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Abstract: MnO;, is the most favorable material in power storage due to its technological significance
and potential applications in pseudocapacitance (due to various oxidative states allowing efficient
charge transfer to meet energy demands), where its properties are considerably influenced by its
structure and surface morphology. In the present study, a facile hydrothermal route was used to
produce different phases of MnO; («, 3, and y) with different morphologies. The electrochemical
performance of the synthesized phases was studied in aqueous sodium sulfate as an electrolyte.
X-ray diffraction, UV-Vis spectroscopy, and Fourier-transform infrared spectroscopy were used to
characterize the synthesized material. The surface morphology and topography were examined
using field-emission scanning electron microscopy. The direct band gap of «-, 3-, and y-MnO, was
found to be 1.86 eV, 1.08 eV, and 1.68 eV, lying in the semiconducting range, further enhancing
the electrochemical performance. It was found that x-MnO, had a maximum specific capacitance
of 138 F/g at1 A/g, and the symmetric device fabricated using x-MnO, had a specific capacitance of
86F/gatl1A/g.

Keywords: manganese oxide; hydrothermal; pseudocapacitor; energy storage; specific capacitances

1. Introduction

As intermittent energy demands rapidly increase globally, energy storage devices
have become vital to sustaining this demand. Short-lived storage (power-concentrated)
and long-lived storage (energy-concentrated) are necessary to maintain sustainability
in energy storage devices [1]. Additionally, electric automobiles need energy storage
devices to provide efficient power (accelerating the vehicle) and energy (deriving the
distance). Fuel cells/batteries provide high energy densities, and capacitors offer high
power densities. In this regard, supercapacitors and electrochemical capacitors satisfy
power (high power densities related to batteries) and energy (high energy densities related
to capacitors) requirements [2]. In supercapacitors, two mechanisms (electric double-layer
capacitance (EDLC) and pseudocapacitance) occur at the electrode—electrolyte interface and
provide sufficient specific capacitance [3]. In EDLC, the energy storage process involves the
collection of charge on the exterior of the electrode; the pseudo energy storage process is a
rapid redox reaction that leads to a higher energy density than that of EDLC. Carbonaceous
materials like porous charcoal, biochar, graphene, graphene oxide, reduced graphene oxide,
and carbon-based nanotubes all come under the category of EDLC [4,5]. They are suitable
for various applications due to their high specific surface area [6]. Metal oxides (with
transition states), numerous sulfates [7,8], and phosphates with excellent electric, magnetic,
and electrochemical properties exhibit pseudocapacitor behavior. Of all the metal oxides,
the most explored redox-reaction-based pseudocapacitors are ruthenium oxide (RuO,) and
manganese oxide (MnO,), which are famous for their high theoretical specific capacitance,
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cyclability, and power density. MnO, is low-cost due to its abundant nature (the 12th most
prevalent element in the Earth’s crust) [9].

MnQO; is the most prospective material because of its technological significance and
potential applications in pseudocapacitance (due to various oxidative states allowing effi-
cient charge transfer to meet energy demands). Its structure and morphology significantly
influence its properties, allowing researchers to investigate their impacts on electrochemical
performance [10]. MnO, exhibits various crystalline phases (alpha (), beta (), gamma
(v), and delta (8)) by networking the octahedron unit (MnOg) in different conditions [11].
A double chain with 2 x 2 tunnels containing a framework of shared edges and corners
is present in a-MnQOg, whereas a single chain of MnOg with 1 x 1 tunnels is present in
3-MnO,, and a single chain of MnOg with 1 x 1 and 2 x 1 tunnels is present in y-MnO,, as
depicted in Figure 1 [12]. The arrangement of atoms within these distinct crystallographic
phases creates different types of pores, which affects the electrolytic ion moment or electron
transfer process in the charge storage mechanism. Thus, the electrochemical performance
of MnO, changes with a change in the crystallographic phase. The tunnel size, surface
area, and morphology of MnO; depend on the synthesis process and conditions. Different
synthesis methods, including solvothermal synthesis, precipitation, thermal decomposition,
sol-gel, and electrode deposition, have been used to synthesize nanostructured MnO,.
Among all these methods, the hydrothermal technique is low-cost and easy to handle. By
simply changing the temperature and pressure of the autoclave, this technique can provide
pure and various morphological forms of nanostructured MnOs.
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Figure 1. Crystalline structures of «-, 3-, and y-MnO,.

