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Abstract 

MnS and lithium-doped MnS thin films were prepared on Indium Tin Oxide (ITO) conductive substrates from appropriate inorganic 

chemical reagents using two-electrode electrochemical deposition technique. Effects of Li-ions incorporation as dopant impurity on 

some surface properties of the thin film: optical, electrical and electrochemical cyclic voltammetry responses, were investigated to 

explore the films’ optoelectronic and energy storage potentials. The optical result showed high absorbance in the UV region and high 

transmittance towards visible and infrared spectra wavelength range of EM spectrum. Direct allowed transition with decreasing energy 

band gap value from 2.03 eV to 1.85 eV relative to lithium dopant concentration was observed. The film also revealed increasing 

surface conductivity with thickness. Enhanced electrochemical charge storage of the MnS host material leading to specific capacitance 

value of 95 F g-1 was also instigated by the Li+ ions incorporation. The study demonstrated that MnS and lithium-doped MnS thin 

films are suitable electrode materials for energy harvesting and electrochemical energy storage devices. 
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INTRODUCTION  

Extensive research has been conducted on semiconductor sulfide materials due to their notable 

variations in synthesis methods, leading to diverse structures, sizes, and size distributions. As a result, 

these materials exhibit improved properties and offer promising prospects for various applications. 

These properties give nanocrystals diverse shapes, flexibilities and configurations to function as 

fundamental units for constructing and organizing nano devices. One-dimensional nanostructures, 

which have limited growth in two directions, demonstrate remarkable optical, mechanical, and 

electrical properties (Gajanan et al., 2011). Manganese chalcogenides (sulfides, selenides, and 

tellurides) have gained attention for their distinctive morphological, physical, and chemical 

characteristics. They belong to a class of semiconductors called diluted magnetic semiconductors 

(DMS) with band structures quite related to those of their host II-VI or III-V compounds, they exhibit 

the band structures of zinc-blende or wurtzite semiconductors, and, except for some III-V 

compounds, they have a direct band gap transition (Cibert and Scalbert, 2008). MnS thin films or 

powder can be found in several polymorphic forms: the green colored stable cubic modification 

having the rock-salt type structure (α-MnS) which is the most common, the metastable pink zinc-

blende type (β-MnS), or the metastable wurtzite-type structure with (γ-MnS); at 100 - 400℃, it has 

been found that β and γ types can be transformed irreversibly to the stable α-type MnS. Generally, 

MnS are characterized by its wide band gap (𝐸𝑔 ≥ 3.02𝑒𝑉). They are p-type semiconductors and 

hold promise for various applications such as solar cells, optical windows/buffer materials, 

optoelectronic devices, and luminescent materials (Gajanan, 2011; Honsberg, 2019). However, this 

characteristic combined with its poor electrical conductivity has limited its application. Factors such 

as the intricate mechanism of charge carrier production, lifespan, charge density, recombination, 
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defect sites, influence the material's conductivity. Many scientists have used band operational 

modulations from the introduction of sulphur vacancies to increase the conductivity of these materials 

because they are suitable for instigating holes to improve the passage of the charge carrier between 

the material's energy bands. To achieve this, many authors have adopted to incorporation of impurity 

such as dopant within the framework of the MnS host lattice. Among several dopants, mono-ionic 

dopant has offered several advantages over multi-charged dopant, one of which is the efficient 

introduction of charge carriers for improved conductivity with insignificant lattice distortion (Liu et 

al., 2022; Zhao et al., 2023). This minimizes unnecessary defect and consequently facilitates 

optimum stability and performance. Reviews have shown that there are many synthetic methods by 

which any of the three forms of MnS can be prepared. The methods encompass solvothermal method 

(Chang et al., 2021), hydrothermal method (Swathi et al., 2021), chemical bath deposition (Abbas et 

al., 2024), colloidal synthesis (Zhang et al., 2022), electrodeposition (Mandal et al., 2022), radio-

frequency sputtering (Morita et al., 2022), and so on. In this study, we have employed 

electrodeposition technique to prepare for the first time, a novel Li-doped MnS nanostructure on 

conductive substrate. The electrodeposited technique adopted was a two-electrode mode involving 

the use of the substrate and carbon as working and counter electrodes, respectively.  The authors also 

characterized the prepared films to investigate the effect of Li-ion impurity on optical, electrical and 

electrochemical properties MnS for potential in optoelectronics and energy storage applications. 

