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Abstract: The trimanganese tetraoxide (Mn3O4) nanostructured thin films doped with 2 mol% of nickel (Ni) and 

molybdenum (Mo) ions were deposited by a simple electrophoretic deposition technique. The structural, optical, 

and morphological studies of these doped thin films were compared with pure Mn3O4 thin films. X-ray diffraction 

(XRD) confirmed the tetragonal Hausmannite spinel structure. The Fourier transform infrared spectroscopy (FTIR) 

provided information about the molecular composition of the thin films and the presence of specific chemical bonds. 

The optical study and band gap energy values of all thin films were evaluated by the UV-visible spectroscopy 

technique. The scanning electron microscopy (SEM) illustrated the morphological modifications of the Mn3O4 thin 

films due to doping of the nickel and molybdenum ions. The Brunauer Emmett Teller (BET) method has confirmed 

the mesoporous nanostructure and nanopores of the thin films. The supercapacitive performance of the thin films 

was studied by cyclic voltammetry (CV), and galvanostatic charge discharge (GCD) techniques using the three-

electrode arrangement. An aqueous 1M Na2SO4 electrolyte was used for the electrochemical study. The 2 mol%  

Ni-doped Mn3O4 thin film has shown maximum specific capacitance than pure and Mo-doped Mn3O4 thin films. 

Hence, this study proved the validity of the strategy - metal ion doping of Mn3O4 thin films to develop it as a potential 

candidate for electrode material in futuristic energy storage and transportation devices. 

Keywords: Electrophoretic deposition, Doping by metal ions, Mesoporous, Pseudocapacitors. 

 

1. INTRODUCTION 

Greater energy density, highly reversible, 

exceptional cyclic life, and potential to transport 

high power are the key aspects that attracted the 

researchers towards the supercapacitors [1, 2]. 

Metal oxides were widely used as electrodes in 

various energy storage devices which were 

reported earlier. RuO2 and IrO2 are the popular 

oxide nanomaterials employed as electrode 

materials, but their applicability was limited due 

to their high cost and complicated synthesis. 

Other oxides such as vanadium, iron, manganese, 

and copper were also studied [3, 4], but lower 

cost, higher availability, great stability, and 

environment-friendly nature are the key 

parameters of manganese oxide as a fascinating 

and emerging nanomaterial. Among other oxides 

of manganese, the Hausmannite Mn3O4 is the 

most stable and frequently used nanomaterial. 

Due to a variety of morphologies and different 

oxidation states, the spinel Mn3O4 nanomaterial 

has wide applications like sensors, catalysts, 

batteries, ion exchange, and supercapacitors. 

Many reports on its physical and chemical 

synthesis are available [5, 6, 7, 8]. 

Here, the most versatile electrophoretic 

deposition technique is used to deposit the thin 

films, in which the stoichiometry of the 

depositing layer can be controlled easily and 

deposited on a larger area with a low-cost 

apparatus. In it, the ionic particles are dispersed in 

the suspension, moved by the electric force, and 

deposited on an oppositely charged electrode by 

applying a DC voltage [9]. The uniformity and 

thickness of thin films were affected by 

parameters like temperature, pH, concentration, 

and applied potential [10]. Many reports were 

available on morphology, size, and crystallinity-

dependent optical, supercapacitive, and catalytic 

properties of Mn3O4 nanomaterials [11]. Thus, the 

doping of metal ions is a fruitful strategy to 

modify these properties of nanomaterials. 

Especially, the metallic atoms having comparable 
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radius with depositing materials atoms can alter 

the properties and morphology by occupying 

different positions in the nanostructure. Various 

doping metal ions such as Fe, Li, Co, Cr, and Ni 

are reported [12, 13, 14], however, very few 

reports are available on the doping of Ni and Mo 

ions in the Mn3O4 nanostructure [15, 16]. 

In this work, nickel and molybdenum are the 

dopants, due to their larger availability, low cost, 

and radius comparable with manganese. 