In the present study, a simple hydrothermal route was used to synthesize different
phases of MnO, («, 3, and ) with different morphologies. The electrochemical per-
formance of the synthesized phases was studied in aqueous sodium sulfate (Na;SO4)
as an electrolyte. A comparison was carried out as part of the electrochemical studies
(cyclic voltammetry (CV), galvanostatic charging—discharging (GCD), and electrochemical
impedance spectroscopy (EIS)). A change in the specific capacitance was expected due to the
various crystal structures and morphologies. A device was fabricated for the sample having
high specific capacitance, and its electrochemical performance was also investigated.

2. Experimental
2.1. Material Preparation

All chemicals utilized (KMnO,, HNO3;, MnSO4.H,0O, and (NH4),S,0g) were of high
purity and used without refinement. The synthesis process diagram is shown in Figure 2.
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Figure 2. The synthesis process of «-, 3-, and y-MnO,.

Synthesis of «-MnO,: To synthesize alpha MnO; nanowires, KMnOj, (4 g) was poured
into double-distilled water (80 mL) to form a homogenous mixture after stirring. The
obtained solution was then mixed with (NH4);5,05 (2 g) and HNO3 (1 mL) for 30 min.
After that, the prepared mixture was transferred into a hydrothermal autoclave (100 mL)
and placed for 15 h at 180 °C. The final material was obtained after multiple washes with
double-distilled water and oven drying at 80 °C.

Synthesis of 3-MnO,: To synthesize beta MnO, nanorods, MnSO,4.H,O (2.4 g) and
(NH4)25,05 (3.7 g) were placed in distilled water (80 mL) to form a homogenous mixture.
Then, the prepared mixture was transferred into a hydrothermal autoclave (100 mL) and
placed for 12 h at 140 °C. The final product was obtained after multiple washes with
distilled water and oven drying at 80 °C.

Synthesis of y-MnO;: To synthesize the gamma MnO; flower- or urchin-like structure,
MnSO4.H,O (2.4 g) and (NH4)25,05 (3.7 g) were placed in distilled water (80 mL) to pro-
duce a homogenous mixture. Then, the prepared solution was moved into a hydrothermal
autoclave (100 mL) and placed for 12 h at 90 °C. The final material was obtained after
numerous washes with distilled water and oven drying at 80 °C.

2.2. Electrode Preparation and Electrochemical Measurements for Supercapacitor

The working electrodes used for the electrochemical measurements were prepared
by blending MnO, with a binder (polyvinylidene fluoride) and activated charcoal using a
small amount of volatile organic solvent (N-methyl pyrrolidinone) in a specific proportion
(8:1:1). The mixture was agitated constantly for 12 h in a stirrer, leading to a perfectly
uniform slurry, which was then deposited into the current collector (1 x 1 cm?) substrate
(graphite sheet). The treated electrodes were allowed to anneal for 24 h at 80 °C (vacuum
oven). Additionally, Ag/AgCl and spiral Pt wires were used as reference and counter
electrodes, respectively. The CV, GDC, and EIS techniques were used in the experimental
electrochemical measurements. CV was carried out on the prepared electrodes using an
aqueous electrolyte (1 M NapSO;) at various scan rates (10-100 mVs~1) with a potential
window of 0.8 V. EIS was used to investigate the response of the electrode in the frequency
range of 100 kHz to 10 mHz. GCD was used to investigate the charging and discharging
properties of the prepared electrode at varied current densities ranging from 1 to 10 A/g.
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Preparation of symmetric supercapacitor device: The active electrode was created
using the same procedure with the deposition of x-MnQO, directly on the graphite sheet.
After deposition, the sample was oven-dried for 24 h. The active electrodes with a coated
area (1 x 1 cm?) were used in two electrode cells with a gap of 0.25 mm controlled by a
spacer. The loading mass (1.5 mg/cm?) was calculated by taking the difference between
the materials coated with the graphite sheet substrate and the uncoated materials. The
symmetric supercapacitors were assembled by using two active electrodes with a separator
(Whatman filter paper, Grade 42) and an aqueous electrolyte (1 M NaySOy).

