte concentration.
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1. Introduction

Supercapacitors are charge storage devices that received a
lot of attention due to their high power density, excellent
reversibility, and very long cycle life. Also, they deliver
higher energy density than conventional capacitors and
higher power density than batteries [1-3]. In the last decades,
MnO, has attracted great attention in the field of
supercapacitor energy storage applications due to its
abundance and untoxicity as compared with the toxic and
expensive ruthenium oxide. The energy storage of MnO,
is attributed to ion insertion/desertion within its surface
depending on particle size, surface area and porosity [4-6].
MnO,, among the other transition metal oxides, is the most
widely investigated for pseudocapacitors due to its high
theoretical specific capacitance of 1370 F/g, relatively low
cost, and environmental friendly nature [7-12]. Also, MnO,
has been prepared by several different methods like,
chemical precipitate [13], sol-gel [14], pyrogenation [15],
mechanical grinding [16], hydrothermal synthesis [17], and
electrochemical deposition [18]. It has been reported [17-20]
that the electrochemical deposition method proved to be
more effective for preparing MnO, nanostructures.
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Electrochemical deposition of MnO, could be prepared via
two approaches; anodic oxidation and cathodic reduction,
where the cations Mn?* and anions MnO, (Mn'*) precursors
are commonly used in them, respectively. Both of anodic
oxidation and cathodic reduction can be manipulated
by potentiostatic (PS) at constant potential as well as
galvanostatic (GS) at constant current processes [17,21-25].
It is worth mentioning that both (PS) and (GS) techniques
could be electrochemically employed to produce
nanostructures as well as amorphous films of MnO, films.

In this work, the charge storage mechanism and its
transition between pseudo-capacitive behavior and double
layer behavior have been shown by studying the effects of
different mass loadings, and concentration of Na,SO,
electrolyte solution on the specific capacitance of single
manganese dioxide psedocapacitor electrode that are
investigated using: the cyclic voltammetry, galvanostatic
charging/discharging  curves, and  electrochemical
impedance spectra (EIS) methods to get optimized electrode
for supercapacitor application.

2. Experimental

Manganese dioxide films were electroplated anodically
onto 2 cm? of 304-stainless-Steel (SS) substrates of thickness
0.175 mm as a working electrode in 0.25 mole/L manganese
acetate tetrahydrate (CH;COO), Mn.4H,0 plating solution
by potentiostatic (PS) method at 1 Volt at room temperature
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(29°C). The substrates were first etched in conc. H,SO, 98%
for 30 minutes, and then rinsed thoroughly with distilled
water and air dried. The mass loading of the electrode films
was selected to be 25, 50 and 100 pg/cm?, and controlled by
adjusting the total charge passed through the electrode
during deposition process.

The electrochemical characterization of the electrodes was
performed by using the conventional three electrode system
through EC-Lab software of SP-150 potentiostat/galvanostat
device in an electrochemical cell with MnQO,/stainless steel
substrate as a working electrode, Ag/AgCl (KCl saturated) as
a reference electrode, and platinum wire as a counter
electrode. The prepared films were tested as electrodes
for supercapacitor in different concentrations of Na,SO,
electrolyte 0.1, 0.3, 0.5, 0.7 and 0.9 mole/L (mole/L is
abbreviated to M) using cyclic voltammetry (CV),
galvanostatice charge-discharge (CD), and electrochemical
impedance spectroscopy (EIS) measurements. CV tests were
conducted in the potential range (0-1 V) with different scan
rates of 10-100 mV/s, as well as, at different current densities
ranging from 0.5-5 mA/cm? in a voltage window between 0
and 1V for CD tests. Besides, EIS data were recorded using
sine wave voltage of amplitude 10 mV and frequency range
of 100 kHz-10 mHz.

3. Results and Discussion

3.1. Galvanostatic Charge-Discharge
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Figure 1. Galvanostatic CD curves for deposited MnO, electrodes at mass
loading of 25 pg/em?, measured at actual current 1 mA in different Na,SO,
electrolyte concentrations

Galvanostatic charge-discharge is a reliable method
for specific capacitance determination of supercapacitor
electrodes by getting almost an exact value for the practical
application. The electrochemical performance of the
prepared electrodes was first characterized by galvanostatic
charge—discharge curves using chronopotentiometry at
actual charging currents from 1 - 10 mA with potential
window between O and 1 Volt, for each concentration of
Na,SO, electrolyte (0.1, 0.3, 0.5, 0.7 and 0.9 mole/L),
and for the different mass loadings of MnO, films (25, 50
and 100 pg/cm?). Galvanostatic CD curves for 25 pg/cm?
deposited mass of MnO, electrodes are shown in Figure 1,

measured at actual current 1 mA in different Na,SO,4
electrolyte concentrations as indicated.