 

MATERIALS AND METHODS  

Materials 

The study employed the use of electrolytic precursors prepared from high analytical grade (~97%, 

purity) inorganic chemical reagents: manganese sulphate monohydrate (MnSO4.H2O) and lithium 

chloride. Sodium thiosulphate pentahydrate (Na2S2O3.5H2O) solution was also prepared as sulphury 

source. Double distilled water (DW) was utilized as solvent for dissolution of the chemicals. 

Conductive ITO coated glass was purchased from Lumtec. Inc, China and employed as substrate as 

well as current collector for electrodeposition process and electrochemical charge storage testing. 

The ITO/glass substrates were first scrubbed with cotton bud in soapy water. Afterwards, they were 

ultrasonicated for 10 minutes (using acetone and distilled water). This process was necessary to 

maintain homogeneity and better quality of films. For the preparation of sample, two different 

solution electrolytes were prepared.  Solution A was prepared from the reaction of 0.15 M of 

MnSO4.H2O and 0.01 M of Na2S2O3.5H2O in 100 mL DW, while solution B and C involve 0.02 

mol % and 0.02 mol %  LiCl of solution A in 100 mL DW, respectively. The solutions were prepared 

in separate beakers and stirred using magnetic stirrer until homogenous and clear solution was 

obtained.  

 

Samples’ preparation  

Film growth was carried out by two-electrode mode encompassing the ITO/glass slide as the 

cathode and a carbon electrode (graphite) as the anode.  The source of power supply for the process 

was a DC voltage source meter. Voltage drop and current degradation during the deposition were 

measured with the aid of a digital multimeter while the power supply was being kept under 

potentiostatic mode (1.8 V), throughout the experiments. Three separate film samples were 

prepared. Pristine MnS film sample was first produced from solution A precursor with the 

electrochemical deposition set up illustrated in our previous work [Taleatu et al., 2014]. The 

substrate was left in the solution until an optimum growth was observed via visual examination.  

The sample obtained was tagged sample ‘M’. Following the same procedure, two different Li-doped 

MnS film samples (Li@MnS) were prepared from the mixture of solution B and C, with A based 

on the stated prescription. The samples were tagged sample LM1 and LM2, accordingly. After the 

synthesis process, all the samples were annealed at 300 ℃ for about 90 minutes in open air furnace 

to possibly remove adsorbed moisture and hence kept in air-tight container for characterization.  
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Samples’ characterization 

All the samples were measured to explore their optical, electrical and electrochemical charge storage 

characteristics. The optical measurements were carried out with the aid of absorbance and 

transmittance data collected for each sample using Shimadzu double beam spectrophotometer with 

the ultraviolet (UV)/visible light range of solar spectrum. The electrical properties of the samples 

were obtained using current-voltage (I-V) characteristic plots obtained using a four-point probe 

instrument. The electrochemical charge storage characteristics of the synthesized material were 

explored using their measured cyclic voltammetry (CV) curves under three-electrode configuration 

involving the deposited film sample, Ag/AgCl, and graphite as working, reference and counter 

electrode, respectively. The CV data were obtained from Corrtest potentiostat/electrochemical 

workstation. Extensive details about the facilities employed for these measurements have been given 

in our earlier reports [Adewinbi et al., 2020; Adewinbi et al., 2021]. 

 

RESULTS AND DISCUSSION 

Optical absorption and transmittance and Optical energy band-gap value estimations, 

Optical properties of thin film materials play a critical role in diverse applications such as 

optoelectronics, photovoltaics, and sensors. The spectral absorbance data of the deposited films was 

measured and their corresponding plots as a function of wavelength are presented in Figure 1(a). 

