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a b s t r a c t 

It was first shown in the present study that layers of manganite γ -MnOOH can be deposited on the sur- 

face of a substrate by its multiple successive treatment by the solutions of MnSO 4 and K 2 S 2 O 8 using the 

successive ionic layer deposition (SILD) technique. Their analysis was carried out by the XRD, XPS, FT-IR, 

SEM and EDX methods. It has shown that the synthesized layers are formed by aggregates of nanorods 

up to 80–100 nm in length and approximately 8–10 nm in diameter. A probable sequence of chemical re- 

actions leading to the formation of a layer of the given morphology is suggested. Testing of performance 

of supercapacitors with nickel foam electrodes incorporating the γ -MnOOH layers in the 0.1 M KOH elec- 

trolyte at 1 A/g indicated the specific capacitance equal to 1120 F/g. After 10 0 0 work cycles the observed 

degradation of this value was less than 3 %. 

© 2017 Published by Elsevier B.V. and Science Press. 

1. Introduction 1 

Manganese oxides MnO, Mn 3 O 4 , Mn 2 O 3 and MnO 2 deserve spe- 2 

cial attention among the electrode materials for supercapacitors 3 

and there is a lot of studies devoted to investigation of their elec- 4 

trochemical properties [1–9] . The interest is stimulated by rela- 5 

tively high capacitance of these oxides and stability of their prop- 6 

erties, their ecological friendliness and low cost of production. Be- 7 

sides the metal oxides mentioned above much attention is paid 8 

lately to the development of supercapacitor electrodes based on 9 

manganese (III) oxide-hydroxide, γ -MnOOH, with manganite mon- 10 

oclinic crystal structure [10–13] . Usually nanosize manganite crys- 11 

tals are observed in the morphology of wickers or nanorods, which 12 

allows to construct electrodes with relatively high specific surface 13 

area and thereby supercapacitors of high performance. 14 

In addition, manganite is an active catalyst for water oxidation 15 

[14] , a sorbate removing arsenic from water solutions [15] , an elec- 16 

trode material for lithium accumulators [16] and electrochemical 17 

sensors for the determination of hydrazine [17] and H 2 O 2 [18] , and 18 

other. 19 

The techniques used for its production include hydrothermal 20 

method [19–21] , methods using oxidation of Mn( ОAc) 2 solution by 21 

oxygen of the air [22] , reduction of KMnO 4 solution by MnSO 4 so- 22 

lution in an acidic medium [23] , treatment of suspension of man- 23 

ganese oxide with birnessite crystal structure in a solution of man- 24 

ganese(II) salt [24] , and some others. 25 
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The purpose of the present study was to explore the feasibil- 26 

ity of synthesis of the manganite layers by SILD method [25] , also 27 

called the successive ionic layer adsorption and reaction (SILAR) 28 

[26,27] . The method is based on multiple and successive treat- 29 

ment of substrate by solutions of reagents which enter into reac- 30 

tion at its surface and form a layer of poorly soluble substance. 31 

The method is known to be used previously for the synthesis 32 

of sparingly soluble layers of oxides [28] , oxyfluorides [29] , fluo- 33 

rides [30] , sulfides [31] , as well as silver [32] , gold [33] , and their 34 

nanocomposites with metal oxides [34] . The distinctive features of 35 

this method are its capability of deposition of the layers of con- 36 

trolled thickness on the surface of parts of any shape, which are 37 

exactly the requirements to the methods of synthesis of the lay- 38 

ers on the surface of electrodes for supercapacitors. These par- 39 

ticular features allowed to attain relatively high values of capac- 40 

itance with supercapacitor electrodes based on NiO 1 + x ·n H 2 O and 41 

Co 2 Al(OH) 7-2 x (CO 3 ) x ·n H 2 O reported in Refs. [35] and [36] , respec- 42 

tively. 43 

2. Experimental 44 

As a substrate were used 5 × 30 mm polycrystalline nickel foam 45 

(NF) plates (porosity 110 PPI) for electrochemical experiments, and 46 

also 10 × 20 × 0.35 mm single-crystal silicon plates with < 100 > 47 

orientation used for physical characterization. Extra pure water 48 

(Mili-Q) was used in all experiments. Substrates of silicon were 49 

cleaned in an ultrasonic bath filled with acetone for 10 min. Than 50 

plates were sequentially treated for 10 min in concentrated HF, wa- 51 

ter, 70% HNO 3 , water, 0.01 M KOH and then flushed out by water. 52 
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NF plates were treated according to the technique described in 53 