3. Results and Discussion
3.1. XRD Analysis

X-ray diffraction was performed at ambient temperature to examine the crystal struc-
ture and size of the prepared MnO; phases. Based on the synthesis conditions and amount
of precursor used, the XRD spectrum of all the tunneled structures synthesized via the
facile hydrothermal route is shown in Figure 3a. The sharp peaks (crystalline nature) at
20 equaled 12.7, 18.1, 28.8, 37.4, 41.9, 49.8, 56.3, 60.2, 65.1, 69.7, 72.7, and 78.5 (JCPDS
440141) for the x-MnQO; (tetragonal structure with a = 9.375 A° and ¢ = 2.908 A°) phase [13].
The interplanar spacing d calculated for plane (110) was 0.69 nm. The peaks obtained
at 20 equaled 28.6, 37.3, 40.9, 42.8, 46.1, 56.7, 59.3, 64.9, 67.3, and 72.4 for 3-MnO; (rutile
structure) [14]. The five distinct diffraction peaks at 20 equaling 22.2, 37.6, 42.5, 56.2, and
65.3 corresponded to y-MnO, (ramsdellite structure) [15]. The peaks corresponding to
Y-MnO, were not very sharp and exhibited a semi-crystalline behavior. The crystallite
size of a-, 3-, and y-MnO, was 19.7, 22.2, and 8 nm, respectively, calculated using the
Debye—-Scherrer formula. Thus, the XRD pattern demonstrates the successful synthesis of
polymorphous MnO; phases.

3.2. FTIR Analysis

The FTIR spectrum of all the prepared MnO; phases is compiled in Figure 3b. Two
intense peaks at 3440 (bending vibration of water) and 1620 cm~! (stretching vibration of
O-H) were observed for all the polymorphous phases [16]. Confirmation of the materials
provided by the FTIR spectrum’s fingerprint region was found between 400 and 1600 cm ™.
o«-MnO, was confirmed by the peaks observed at 718, 524, and 476 cm~!. The strong peak
at 524 was attributed to the Mn-O bond vibration, which was further shifted to 548 and
589 cm ! for p-MnO, and Y-MnO,, respectively, due to the Mn-O-Mn stretching vibration.
Octahedral unit (MnOg) O-O stretching vibration corresponded to the peaks obtained
around 718 cm~! for all the phases [17].

3.3. UV-Vis Analysis

The optical properties were studied by performing UV-Vis absorption spectroscopy
(220 to 1400 nm), and a broad spectrum lying between 400 and 550 nm was obtained for
a-MnO, with a peak at 416 nm, as shown in Figure 3c. For 3-MnQO;, this broad spectrum
lay between 300 and 600 nm, and a peak at 576 nm, as shown in Figure 3d, with maximum
absorbance was detected. A strong absorbance peak at 407 nm, as shown in Figure 3e,
was obtained for y-MnO;, with a broad spectrum lying between 300 and 600 nm. Further,
the band gap was calculated using Tauc’s equation, and the direct band gap of «-, f3-,
and y- was found to be 1.86 eV, 1.08 eV, and 1.68 eV, respectively. All the synthesized
nanostructures fall under the categories of semiconducting materials. The band gap of o-
MnO, was higher than that of 3-MnO; due to its smaller crystalline size [18], and y-MnO,
had the lowest band gap compared to -MnO,, despite having the smallest crystalline size;
this might be due to its semi-crystalline nature [19].
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Figure 3. (a) XRD spectrum, (b) FTIR spectrum, and (c—e) Tauc plots of -, 3-, and y-MnO,, respectively.