From the plots, it can be observed that that the absorbance of the films is generally high but decreases 

with an increase in wavelength. Furthermore, one could observe that the visible light absorption of 

the deposited MnS thin film increases at the Li-ion dopant content increases. These unique features 

are complemented with the one obtainable from their corresponding transmittance spectral depicted 

in Figure 1(b), as the enhanced incorporation of Li-ion dopant impurity reduced the visible light 

transmission properties of the deposited MnS thin film. The decrease in optical transmittance of MnS 

with increasing Li-dopant could be attributed to the enhanced grain boundaries during the 

introduction of dopant (Guo et al., 2020).  The feature implies that the photabsorption of 

electrodeposited MnS host material can be improved via the incorporation of Li-dopant impurity. It 

also signifies that the higher the dopant content, the higher the light attenuation. It also suggests the 

material as an absorbent layer for solar cell applications and solar thermal energy collectors. 

(Onwuemeka and Ekpunobi, 2018). The energy bandgap is a vital factor influencing MnS thin films’ 

optoelectronic characteristics and potential applications (Adewinbi et al., 2020). It represents the 

energy difference between the conduction band's lowest level and the valence band's highest level. 

Knowledge of bandgap gives understanding of light absorption and emission properties of MnS. With 

the aid of relation in Eq. (1) below, the absorption coefficient, (α) of the deposited film samples was 

calculated (Adewinbi et al., 2020).  

 α = 
1

𝑑
 In 

1

𝑇
                                   (1) 

where 𝑑 and 𝑇 represent the film thickness and transmittance data, respectively. The optical energy 

band gap value (Eg) for each film sample was estimated using Tauc’s relation in the flowing Eq. (2) 

(Abbas et al., 2024).  

                                     (𝛼ℎ𝜈)1⁄𝛾 = 𝐵 (ℎ𝜈 − 𝐸𝑔)                                               (2) 

Where ℎ is the Planck constant, ν is the photon’s frequency, 𝐸𝑔 is the band gap energy and 𝐵 

is a constant usually referred to as band parameters; the 𝛾 factor depends on the nature of the electron 

transition and is equal to ½ or 2 for direct and indirect transitions, respectively. The energy band gap 

value for each film sample is therefore estimated by extrapolating the linear portion of the 

corresponding plot of (𝛼ℎ𝜈)1⁄𝛾 against ℎ𝜈 (photon energy) to a point where 𝛼ℎ𝜈 = 0 on the x-axis 

(Makula et al., 2018). The plots are shown in Figure 1(c), and the estimated Eg values for each sample 

are indicated on the corresponding plots as displayed.  The decreasing band-gap value (2.03 to 1.85 

eV) with Li-ion dopant incorporation, signifies a redshift feature characteristic which reaffirms 

enhanced photabsorption properties in the visible light spectra range of solar radiation, and indicates 

enhanced photocatalytic performance of MnS host material because of Li-dopant impurity 

incorporation. This feature also suggests the capability of the material for use as buffer layer for 
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recombination inhibition and enhanced charge transport properties of thin film organic solar cells. 

Furthermore, the estimated values of the band-gap are in good agreement with the previously reported 

data of CuMnS film by Ezenwaka et al. (2021). They conform to solar spectrum range, suggesting 

the films are good materials for photovoltaic cell application. 

 

 
Figure 1: Optical measurements outputs (a) absorbance spectra (b) transmittance spectra and (c) 

Tauc plots for the estimation optical energy band gap of the deposited bare and Li-doped 

MnS thin films. 

 

Film’s extinction coefficient, refractive indices and optical conductivities 

The extinction coefficients of film material determine how strongly a material absorbs or reflection 

light at particular wavelength. It is determined from absorption coefficient 𝛼 using the relation given 

in Eq. (3) (Busari et al., 2020). 