As shown in Figure 1, the quasi-triangular shaped
charge/discharge curves at current 1 mA for the deposited
MnO, films indicate the capacitive characteristics of the
tested MnO, electrodes. Moreover, these symmetrical
charge/discharge curves prove the good capacitive property
and reversibility of the electrochemical reactions in the
MnO; films, which is in good agreement with the CV results
(discussed later in this work).

Charge/discharge curves of Figure 1 show for all
investigated electrodes an evidence for a DC internal ohmic
resistance exists at the voltage switching point. The variation
of the calculated values of this DC internal resistance with
the applied current densities for tested electrode with mass
loading 25 pg/em? is shown in Figure 2. The internal
resistance slightly decreases as the current density increases
for the same employed concentration. This common
observed behavior is related to electrolyte ion mobility
which increases as the current density increases.
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Figure 2. Variation of DC internal electrode resistance with current
densities for electrode mass loading of 25 pg/cm?

Also, with respect to the internal resistance dependence on
the electrolyte concentration, it is observed that, the
resistance sharply decreases with the increase in Na,SO,
electrolyte concentration up to 0.3 mole/L, and then showed
more decreasing with a slower rate up to 0.9 mole/L, the end
of tested concentration. This is occurred perhaps due to more
ions accessibility to the electrode surface during their
movement in the electrolyte as their numbers is increased
upon increasing the concentration.

The values of specific capacitance SC were obtained from
charge-discharge curves by using the following Equation (1):

SC= 1 dt/(mdv) ()

Where, | is the discharge current, m is the mass of the
electrode film, and dv/dt is the slope of the discharge half
cycle.

Figure 3 shows the dependence of specific capacitance on
current density for MnO, deposited films of mass loading 25
pg/cm?; as measured in different investigated electrolyte
concentrations. From inspection of this Figure, it was
observed that the SC gradually decreases as the current
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density increases for all cases of investigated electrolyte
concentrations keeping the level of SC values associated to
lower concentration solution, 0.1 M is lower than that one’s
of higher concentrations especially at higher current density.
This common decrease behavior can be attributed to the high
accessibility of ions to the pores of electrode film surface at
low charging rates. The highest specific capacitance value
obtained for mass loading of 25 pg/cm? at 1 mA is 484.7 Flg
at the corresponding Na,SQO, electrolyte concentrations 0.1
mole/ L, while that obtained for mass loading of 50 pg/cm? is
440.7 Fl/g at Na,SO, electrolyte concentrations 0.3 mole/L,
and for mass loading of 100 pg/cm? is 386.7 F/g at Na,SO,
electrolyte concentrations 0.5 mole/L.
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Figure 3. Variation of specific capacitance with current density for
different Na,SO, electrolyte concentration at mass loading of electrode film
25 pg/em?

Figure 4 presents the dependence of specific capacitance
on Na,SO, electrolyte concentration for different mass
loadings of electrode film (a) 25 (b) 50, and (c) 100 pg/cm? at
different actual currents 1 to 10 mA. In general, the specific
capacitance decreases with increasing mass loading of the
MnO, electrode because a large mass loading may cause
lower electrical conductivity, limited access of electrolyte
ions and higher series resistance due to longer transport paths
for the diffusion of protons [26]. An interesting behavior was
obtained in the variation of specific capacitance with Na,SO,
electrolyte concentrations at each charging current for all
mass loadings. For the electrode film of 25 pg/cm? loading,
there are two maxima of SC values are observed at 0.3 and
0.7 mole/L around one minimum occurred at 0.5 mole/L of
Na,SO, electrolyte concentrations. The optimized SC values
(484.7, 483.4 and 481.1 F/g) were considered at 0.1, 0.3 and
0.7 mole/L at actual current 1 mA, respectively as shown in
Figure 4(a). While in case of electrode of mass loading 50
ug/em?, it can be generally seen, the disappearance of the
minimum at 0.5 mole/L in part (a) and the appearance of one
maximum in the other parts (b) and (c) at the same
concentration 0.5 mole/L for all currents, except for the low
actual currents 1 and 2 mA in Figure 4(b), the optimized SC
values (440.7 & 370.1 F/g) were obtained at 0.3 mole/L,
respectively, while the electrode of mass loading 100 pg/cm?
showed the optimized SC value (386.7 F/g) at 0.5 mole/L as
shown in Figure 4(c).
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Figure 4. Variation of specific capacitance with Na,SO, electrolyte
concentration for different mass loadings of electrode films: (a) 25 (b) 50,
and (c) 100 pg/cm? at different actual currents 1 to 10 mA (the shown
current values in plots are the corresponding’s in A/g)