3.4. FE-SEM Analysis

FE-SEM images of various MnO; nanostructures are shown in Figure 4. It is clearly
shown in these images that all the synthesized MnO, phases were in the nano range.
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Figure 4a,b show the SEM images of x-MnQO,, Figure 4c,d show images of 3-MnO,, and
Figure 4e,f show images of y-MnO,. The FE-SEM images of x-MnO, revealed the formation
of nanowires having lengths in the micrometer range (average 2.368 pm) with a 20-30 nm
diameter. For 3-MnO,, nanorod-like structures with a length of 1.6 um were revealed.

- L (D S
SED — 1 ; 10.00kV WD 9.2mm @x4.50k Std.P.C.2 o,
FOV:25.6x19.2um _ HV___ 01/11/2023 FOV:28.4x21.3um  HV _ 01/11/2023

SED  10.00kV WD 9.3mm @x4.50k Std.P.C.10.8 STD - n 10.00kV WD 9.3mm @x9.50k Std.P.C.10.@ STD ,
FOV:28.4x21.3um HV 11/03/2022 = FOV:13.5x10. 1um HV 11/03/2022

Figure 4. FE-SEM images: (a,b) «-MnO;, (¢,d) 3-MnO,, and (e,f) y-MnO,.

In y-MnO,, these nanorods folded into urchins with average diameters of 5 pm, as
shown in Figure 4e, and this may be due to the mild temperature conditions. The size of
the phase morphology was calculated using Image] software Version 1.44. Temperature
and synthesis parameters affect various morphologies of MnO, [20]. As the temperature
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increased, these urchins unfolded into nanorods or nanowire-like structures, as shown for
o- and 3-MnQO;. At high temperatures, the nanoparticles’ energy increased, encouraging
the nucleation route; hence, these nuclei clustered into longer nanofibers. These longer
fibers have more active sites for intercalation/de-intercalation of charges on their surface.
Therefore, from the surface morphology, we can comment that «-MnO, had a higher
electrochemical performance compared to 3- and y-MnO;.

3.5. Electrochemical Analysis

The electrochemical study of the prepared electrode was carried out in a three-electrode
system. Electrochemical tests were used to determine the capacitance of MnO; («, 3, and ).
To examine the behavior of the charge storage mechanism, CV was performed with a diverse
scan rate (10 to 100 mV/s) and a voltage window of 0.8 V in 1 M Na,SOy. Figure 5a—c show
the CV plots corresponding to «-, 3-, and y-MnO,. At the lower scan rate, all the CV curves
show a rectangular shape due to the formation of a double layer [21]. With the increase
in the scan rate, the shape of the CV curves becomes distorted, probably due to the redox
reaction occurring on the surface of the electrode. The distorted shape of the CV curves
represents the pseudocapacitive behavior of the charge storage [22]. The linearity of the CV
curves for all the MnO; phases is maintained even at the high scan rate, demonstrating
the good charge intercalation of ions of the electrolyte or smooth charge transfer. The area
under the CV curves represents the specific capacitance of the electrode [23]. It is clearly
shown in Figure 5a that «-MnO; exhibited the highest specific capacitance.

12
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Figure 5. (a—c) CV plots and (d—f) GCD plots of -, 3-, and y-MnO;, respectively.

Figure 5d—f show the GCD plots of «-, -, and y-MnO; performed at a fixed voltage of
0.8 VV/s Ag/AgCl at various current densities (1 to 10 A/g). The shape of the GCD curves
represents the mixed charge storage mechanism (pseudo and electrostatic) for the electrodes.
The below equation was used to determine the specific capacitance of the material:

Iy xt

Cs AV

)
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where C; is the specific capacitance, I; is the current density, ¢ is the discharging time, and
AV is the voltage window [24]. It can be seen from the GCD plots that the discharging time
increased uniformly for each of the MnO, phases. Among all the GCD plots, x-MnO, had
a large discharging time and the highest specific capacitance.