Therefore, they can easily substitute the Mn ions 

in the Mn3O4 spinel nanostructure. Here, the 

XRD, FTIR, UV visible, SEM, and BET studies 

of pure, 2 mol% Ni, and 2 mol% Mo doped 

Mn3O4 thin films are executed. Also, how the Ni 

and Mo ion doping enhances the supercapacitive 

performance of the Mn3O4 thin films is examined. 

2. EXPERIMENYAL PROCEDURES 

2.1. Materials 

Manganese sulfate hexahydrate (MnSO4·7H2O), 

hexamine (HMTA) ((CH2)6N4), sodium sulphate 

(Na2SO4), nickel nitrate (Ni (NO3)2·6H2O), 

ammonium molybdate (NH4)6Mo7O24 and 

ammonia (NH3) were of analytical grade 

purchased from Thomas Baker India Pvt. Ltd and 

used without any further purification. 

2.2. Electrophoretic Deposition of Thin Films 

For electrophoretic deposition of the pure Mn3O4 

thin films on a stainless-steel (SS) electrode, 50 

ml of 0.05 M MnSO4 and 50 ml 0.05 M HMTA 

solutions were prepared using double distilled 

water and both stirred for 30 minutes. Then, both 

solutions were mixed and an appropriate amount 

of ammonia was added for the whitish-yellow 

precipitation and stirred vigorously for 120 

minutes. Later, the well-cleaned SS and graphite 

electrodes were vertically immersed in the above 

solution.  

The constant potential of value 1.1 Volts was 

applied across the electrodes for 30 minutes to 

deposit a well-adherent thin film of Mn3O4 which 

was denoted by M.  These thin films were dried at 

room temperature in air. By the same procedure, 

the Ni and Mo-doped Mn3O4 thin films were 

deposited at a temperature of 343°K by adding 2 

mol% of nickel nitrate and ammonium molybdate 

in the MnSO4 solution. These doped dark black 

colored Mn3O4 thin films were indicated as MM 

and MN [17, 18]. 

2.3. Characterizations 

For the crystal system information, the thin films 

were analyzed by x-ray diffractometer (XRD, 

AXS DS Advance, Bruker) having Cu-Kα 

radiation of x-ray with a scanning rate of value 

2°/min. The Debye-Scherrer formula was used to 

find crystallite size (D). 

D = 
0.9𝜆

βcosθ 
                              (1) 

Where k - 0.9 is known as the shape factor, 𝜆 = 

0.1541 nm - the wavelength of Cu-k𝛼  x-rays, 𝛽  
- FWHM (in radian) of peak, and 𝜃  – the angle of 

diffraction. With the help of FTIR spectroscopy 

(ALPHA, Bruker, Germany), the study of the 

FTIR spectrum of thin films in the range of 400–

4000 cm-1 was executed. A UV visible NIR DRS 

Spectrophotometer (V770, Jasco, Japan) was 

used for optical study and band gap determination 

of the thin films. The morphology of the surface 

of the thin films was captured with the SEM 

equipment (JEOL, JSM-IT200). The BET-

Surface area analyzer is employed for the 

measurement of surface area and pore size of 

nanostructured thin films. The CHI660E 

workstation was employed for the evaluation of 

the electrochemical performances. For it, a three-

electrode cell arrangement was used in which the 

deposited thin film was the working electrode, Pt 

wire was the counter electrode, and saturated 

calomel electrode (SCE) was the reference 

electrode. 

3. RESULTS AND DISCUSSION 

3.1. X-ray Diffraction Studies 

The X-ray diffraction patterns for pure, Ni, and 

Mo-doped Mn3O4 thin films are shown in Fig. 1. 

All the peaks in the diffraction pattern were 

indexed according to JCPDS card no. 01-1127, 

space group I41/amd confirms the spinel 

tetragonal Haumannite structure of Mn3O4 [17-

19]. As the peaks of any impurity are not observed 

it approves the suitability of the electrophoretic 

deposition technique for the deposition of 

nanostructured thin films. The crystallinity of the 

Mn3O4 thin films reduces due to metal ion doping. 

