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ABSTRACT In present work the porous nanocoating of manganese oxide were obtained via successive ionic
layer deposition from aqueous solutions of potassium permanganate and DMSO. The morphology, phase and
chemical composition of the synthesized nanocoatings were characterized by XRD, SEM, EDX and Raman
spectroscopy. The possibility of controlled changes in the morphology of the resulting compounds was demon-
strated by changing the concentration of reagents and the number of processing cycles in order to obtain
optimal electrochemical characteristics. Electrodes based on nickel foam and coated with films of porous man-
ganese oxide showed high specific capacity (1324 and 297 F/g at a current density of 1 A/gin 1 M NaOH and
1 M Na,SQy, respectively), both in neutral and in aqueous alkaline electrolytes.
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1. Introduction

The increasing demand for more energy every year and the growing environmental problems caused by the burning of
limited reserves of fossil fuels encourage the search and use of new, highly efficient and environmentally friendly energy
sources [1,2].

Supercapacitors (SCs) are promising energy storage devices that are characterized by large capacity relative to size,
extremely low level of series resistance and high charging speed, which makes them very promising for use in power grids,
electric vehicles and portable equipment [3,4]. Of particular interest are the so-called pseudocapacitors (PSCs), in which
energy is stored at the cathode in a double electric layer, and at the anode due to the flow of Faraday processes. Thus,
they combine the advantages of electrochemical double-layer (ECDL) supercapacitors (charge rate and cyclic stability)
and metal-ion batteries (high energy density), which makes their further application promising [5].

Among the electrode materials for cathodes and anodes of ECDL SCs, carbon materials are most often used, but they
have low specific capacity and energy values. The most effective cathode material for PSCs turned out to be ruthenium
oxide, since it has high values of theoretical specific capacitance due to the manifestation of the pseudocapacitance, but at
the same time such a material is quite expensive, which limits commercial use [6].

Manganese oxides, in particular MnOs, are effective electrode materials for chemical current sources because they
have a high theoretical specific capacity (1370 F/g) and cycling stability, as well as good stability in various environ-
ments [7-9]. However, the obtained specific capacitances of pure MnO, are much lower than the theoretical capacity,
which is likely due to the low active surface area, poor conductivity, as well as low ion diffusion. Among many ways to
increase the capacitive characteristics of the MnOs electrode material, increasing its specific surface area by adjusting the
pore size and size distribution is considered promising, which can provide better interfacial contact between the electrode
and the electrolyte [10]. Thus, the development of methods for the selective synthesis of manganese oxide is a key task
for obtaining highly efficient electrode materials.

Currently, several routes are used for the synthesis of manganese oxide nanocoating, namely, hydrothermal route [11],
sol-gel route [12], redox reaction [13], thermal decomposition [14], refluxing route [15], co-precipitation [16], etc. How-
ever, the presented methods for the synthesis of manganese oxide have a number of limitations related to the duration of
the process, the use of devices with high temperature and pressure, higher synthesis temperatures, as well as limiting of
the number of possible substrates.
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In this research, we propose a novel controllable reduction route synthesis of nanocoatings of manganese oxide on
nickel foam via successive ionic layer deposition (SILD) [17,18] technique from aqueous solutions of manganese perman-
ganate and dimethyl sulfoxide (DMSO) and investigation its application as effective electrode materials for pseudocapac-
itor in neutral and alkaline electrolytes. The proposed synthesis route is based on the reduction of KMnO, in an aqueous
solution of DMSO with different concentrations. The reduction of potassium permanganate by organic compounds is a
common method for obtaining manganese oxides [19], however, as far as we know, this route has not been previously
used in the SILD method. The production of nanocoats in this way has the advantages of being able to obtain ultrathin
oxide films on the surface of various substrates under conditions of “soft chemistry”. Previously, the SILD method has al-
ready been successfully used by us to obtain nanocoatings of transition metal oxides and hydroxides [20-22], in particular
manganese oxide [23-25].