Refs. [37] for 15 min in 6 М HCl solution, then several times rinsed 54 

by water and dried on air at 120 °C for 30 min. 55 

Aqueous 0.01 M solutions of analytical grade MnSO 4 (pH = 7.2) 56 

and K 2 S 2 O 8 (pH = 9.5) were used. рН of these solutions was con- 57 

trolled by addition of 0.5 M KOH solution. 58 

For synthesis of γ -MnOOH nanolayers substrate plates were se- 59 

quential immersed for 30 s into solution of manganese salt, wa- 60 

ter, solution of potassium persulfate and again water. The sequence 61 

corresponds to one SILD cycle, which is repeated 30 times to ob- 62 

tain desired film thickness. Then samples were calcined on air at 63 

150 °C for 10 min at a heating rate of 5 °C/min. 64 

FT-IR transmission spectra of synthesized films on silicon sur- 65 

face were registered by F СМ−2201 spectrophotometer using dif- 66 

ferential technique with respect to spectra of bare silicon plate. 67 

XRD patterns were obtained using a Rigaku Miniflex II X-ray 68 

diffractometer with Cu K α radiation ( λ = 0.154056 nm). 69 

The morphology and composition of synthesized films was in- 70 

vestigated by SEM at accelerating voltage 1–10 kV on Zeiss Merlin 71 

microscope and EDX used detector Oxford INCAx-act. X-ray photo- 72 

electron spectroscopy (XPS) was obtained used ESCALAB 250Xi 73 

electron spectrometer, with Al K α radiation (14,866 eV). 74 

Electrochemical properties of the films were characterized by 75 

cyclic voltammetry (CVA), galvanostatic charge-discharge tech- 76 

niques and electrochemical impedance spectroscopy (EIS). Mea- 77 

surements of CVA and galvanostatic charge –discharge were made 78 

by Elins P-30I potentiostat and EIS were performed on Elins P-45X 79 

potentiostat with the module of the impedance measurements. All 80 

measurements carried out in a three-electrode cell with a plat- 81 

inum plate as counter electrode and Ag/AgCl (aq. KCl sat.) refer- 82 

ence electrode with 0.1 M KOH aqueous solution as an electrolyte. 83 

Cyclic voltammogramms were recorded at different scan rates of 5, 84 

10 and 20 mV/s with a potential sweep range between 0 and 0.6 V. 85 

EIS measurements were performed from 100 kHz to 10 mHz. 86 

Specific capacitance ( C ) of a nickel foam electrode with LDH 87 

layer was determined according to Ref. [38] as: 88 

C = I/ ( �V/ �t ) × m, 

where I (mA) is a galvanostatic current, �V (mV) is the poten- 89 

tial window, �t (s) is the discharge time of a cycle and m (g) is 90 

the mass of the active material in the film electrode. The mass ac- 91 

tive material on nickel surface was controlled by OHAUS Pioneer TM 92 

PA54C precise balance. 93 

3. Results and discussion 94 

Morphological characteristics of the sample are shown in the 95 

SEM images in Fig. 1 , which show that the layer, synthesized on 96 

the nickel foam by the SILD method by 15 cycles of treatment, 97 

form of the germ on initial stage of the nanocrystals ( Fig. 1 (a)), 98 

and after 30 cycles of treatment is from nanorods with size ap- 99 

proximately to 80-100 nm in length and approximately 8-10 nm in 100 

diameter ( Fig. 1 (b)). 101 

The results of EDX indicate the presence of Mn, O and C atoms 102 

and some admixture of K and S atoms in the layer where the ratio 103 

of atomic concentrations of K, Mn and S was equal to 0.05, 1.0, and 104 

0.02, respectively. 105 

On the X-ray diffraction pattern of the synthesized sample 106 

( Fig. 2 ) the planes( −111), (002), ( −121), (210), (220), ( −302) and 107 

( −311) are corresponding to monoclinic crystal phase of γ -MnOOH 108 

(JCPDS 88-0649) [39] . In the FT-IR spectrum ( Fig. 3 ) one can ob- 109 

serve absorption bands with maximums at 3390 and 3150 cm 

−1 110 

referring to valence oscillations of O–H groups in the molecules of 111 

water and HO–H 2 O associates [40] of manganese oxide-hydroxide 112 

and also a band with maximum at 1580 cm 

−1 corresponding to 113 

deformation oscillation of O–H bonds in the Mn–OH groups and 114 

Fig. 1. SEM images of a layer synthesized on the nickel foam by the SILD method 

by different cycles of treatment using MnSO 4 and K 2 S 2 O 8 solutions: (a) 15 cycles 

and (b) 30 cycles. 

Fig. 2. X-ray diffraction pattern of a layer synthesized by SILD method by 30 cycles 

of treatment in the solutions of MnSO 4 and K 2 S 2 O 8 . 

Fig. 3. FT-IR transmittance spectrum of: (1) – pure silicon substrate, (2) – layer 

synthesized by the SILD method on the surface of a silicon substrate by 30 cycles 

of treatment in the solutions of MnSO 4 and K 2 S 2 O 8 . 
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