3.2. Cyclic Voltammetry (CV)

The cyclic voltammetry curves (CV) of potentiostatic
anodically deposited MnO, films at different mass loadings
25, 50, and 100 pg/cm?® on etched SS electrodes were
investigated in Na,SO, electrolyte solution of different
concentrations 0.1, 0.3, 0.5, 0.7, and 0.9 mole/L at different
applied voltage scan rates, from 10 mV/s to 100 mV/s, in the
potential window range, from 0 to 1 V for each concentration.
Figure 5(a)-(c) shows the CV plots at scan rate of 100 mV/s
for tested concentrations at different mass loadings (a) 25,
(b) 50, and (c) 100 pg/cm® Those curves indicate that
rectangular curves without redox peaks are obtained in the
tested potential window, indicating the existing of a high
capacitive behavior with a good response of ion (or charge
carrier) transfer. However, the resistive like behavior
obtained at high mass loading of 100 pg/cm® in low
electrolyte concentration of 0.1 mole/L at scan rate of 100
mV/s, is related to the high resistance due to mass increase
and decreasing number of electrolyte ions which is a
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characteristic behavior of high mass loading of thin films.
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Figure 5. CV curves for deposited MnO, films at different mass loadings
(a) 25 (b) 50, and (c) 100 pg/cm? at scan rate of 100 mV/s in different
Na,SO, electrolyte concentrations of 0.1, 0.3, 0.5, 0.7, and 0.9 mole/L

Cyclic voltammetry is a simple but strong method of
electrochemical analysis techniques that measures the
current induced by a cell under test as function of the applied
voltage. Among electrochemical techniques, CV is the most
widely used to determine how charges behave at an
electrode-electrolyte interface in a specific potential range
[27]. In this technique, the potential of the working electrode
is scanned back and forth at a constant rate (AV/At) in a
potential window for several cycles. The resulted current
values are plotted as a function of the applied voltage. CV is
a very useful and simple tool to study the capacitance,
particularly for electrical double layer capacitors (EDLCs)
[28,29].

The titling of the voltammogram window toward the

vertical axis at higher scan rates for mass loading of 100
pg/cm?® at low electrolyte concentration 0.1 mole/L, is
attributed to the domination of the double layer storage
process only at lower scan rates as presented in Figure 6(c).
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Figure 6. CV curves for deposited MnO, films at different mass loadings
(a) 25 (b) 50, and (c) 100 pg/cm?at different scan rates (10-100 mV/s) in 0.1
mole/L concentration of Na,SO, electrolyte

The specific capacitance (SC) in F/g of the deposited film
is given by the amount of capacitive charge, Q in coulombs
(equals half the integrated area of the corresponding CV
curve) presented in Figure 5 and Figure 6, divided by the
product of the film mass, m in grams times the width of the
applied potential window, AV in Volts, and is given by
Equation (2)

SC=Q/(m AV) 2
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Figure 7 investigates the dependence of the SC on the
scan rate for electrodes with deposited films of mass loading
25 upg/lem?, and measured in different electrolyte
concentrations. It is observed that the specific capacitance
values of films for all electrolyte concentrations decrease as
the scan rate increases. This observed behavior can be
attributed to the high probability of ion insertion or
accessibility into the voids of MnO, lattice at low scan rate.
The specific capacitance achieved at lower scan rate is the
maximum utilization of the electrode material surface [26].
Also, for faradaic energy storage, at higher scan rate,
electron transfer process is hindered because of depletion or
saturation of the electrons in the electrolyte inside the
electrode. This slow process of electron transfer inherently
causes increase in resistivity and results in drop in the
specific capacitance of the electrode. Furthermore, this fall in
specific capacitance implies that the surface of the electrode
material is not completely utilized for electron transfer at
higher scan rates. It is well known that, at the same scan rate
for a certain mass loading, as the integrated area of the CV
curves increases, the higher the specific capacitance (SC) of
the deposited film is obtained.
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Figure 7. The variation of specific capacitance with scan rate for
deposited MnO, film at mass loading of 25 pg/cm?, as measured in different
electrolyte concentrations of Na,SO,

The higher specific capacitance values obtained at
different concentration of Na,SO, electrolyte 0.1, 0.3, 0.5,
0.7 and 0.9 mole/L for electrodeposited films at mass loading
of 25 pg/cm? and scan rate of 10 mV/s are 473.8, 464.2,
460.2, 473.2, and 460.6 F/g, respectively. The obtained
specific capacitance values at scan rate of 100 mV/s are 332,
350.8, 358.2, 361.4, and 359 F/g, respectively. This is in
coincidence with the galvanostatic charge-discharge results
presented in Figure 3.