The specific capacitance calculated at 1 Ag*l was 138, 112, and 103 F gfl for o, 3-,
and y-MnQO;, respectively. The «-MnO; electrode maintained a specific capacitance of
approximately 112, 90, 48, and 40 Fg~! at 1.5, 3, 6, and 10 Ag !, respectively. The 3-MnO,
electrode maintained a specific capacitance of approximately 88, 60, 39, and 30 Fg~! at 1.5,
3,6,and 10 Ag~!, respectively.

The v-MnO; electrode maintained a specific capacitance of approximately 78, 55, 36,
and 27 Fg’1 at 1.5, 3, 6, and 10 Ag’l, respectively. The electrochemical performance of
these distinct crystallographic phases was found to be different, which might be due to
their atomic arrangements. x-MnQO; exhibited a higher electrochemical performance as
compared to the other phases due to its 2 x 2 tunnel-containing network that supports
the electrolytic ion moment or electron transfer process in the charge storage mecha-
nism. Thus, the electrochemical performance of MnO; changed with a change in the
crystallographic phase.

Figure 6a—d show the electrochemical analysis comparison plots for the different
phases of MnO;; as demonstrated in Figure 6a, x-MnO; had the highest area of the CV
curve of all three phases and, consequently, an excellent specific capacitance, which is
due to its surface morphology [25]. Figure 6b shows the GCD curve, which indicates that
x-MnO; had the highest specific capacitance.
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Figure 6. (a-d) Comparison of the CV, GCD, Nyquist, and Bode plots of o, 3-, and y-MnO,, respectively.
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EIS experiments were carried out to investigate the inherent features, such as solution
resistance (Rs) and charge transfer resistance (Ret).

The EIS analysis in Figure 6¢ shows the Nyquist plot, in which the absence of a
semicircle could be due to the faradaic reactions and excellent chemical stability of all
MnO, phases. The solution resistance (Rg) determined through electrochemical circuit
fitting was 7.50, 7.56, and 7.59 Q) for -, 3-, and y-MnO,, respectively. The nearly straight
line in the low-frequency region of the Nyquist plot for -, 3-, and y-MnO, indicated
that the reactions were limited by diffusion resistance (constant-phase element (CPE))
rather than charge transfer resistance (Rct) [26]. Also, the straight line inclined towards the
imaginary z-axis indicated the perfect capacitive behavior of MnO;. The charge transfers
resistance (R.t) was found to be 2.24, 2.45, and 2.56 Q) for «-, 3-, and y-MnO,, respectively.

Despite the fact that «-MnO, has a large band gap, it has the lowest charge transfer
resistance due to its well-organized tunnel-shape nanostructure.

The Bode plot shown in Figure 6d from the EIS analysis shows that the negative
phase angle was found to be 64.5°, 62.4°, and 58.0° for «-, 3-, and y-MnO;, respectively.
It was observed that x-MnO, had the highest phase angle among all the phases, and
hence it can be considered a good supercapacitor electrode material. It was observed that
in the case of y-MnQO,, the phase angle had a low value as compared to «-MnO, and
3-MnQO;, indicating that it had poor conductivity. It is clear that the slopes obtained in the
high-frequency region were almost zero, which is a salient characteristic of a pure resistor.
However, the slope increases in the low-frequency region correspond to the characteristics
of a pseudocapacitor [26]. All these results demonstrate that the material behaves like
a resistor in the high-frequency range, whereas it behaves like a pseudocapacitor in the
low-frequency region. Further, the Bode plot of the phase angle is shown in Figure 6d. The
phase line strongly deviated from that of an ideal capacitor (an ideal capacitor shows a
phase angle of 90°). Such a non-ideal behavior further substantiates the pseudocapacitive
nature of MnO,.

The EIS plots show that x-MnO, had the lowest Rt as compared to the other phases,
resulting in a high specific capacitance. Based on these results, the best working electrode
material (ax-MnQO,) was chosen for the device fabrication.