The Mo-doped thin films have lower crystallinity 

than the Ni-doped and pure Mn3O4 thin films 

which is indicated by low intense peaks in their 

diffraction patterns. As the ionic radius of Mo is 

smaller than Mn and Ni, the intensity of peaks in 

its diffraction pattern reduces due to the formation 
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of disarrangements in the Mn3O4 structure due to 

the presence of Mo ions [20]. The Debye-Scherrer 

relation is used to evaluate average crystallite size 

(D), and hence the dislocation energy (δ) and 

microstrain (ε) are also evaluated [21]. The 

structural study reveals that the average crystallite 

size increases while dislocation density and 

microstrain decrease for Mo-doped thin film than 

pure Mn3O4 thin film and average crystallite size, 

dislocation density, and microstrain are decreased 

for Ni-doped thin film, which is displayed in 

Table 1. 

 
Fig. 1. XRD patterns of MN, MM, M thin film [17, 

18]. 

Table 1. Structural Parameters of M, MM, and MN 

thin films. 

Thin 

films 

Average 

crystallite 

size (nm) 

Dislocation 

density (δ) x 

1015 m -2 

Micro 

strain 

(ε) 

M 152 0.432 0.1248 

MM 182 0.301 0.1052 

MN 76 1.732 0.1027 

3.2. FTIR Studies 

FTIR spectra, studied in the wavenumber range 

400 to 4000 cm-1 for MN, MM, and M thin films 

are illustrated in Fig. 2. The intense absorption 

peaks at 410, 520, and 620 cm-1 signify the 

stretched vibrations of Mn-O at octahedral and 

tetrahedral sites of the Mn3O4 nanostructure. The 

bending vibrations of O-H in locked moisture in 

the MM thin film are represented by the peak at 

1620 cm-1. The presence of Mo and Ni is 

identified by FTIR spectra containing reduced 

intense peaks. The slight shifting of all Mn-O 

peaks in the case of MM and MN thin films 

indicates the replacement of dopant ions in the 

tetrahedral place of Mn ions [22]. The decrease in 

intensity of these peaks is due to variations in the 

amplitude of the vibratory motion of Mn ions that 

are vibrating at their natural frequency due to 

incident radiation in the presence of the dopant 

ions [23]. 

 
Fig. 2. FTIR spectra of MM, M, MN thin films. 

3.3. UV Visible Spectroscopy  

The UV-visible absorption spectra (Absorbance 

vs. Wavelength) of MM, M, and MN thin films 

are shown in Fig. 3 a). It contains two absorption 

peaks at 258 nm, and 294 nm for M, MM, and MN 

thin films due to highly energetic Mn2+/Mn3+ 

interactions. The low intense peak at wavelengths 

425, 410, and 470 nm of M, MM, and MN thin 

films indicate the d-d transitions of Mn3+ ions 

which is explained by the Jahn–Teller effect [24]. 

At higher wavelengths, the absorption decreases 

for all thin films with the least absorption for MM 

and higher absorption for MN thin film. The 

graph of (αhυ)2 versus the energy of the photon 

(hυ) for the MM, M, and MN thin films is shown 

in Fig. 3b) and is useful to calculate band gap 

energy with the help of the Tauc equation [25]. 

(αhυ)= A (Eg– hυ)n                                           (2) 

With absorption coefficient (α), band gap energy 

(Eg), and a constant (A) with n values 1/2 and 2 

representing direct and indirect transitions. The 

linear curve signifies the direct band gap of the 

values 3.26 eV for M, and 3.30 eV for MM and 

MN thin films due to the quantum confinement 

effect [26]. This slightly increased band gap 

energy due to doping of Mo and Ni ions causes an 

improvement in their conductivity and hence their 

supercapacitive behavior. These observed band 

gap values also signify the suitability of these thin 

films in optoelectronic types of equipment such as 

LEDs. 
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Fig. 3. a) Optical absorption spectra, b) Band gap energy diagram of MM, M, and MN thin films. 

3.4. Scanning Electron Microscopy (SEM)  

Morphology of the nanostructure is a crucial 

aspect that affects the electrochemical 

performance of thin films. SEM images 

illustrated in Fig. 4 a), b), and c) represent the 

morphology of the surface of nanostructured M, 

MM, and MN thin films. The SEM image of the 

M thin film illustrates the grass-like nanostructure 

of random orientation with grain size or average 

crystallite size of 150 nms.  