2. Experimental
2.1. Fabrication of MnO-/nickel foam electrode

Nickel foam (NF) plates (110 PPI, surface area 1 cm?) were used as substrates. The synthesis of manganese oxide
nanocoating was carried out using the SILD method with the occurrence of a reduction reaction on the surface of the
nickel foam substrate. As the first reagent for synthesis aqueous solutions of KMnQOy4 (0.01 M) salt were used, and as a
second reagent aqueous solution of DMSO (99, 75, 50 and 25 %) is used. The substrates were processed by successive
immersion in reagent solutions according to a certain scheme forming one SILD cycle. First, the substrate was immersed
in the solution of the first reagent for 30 seconds, then it was washed off the excess reagent in distilled water for 15 seconds.
Then the substrate was immersed in a solution of the second reagent and washed again with distilled water for the same
time, respectively. As a result of the reduction reaction of MnO;lH to Mn™ in DMSO, a layer of sparingly soluble
manganese oxide nanocoating on nickel foam surface was formed. After synthesis, the electrodes were dried in air for
24 hours.

The number of SILD cycles was chosen in such a way that it allows on to ensure optimal layer thickness and, at the
same time, sufficient mass (1 — 2 mg) required for electrochemical measurements. Concentrations of the DMSO were
selected on the basis of preliminary experiments, during which their electrochemical characteristics were analyzed. The
30 SILD cycles and a DMSO concentration of 25 % were chosen as optimal.

2.2. Materials characterization

The morphology and chemical composition of synthesized nanocoating were examined by scanning electron mi-
croscopy (SEM) (Tescan Vega 3 SBH microscope) and energy-dispersive X-ray spectroscopy (EDX) (Oxford INCA x-act
X-ray) technique. Powder X-ray diffraction (PXRD) patterns were acquired using a Rigaku SmartLab 3 X-ray diffrac-
tometer, equipped with a Dtex silicon 1-D detector. The X-ray source employed Cu Ko radiation with a wavelength (\)
of 1.540593 A, operating at a voltage of 50 kV and a current of 40 mA. These measurements were carried out utilizing
a zero-background silicon holder. The phase identification was accomplished through the utilization of the powder stan-
dard database ICSD. Raman spectroscopy measurement was performed with a SENTERRA (Bruker) spectrometer with
633 nm wavelength laser excitation.

2.3. Electrochemical measurement

The electrochemical characteristics of synthesized nanolayers as electrode material for pseudocapacitors were stud-
ied used cyclic voltammetry (CVA) and galvanostatic charge-discharge (GCD) techniques using Elins P45-X potentio-
stat/galvanostat. The fabricated working electrodes were measured in a three-electrode electrochemical cell. The Ag/AgCl
electrode (neutral media) or Hg/HgO electrode (alkaline media) was used as an reference electrode and the graphite rod
was used as an counter electrode. All measurements were carried out at room temperature and atmospheric pressure in
aqueous solutions of 1 M NasSO,4 or 1 M NaOH, which were used as an electrolyte.

3. Result and discussion

The PXRD pattern obtained for the synthesized sample exhibits diffuse features with broad, low-intensity peaks, as
depicted in Fig. 1(a). Phase analysis revealed that the structure of the sample corresponds to the turbostatic birnessite-
type. However, differentiating between monoclinic (Space Group: C12/ml) and hexagonal (Space Group: P63/mmc)
symmetry is challenging due to the pure crystallinity of the sample. The prominent characteristic reflexes associated
with the birnessite structure are highlighted in Fig. 1(b). The shape of the XRD pattern suggests a small crystallite size,
imperfections, and the turbostatic nature of the sample. The extinction of some reflexes in the pattern provides evidence
for morphological anisotropy observed in such morphological objects like plate-like, lamellar, sheet-like ones.

Birnessite phases are characterized by a layered structure composed of single sheets of [MnOg] octahedrons [26].
In natural birnessite, water molecules and alkaline metal ions are known to occupy the interlayer spaces between the
octahedral layers of [MnOg], typically resulting in a distance between layers of approximately 7 A [26,27]. However,
in synthetic birnessite, interlayer spaces are predominantly occupied by H,O molecules, leading to an increased distance
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F1G. 1. PXRD pattern of the MnO2 nanocoatings obtained by SILD method (a) and patterns of the
references from ICSD (b)

between successive layers of manganese octahedrons. In turbostatic structures, order within the planes in the a and b
directions is maintained, but there can be a misalignment or complete disorientation within the plane in the ¢ direction [28].
The most intense peak at around 26 = 12 © in the PXRD pattern (Fig. 1(a)) is the indicator of the order in the ¢ direction.
However, this peak is weak, suggesting a severe misalignment between manganese octahedron layers. The location of
this peak corresponds to a d-spacing of 7.38 [+£10] A.