The electrochemical analysis of the fabricated symmetric device was tested using a two-
electrode set-up; one acts as a cathode and the other as an anode. Figure 7a depicts the CV
analysis of the symmetric x-MnO,/x-MnO, device in the potential window of 1.2 V with
diverse scan rates (10 to 100 mV s~ !). The plots demonstrate capacitive performance with a
distorted quasi-rectangular shape, which is preserved even when the voltage window is
changed, exhibiting the characteristics of EDLC with the pseudocapacitive combination.
With an increased scan rate, the CV curve shape hardly varies, confirming the excellent
cyclability and high-speed capabilities of the symmetric x-MnO, / x-MnO, supercapacitor.
Figure 7b shows the GCD plots at different specific current densities (1 to 10 Ag™!) for
the symmetric «-MnQO,/x-MnQO, supercapacitor device over a potential range of 1.2 V.
Using the GCD technique, the specific capacitance of 86 Fg~! was obtained at a current
density of 1 Ag~!. The symmetric «-MnO,/o-MnO, supercapacitor cell maintained a
specific capacitance of approximately 54, 38, 30, and 24 Fg~! at 1.5, 2, 3, and 4 Ag~!,
respectively. The Nyquist plot of the symmetric «-MnO,/«-MnO, supercapacitor cell
is shown in Figure 7c. The noble electrical conductivity of the working electrode can
be observed, which is due to the lower resistance of the electrode material. Figure 7d
shows the CV scan using different potential windows (0.4 to 1.4) of a single cell, exhibiting
sustainability up to 1.4 V without any distortion or an illuminating red LED. Figure 7e
reveals the Ragone plot of the developed cell. The specific energy (Es) and specific power
(Ps) were calculated using the below equations:

~ Cs x AV?

Es = 2x3.6 @)
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Es x 3600
A ®)

The specific energy and power were found to be 17.2 Wh/kg and 596 W /kg using GCD.
In terms of the specific energy and power, our constructed device (x-MnO; / x-MnO,) falls
into the categories between supercapacitors and batteries. Figure 7f shows the capacitance
retention of the device up to 2000 cycles, with a cycle stability of 94% at 4 A/g and an
excellent coulombic efficiency of 117%.

Ps =

8
— 10 mV/s
—u mW»J a) 2] Device GCD E—ys 100 =
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Figure 7. (a—c) CV, GCD, and EIS plots of the symmetric x-MnO, device. (d) CV scan using various
potential windows. (e) Specific energy vs. specific power. (f) GCD cycling at 4 A/g up to 2000 cycles.

4. Conclusions

In the present study, a facile hydrothermal route was used to produce different phases
of MnO; («, 3, and y) with different morphologies. It was noticed that the surface mor-
phology was affected by the temperature and synthesis parameters. The direct band gap of
x-MnOy, 3-MnO,, and y-MnO; was found to be 1.86 eV, 1.08 eV, and 1.68 eV, lying in the
semiconducting range, further enhancing the electrochemical performance. A comparative
study was carried out to investigate the electrochemical performance of all the phases of
MnO; (Supplementary Materials). The specific capacitance calculated at a current density
of 1 A/gwas 138 F/g, 112 F/g, and 103 F/g for «-, 3-, and y-MnO,, respectively. It was
also noticed that the CV curve shape hardly changed with the increase in the scan rate,
confirming the excellent reversibility of all the MnO, phases. a-MnO; had the highest spe-
cific capacitance, possibly due to its 2 x 2 tunnel-containing network, which facilitates the
electrolytic ion moment or electron transfer process in the charge storage mechanism. The
symmetric device fabricated using «-MnO; had a specific capacitance of 86 F/gat1 A/g.
The device had a maximum specific energy and power of 17.2 Wh/kg and 596 W /kg,
respectively. This device also maintained an outstanding cycle stability of 94% at 4 A/g
with a coulombic efficiency of 117% up to 2000 cycles.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/app13137907/s1, Table S1: Comparison of electrochemical per-
formance with previously reported studies. References [27-32] are cited in the supplementary materials.
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