The MM thin film has porous and spongy 

nanostructure having a grain size or average 

crystallite size in the range of 150-200 nms and 

the MN thin film has interrelated nanoflake 

morphology with greater porosity but decreased 

grain size or average crystallite size of value of 

100 nms. Thus, the morphology and porosity 

alteration in the Mn3O4 thin film due to the 

doping of Mo and Ni ions causes enhanced 

supercapacitive performance [24]. 

3.5. Brunauer-Emmett-Teller (BET)  

Fig. 5 a) shows the nitrogen adsorption/ desorption 

isotherms of the M, MM, and MN thin films and 

Fig. 5 b) displays their pore size distribution 

curves obtained from the desorption isotherms. 

These nitrogen isotherms are of type IV, confirm 

the of all thin films and are observed in the range 

of 0.3 to 1 P/P0 [27]. Table 2 illustrates the BET 

specific surface area, pore volume, and pore size 

of the pure M, MM, and MN thin films. It 

elucidates the effect of dopant on the porosity of 

Mn3O4 nanostructured thin films. The surface 

area is almost doubled in both doped (MM and 

MN) thin films than in pure (M) thin films. The 

pore volume decreases to nearly a partial amount 

for MN thin film and increases doubly for MM 

thin film than the pure M thin film. The value of 

pore size slightly increases for MM thin film and 

decreases almost to one third value for MN thin 

film than that of the pure M thin film.  

 
Fig. 4. SEM images of (a) M, (b) MM, and (c) MN thin film. 
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Fig. 5. a) Nitrogen adsorption/desorption isotherms, b) pore size distribution of the MM, MN, and M thin films. 

Table 2. BET Parameters M, MM, and MN thin 

films. 

Thin 

films 

Surface area 

(m2 g-1) 

Pore 

volume 

(cm3 g-1) 

Pore size 

(nm) 

M 12.77 0.12 32.39 

MM 27.26 0.2855 41.49 

MN 27.47 0.068 10.08 

Thus, all BET parameters reveal that the doped 

Mn3O4 thin films have higher porosity and surface 

area than the pure Mn3O4 thin film [28], which 

becomes beneficial for charge transportation and 

enhanced supercapacitive performance. 

3.6. Supercapacitive Studies 

3.6.1. Cyclic voltammetry studies  

It is an important electrochemical feature to 

estimate the electrochemical performance of thin 

film electrodes. Fig. 6 a) to d) illustrates the cyclic 

voltammetry (CV) curves of MN, MM, and M 

thin films at different scan rates of 10, 20, 50, and 

100 mV s-1. The quasi-rectangular nature of the 

CV curve shows both electrochemical double-

layer capacitive and pseudocapacitive behavior 

for pure M thin films. Almost rectangular shapes 

of CV curves with some smaller redox peaks for 

MM and MN thin films represent their 

exceptional pseudocapacitive nature due to the 

rapid, repetitive, and consecutive redox reactions 

at the surface by the adsorption of electrolyte 

cations. Also, some extent of charge storage 

occurs at the interface of the electrode–electrolyte 

by the formation of an electric double layer that 

confirms the synergistic effect between the 

dopant and Mn3O4 nanostructure [29]. The CV 

curves of the MN thin film electrode enclose a 

larger area and hence have a higher surface-to-

volume ratio due to increased electrochemically 

active centers on the surface which is responsible 

for the subsequent improvement in the specific 

capacitance. Also, its narrow pores provide a 

more stable structure for ion intercalation/ 

removal into/out forming a double layer. The MM 

thin film electrode also shows an excellent 

supercapacitive performance, since it has a 

smaller surface area and porosity than the MN 

thin film but larger than the M thin film electrode. 

The shape of CV curves for all thin films changes 

with increasing scan rate due to lowered 

electrochemical activities by creating active sites 

in the presence of electrolytic ions [27]. 