𝑘 =
𝜆𝛼

4𝜋
      (3) 

The plots of extinction coefficients as function of photon energy for the samples are presented in 

Figure 2(a). Observable from the plots, the extinction coefficient of MnS, decays exponentially up to 

1.78; and beyond 1.78 eV, it shows a gentle rise. It is also found reducing with Li-ions incorporation 

relative to film thickness.  Thus, it can be concluded that the exponential decrease in extinction 

coefficient with an increase in photon energy represents that the fraction of light lost owing to 

scattering and enhanced absorbance. These observations could be supported by Beer-Lambert law of 

light absorption in transparent medium indicating that the proportion of absorbed light in a 

homogenous isotropic medium is independent of the intensity of the monochromatic incident light; 

and thus, successive layer absorbs an equal fraction of the incident light. According to Beer-Lambert 

law stated in Equation 4, the dependence of the sample thickness and absorption coefficient on photon 

energy of absorbed and transmitted light due to scattering can be determined using appropriate python 

code. 

  𝐼 = 𝐼𝑜 𝑒−𝛼𝑡                                              (4)          
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Where Intensity of incident light is Io and that of transmitted light is I. α and t are absorption 

coefficient and film thickness respectively. The loss factor decreases with increase in photon energy. 

Thus, refractive index of materials describes the amount of light that is reflected when reaching the 

interface. The refractive index 𝑛, was deduced using the relation in Equation 5 below: 

                            n =
1

Ts
+√

1

Ts-1
     (5) 

where 𝑇𝑠 is the percentage transmission coefficient (Busari et al., 2023). The corresponding plots for 

each sample are depicted in Figure 2(b). The refractive index of all the sample increased as the photon 

energy increased. Additionally, it can be observed that the refractive indices values for the deposited 

MnS film sample increased as the Li-dopant content is raised. These observable features play an 

important role in optical material search and in constructing anti-reflecting coatings for solar cells 

(Callister and Rethwisch, 2011). Optical conductivity (σ) of the deposited films was calculated using 

the relationship given in Eq. (6)  

σ = 
αηc

4𝜋 
        (6) 

Where α is the absorption coefficient, η is the refractive index, and c is the speed of light. The plot 

of the optical conductivity of the deposited MnS and Li@MnS as a function of wavelength is 

displayed in Figure 2(c). It can be observed that all the samples have considerably high value of 

optical conductivity with the highest found in Li@MnS (0.05 M). These results show that the films 

display good optical conductivity (Yasmeen et al., 2019). The increase in the optical conductivity 

observed with increasing dopant content can be attributed to the increase in the density of localized 

states in the energy band introduced by the dopant impurity (Ikhioya et al., 2022).  

 

 
Figure 2: Plots of (a) extinction coefficient, (b) refractive indices, and (c) optical conductivity against 

photon energy for the deposited bare and Li-doped MnS thin films. 
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Electrical current-voltage (I-V) characteristics  

The electrical properties of the films were investigated using a standard four-point probe technique. 

These were explored with the aid of each sample’s corresponding I-V characteristic plot as depicted 

in Figure 3(a-b). It can be observed from the plots the measured current data showed a linear 

relationship with that applied voltage. These features signify the samples exhibited ohmic properties 

across the applied voltage range, indicating good electrical response (Adewinbi et al., 2020).  The 

results clearly show that the conductivity of the MnS host materials increased with the incorporation 

of Li dopant. The obtained resistivity and conductivity values as presented on each plot, accordingly, 

for each sample also demonstrate enhanced electrical response of the host materials upon dopant 

incorporation. It also corroborated the tailoring features of the optical energy bandgap with the dopant 

impurity.  

 

 
Figure 3: Current-voltage characteristic plots for the deposited (a) bare MnS, (b) Li@MnS (0.02% 

M) and (c) Li@MnS (0.05% M) thin films. 

 

Electrochemical charge storage properties 

The electrochemical energy storage performance of the demosited film samples as electrode 

prototype has been investigated using their respective CV curves as diplayed in Fig. 4(a-b). The 

measurement were taken at various scan rate ( 10 to 100 mV s-1).  Generally, it can be observed that 

the CV curves of all the sample dispalyed a quasi rectangular shapes with no significant redox peak. 