3.3. Impedance Spectroscopy Technique

In general, the power output capability of electrochemical
supercapacitors, depend strongly on the rates of ionic mass
transport and the equivalent series resistance (ESR) [30,31].
Electrochemical impedance spectroscopy (EIS) has been
widely used to study the redox (charging/discharging)
processes of electrode materials and to evaluate their
electronic and ionic conductivities.

Figure 8(a) shows the obtained results of electrochemical
impedance spectroscopy measurements, recorded in the
frequency range of 10 mHz-100 kHz, under applying 10 mV
amplitude at room temperature for the deposited mass 25
pg/em? of MnO, film. While Figure 8(b) represents a part of
Figure 8(a) which is corresponding to lower values of both
real and imaginary impedances of Figure 8(a) after being
zoomed in.
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Figure 8. EIS plots for deposited mass loading of 25 pg/cm?® for MnO,
films investigated in different concentrations of Na,SO, electrolyte in the
frequency range of 10 mHz —100 kHz applying 10 mV amplitude

Inspection of Figure 8(b) reveals that the observed plots
show different behaviors in the applied frequency range
through the appearance of semi-circle at high frequency
region and a linear behavior at low frequency regions,
indicating both of the resistive and capacitive behaviors
of the investigated electrode, respectively. In the high
frequency region, there is an initial high frequency intercept
of the semi-circle at the beginning with the real impedance
axis corresponding to the equivalent series resistance (ESR),
which is the sum of two major parts, an electronic resistance
and an ionic one; it includes the ionic resistance of the
electrolyte, interface resistance of the active material,
resistance of the current collector, and the contact resistance
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at electrode/electrolyte interface. The high frequency
intercept is followed by a semicircle that is primarily due to
the porous nature of electrode and the presence of resistance
at electrode-electrolyte interface and corresponds to the
charge transfer resistance (R [2,32], i.e. interfacial reaction
kinetics. The electrode possibly blocks the electron exchange
of faradic process at the electrode/electrolyte interface.
The value of Ry can be derived from the diameter of the
semicircle [30,32,33]. In the low frequency region, a linear
region is obtained due to Warburg diffusion impedance, the
beginning of the linear part represents the combination of
resistive and capacitive behaviours of the ions 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. The increasing
slope trend of the line exhibits the capacitive nature related to
the film charging mechanism that is the typical characteristic
for porous electrodes. The associated parameters with bulk
properties of electrolyte and electrode-electrolyte interface
have been evaluated and listed in Table 1.

Table 1. Charge transfer resistance (Rc), equivalent series resistance (ESR)
for tested PS deposited MnO;, films at mass loading of 25 pg/cm? in different
concentrations of Na,SO, electrolyte

Concentration (mole/L) Rt (Ohm) ESR (Ohm)

0.1 6.04 17.2
0.3 5.38 7.35
0.5 4.89 6.29
0.7 4.45 4.63
0.9 3.91 4.43

Referring to Table 1 and fitting of Nyquist plots in Figure
8, for mass loading of 25 pg/cm? the estimated ESR values
decrease as the electrolyte concentration increases. This
decrease in the ESR is due to the decrease in the ionic
resistance of the electrolyte which is one of the ESR
components. The optimized ESR values are 4.63 and 4.43 Q
at Na,SO, electrolyte concentration 0.7 and 0.9 mole/L,
respectively. On the other hand, the estimated R values
decrease with the concentration increase. The general trend
is an enhancement in the charge transfer resistance with
increase of electrolyte concentration that reflects the
improvement in the electronic and ionic conductivities of the
electrode-electrolyte interface.

4. Conclusions

Three different mass loadings (25, 50 and 100 pg/cm?) of
MnO, films were anodically electrodeposited from 0.25 M
manganese acetate solution by applying potentiostatic
technique on 304-stainless steel current collector etched with
98% H,SO,. Effect of concentration of Na,SO, electrolyte
solution (ranged from 0.1 to 0.9 M) on the capacitive
behavior was studied and optimized. According to the
electrochemical measurements, it was found that the highest

specific capacitances (484.7, 483.4 and 481.1 F/g) was
obtained at current density of 20 A/g (or 0.5 mA/cm?) for
MnO,/SS electrode with 25 pg/cm? mass loading at 0.1,
0.3 and 0.7 mole/L Na,SO, electrolyte concentration,
respectively. This optimized capacitive behavior with the
potentiostatically deposited MnO, film on 304-stainless steel
current collector can be considered as a promising electrode
for high energy storage supercapacitors.
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