3.6.2. Galvanostatic charge/discharge studies  

The electrochemical study of the electrophoretically 

deposited M, MM, and MN thin film electrode is 

carried out by the galvanostatic charge/discharge 

method in the potential range 0 to 0.7 V vs. SCE at 

different current density values. Fig. 7 illustrates the 

charge/discharge curves recorded at current 

densities of 0.3 and 1 A g-1. It elucidates the nearly 

symmetrical charge-discharge curves and confirms 

an excellent pseudocapacitive behavior due to 

surface. 
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Fig. 6. The cyclic voltammetry curves of MN, MM, and M thin films at scan rates a) 10, b) 20, c) 50, and d) 100 

mV s-1. 

Redox reactions in mesoporous nanostructured 

thin films [20]. Due to narrow pores and high 

surface area, the MN and MM thin films exhibit 

an excellent supercapacitive performance than the 

M thin film electrode. 

Table 3. The specific capacitance values of 

nanostructured M, MM, and MN thin film electrodes. 

Thin 

films 

Current density 

(A g-1) 

Specific capacitance 

(F g-1) 

M 
0.3 172 

1 142 

MM 
0.3 414 

1 338 

MN 
0.3 720 

1 630 

By analyzing discharge curves and using  

equation 3, the specific capacitance values of 

nanostructured MM, MN, and M thin film 

electrodes are determined and shown in Table 3. 

Cs= 𝑖  𝛥 𝑉 /𝑚 Δt                        

 (3) 

Where i - the discharge current (A), ΔV - the 

potential window (V), Δt - the discharging time 

(s), and m - the mass of the deposited materials in 

the electrodes (g cm−2).  

Thus, the MN and MM thin film electrodes have 

higher specific capacitance values than the M thin 

film electrode due to the larger accessible surface 

area, enhanced electrical conductivity, and 

surface redox reactions [30, 31]. 

4. CONCLUSIONS 

In summary, the pure, 2 % Mo and Ni doped 

Mn3O4 thin films were deposited on a stainless-

steel substrate via an easy and cheap 

electrophoretic deposition technique and an 

enhanced supercapacitive was observed for the Ni 

and Mo doped Mn3O4 thin films. The XRD 

analysis showed that all thin films have a 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

52
7 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
m

se
.iu

st
.a

c.
ir

 o
n 

20
25

-1
2-

08
 ]

 

                             6 / 10

http://dx.doi.org/10.22068/ijmse.3527
https://ijmse.iust.ac.ir/article-1-3527-en.html


Iranian Journal of Materials Science and Engineering, Vol. 21, Number 1, March 2024 

7 

tetragonal Hausmannite spinel structure. 

        
Fig. 7. The galvanostatic charge-discharge curves of M, MN, and MM thin films at current densities of 0.3 and 1 A g-1. 

The average crystallite size and microstrain 

increase for Mo-doped and decrease for Ni-doped 

thin films while the dislocation density decreases 

for Mo-doped and increases for Ni-doped thin 

films than pure Mn3O4 thin film. FTIR studies 

showed the impurity-free deposition of pure, Ni, 

and Mo-doped Mn3O4 films. The UV visible 

spectroscopy measurements of all thin films have 

shown identical optical properties but greater 

band gap energy values due to the presence of 

dopant. The surface morphological change was 

also observed due to doping which was confirmed 

by the SEM studies. The pure thin films have 

nanowire-like structures, Ni-doped thin films 

have nanoflake structures while the Mo-doped 

thin films have nanostructured structures. BET 

analysis elucidated that Ni-doped thin film has 

narrow pores, higher porosity, and surface area 

than  

Mo-doped and pure Mn3O4 thin films. 

Supercapacitive studies elucidated a larger 

specific capacitance of value 720 F g-1 for Ni-

doped Mn3O4 thin film and 374 F g-1 for Mo-

doped Mn3O4 thin film than the pure Mn3O4 thin 

film. Due to features such as affordability, easy 

synthesis with morphological tuning, and 

excellent supercapacitive performance, the doped 

Mn3O4 thin films could be a promising candidate 

to use as electrodes in energy storage and 

transportation devices. 
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