This feature signifies the exhibition of a typical pseudocapacitive behaviour by the electrode 

materials. The absence of redox peaks on the curves reavealed that charge-discharge volatmmetry 

behaviour of the electrodes is of high pseudoconstant rate (Adewinbi et al., 2022). Additionally, there 

is no significant variation in the quasi rectangular shape of these curves with respect to the 

introduction of the dopant material.  These featues can be ascribed to the inherent pseudocapacitive 

properties often associated with the Mn-based electrode material (Admuthe et al., 2020; Adewinbi et 
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al., 2022). They are traceable to the faradiac reactions resulting from processes of 

intercalation/deintercalation of KOH electrolye ions within the electrode material. Area under the 

CV curves was found to increase with increasing dopant content, signifying enhanced current 

response MnS electrode with the incorporation of Li-dopant ion. This corroborates the observed I-V 

characteristic features revealing enhanced MnS electrode’s electrical conductivity with increasing 

Li-ion dopant concentration. The linear increase in curve surface area under the CV plot with 

increasing scan rate feature of the all electrodes symbolizes enhanced rate capability. The specific 

capacitance (𝐶𝑠) of electrode film sample was calculated with the aid of reation in Eq. (7) 

(Animasahun et al., 2023). 

                                                  𝐶𝑠 =
1

𝑚𝑆𝑟𝑉
∫ 𝐼(𝑉) d𝑉

𝑣2

𝑣1
   (7) 

Where, m, 𝑆𝑟, 𝑉, and ∫ 𝐼(𝑉) d𝑉
𝑣2

𝑣1
, represent mass of the active electrode films which were estimated 

from the weight differences of the blank and the coated ITO/glass substrate, scan rate, and integral 

areas of the CV curves. The specific capacitance values were estimated as 53.67, 94.46 and 73.38 F 

g-1 for the pristine MnS, Li@MnS (0.02M), and Li@MnS (0.05 M), respectively. The specific 

capacitance of the optimized sample was also measured with respect to varying scan rates. The plot 

is depicted in Fig. 4(c). Notably, the specific capacitance value reduced with an increasing scan rate. 

This observable feature is attributable to the fact that the electrolytic ions had enough time to access 

huge part of the electrode active film at lower scan rates (Adewinbi et al., 2021). In summary, the 

MnS host film demonstrated enhanced supercapacitive charge storage performance with the 

incorporation of Li-ion dopant impurity within the host’s framework.  

 
Figure 4: (a-c) Electrochemical C-V curves for the deposited bare MnS,  Li@MnS (002% M) and 

Li@MnS (005% M) thin film electrodes at various scan rates, (d) plot of specific 

capacitance vs. scan rate for the optimum Li@MnS (0.02% M) thin electrode.  

CONCLUSION 
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Lithium-doped manganese sulphide thin films with varying concentration (0.00, 0.02 and 0.05% 

molar) have been successfully prepared on ITO/glass substrate from suitable inorganic chemical 

reagents by electrochemical deposition technique because of its simplicity and low cost. It is also 

environment-friendly which does not require the use of hazardous solvent or reactive precursors. 

Optical, electrical and supercapacitor properties of the studied materials were investigated through 

UV-Vis spectroscopy, I-V and electrochemical cyclic voltammetry measurements, respectively. 

Measured optical parameters showed low transmittance and decreased band gap energies as the 

dopant concentration increased; the band gap energies of the thin films are 2.03 eV and 1.85 eV with 

increasing dopant concentration. Electrical studies revealed decreasing resistivity values and 

enhanced conductivity as the dopant concentration increased. In addition, the C-V curves showed 

that thin films exhibit pseudocapacitive behavior with enhanced specific capacitance value 95 F g-1 

courtesy of high electrical conductivity induced by the Li-ion dopant incorporation. However, further 

investigations are required to establish the charge storage kinetics towards these capacitive outputs. 

These results show that these Li@MnS can be used as active photoabsorber layer in solar cell as well 

as active electrode material for electrochemical energy storage applications. 
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