The analysis of SEM data confirms the porous morphology of the synthesized sample. As shown in Fig. 2(a)
nanocoating is formed by spherical-like micron-size aggregates of randomly shaped structures. SEM image with higher
magnification (Fig. 2(b)), shows that the structure of MnOs is porous and built up of set nanosheets with flower-like
morphology. EDX results indicate the presence of Mn and O atoms with a small impurity of C, K and S atoms in the
nanocoating (no more than 1 %).

The Raman spectrum, presented in Fig. 3, supports the hexagonal birnessite-type structure of the synthesized sample.
The relationship between the two highest frequency modes (at around 570 and 680 cm 1) is characteristic of the hexagonal
birnessite-type structure 4. Moreover, the shift of the high frequency mode at 680 cm ™! aroused from [MnQOg] octahedral
layer’s motions parallel to layer stacking direction is dependent on the interlayer spacing in birnessite-type structures [29,
30]. In work [30], a plot was constructed, depicting the relationship between the Raman shift of the high-frequency mode
and the d-spacing, which was subsequently linearly approximated. The determined d-spacing value of 7.38 [10] A and
the observed shift of the high-frequency mode to 680 cm ™', as determined in the present study, closely align with the

F1G. 2. SEM images of manganese oxide nanocoatings obtained after 30 treatment SILD cycles at
lower (a) and at a higher magnification (b)
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F1G. 3. Raman spectrum of the MnO, nanocoatings obtained by SILD method

results of this approximation. The observed consistency, coupled with an analysis of the intensity distribution of high-
frequency modes, serves as additional confirmation of the presence of a hexagonal birnessite-type structure within the
obtained sample, characterized by the exclusive intercalation of water molecules between the octahedral layers.

Further, the electrochemical characteristics of the obtained nanocoatings as pseudocapacitor electrodes were eval-
uated. In an alkaline electrolyte (1 M NaOH) in the electroactive layer of MnO-, the Mn(IV)/Mn(Ill) redox reaction
occurred, which was observed through wide cathode and anode peaks on the CVA curve Fig. 4(a). In a neutral electrolyte
(1 M NayS0y,), MnO,, electrodes demonstrated pseudocapacitance behavior. The shape of the CVA was close to rectan-
gular with small peaks on the cathode and anode curves Fig. 4(c). The anodic peak is observed at 0.70 V, and the cathodic
peak at 0.55 V. This redox process may reflect the redox transitions of the manganese Mn(IV)/Mn(IIl) or can be related
to the cation intercalatioin/deintercalation.

The specific capacitance was determined from the galvanostatic charge-discharge curves shown in Fig. 4(b,d) for an
alkaline and neutral medium, respectively. The measurement was performed at a current density of 1 A/g. The shape of
the charge-discharge curves, as well as the CVA, was typical for pseudocapacitors.

Specific capacities for alkaline and neutral media were 1324 and 297 F/g at current density 1 A/g, respectively. The
obtained high specific capacitances can be explained by the unique porous thin-film structure of MnO»-based electrodes.
The developed morphology and turbostatic structure provides a large number of active sites and a high specific surface
area, which ultimately provides excellent capacitive characteristics.

4. Conclusion

For the first time, manganese oxide of the hexagonal turbostatic birnessite-type was successfully synthesized by a
direct and simple route based on the reduction of KMnO, by DMSO via SILD method. The characterization of the
nanocoating showed that MnO, synthesized in this way has a layered structure with an interlayer space of 7.38 A and
nanoscale crystallites. The morphology obtained by the SEM method, which showed that the nanocoating has a porous
structure formed by a set of nanosheets. At the final stage of the study, the electrochemical characteristics of electrodes
based on nickel foam with manganese oxide nanocoating were studied. The electrodes demonstrated pseudo-capacitive
behaviour and high specific capacitance in both alkaline and neutral electrolytes. Thus, it was shown that the proposed
route for the synthesis of MnO, makes it possible to obtain a highly efficient capacitive material in conditions of “soft
chemistry” without the use of complex and expensive equipment.
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