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Abstract      

 Different concentration (1–5 mol%) of Ni2+doped FeS2 thin films were deposited by 

facile ECD technique. XRD pattern Ni2+ ion-doped FeS2 thin films were cubic structure with 

the high intensity plane (2 0 0). HRSEM images show that the undoped with 1–2 mol% Ni2+ 

doped FeS2 thin films were spherical-like morphology with aggregated grains. 3 mol% Ni2+ 

doped FeS2 thin film was aggregated with smaller size grains. Electrochemical impedance 

analysis reveals that the minimum charge transfer resistance (69 Ω) is obtained for 3 mol% Ni2+ 

ion-doped FeS2 thin films with exceptional conductivity character compared to other samples. 

Photoelectrochemical test indicates that 3 mol% Ni2+ ion-doped FeS2 thin film generates 

enhanced photocurrent response and faster immigration of photoinduced charge carriers 

compared to the other samples. It has been observed from CV  analysis; the optimized 3 mol% 

Ni2+ doped FeS2 thin film delivers superior electrocatalytic performance of triiodide reduction. 
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1. Introduction  

Recently, several types of materials such as CulnS2, CIGS, CZTS, CdSe, CdTe, FeS2, 

played an enhanced performance in photo electrochemical cell. The transition metal ions doped 

FeS2 thin films showed an improved performance in photoelectrochemical cell and the 

substitution is basically good in agreement with the lattice parameters. Among the reported 

materials, iron disulfide, FeS2 (pyrite) semiconductor compound has been individualized as the 

most smart photovoltaic material in future with the production oflarge-scale efficient and low 

cost solar cells. The evolution of pyrite as solar energy materials is because of its nontoxic 

nature, their abundance and their potential optoelectronic properties.  FeS2 is a well-known earth 

rich and non-pollutant semiconducting material having wide band gab energy of 0.95 eV. 

Commonly, FeS2 showed as much interest in technological importance. It is used as alternative 

material for photovoltaic and photoelectrochemical cells. FeS2 thin films showed the different 

attractive characters such as low production cost, excellent environmental compatibility, ease of 

n and p doping junction and high carrier mobility [1]. However, by exploring the potential of this 

material for the solar cell and other photochemical applications finds priority in the recent 

research field [2-5]. The recent reported results of iron pyrite thin films reveal different potential 

applications in photoactive electrode [4], dye sensitized solar cells [5], as dilute magnetic 

semiconductor for spintronics [6], in lithium-ion batteries [7], photo-catalysis [8], as photovoltaic 

material [9], photo-in electrochemical cells [10] and solar cell devices [11].  As of today, 

different techniques have been reported for fabrication of FeS2 thin films such as  microwave-

irradiation [12], metal organic chemical-vapor deposition (MOCVD) [13], sulfurization of pyrite 

films [14], magnetic-sputtering [15], chemical bath reaction [17], chemical vapor-deposition[16], 

electrochemical deposition method  [17]. Among the different deposition techniques, the 

electrochemical deposition is an outstanding method for preparation of FeS2 thin filmsbecause of 

an enhanced photoelectrochemical and electrocatalytic performances. This method attracts a 

considerable attention as this technique is simple, low-cost, environmental friendly, non-

pollutant and non-requirement of any modified instrumentation.  

Most of the researchers have been reported the various elements (Zn, Ru)-doped pyrite 

for different potential applications [18-19]. Khalid et al. [20] studied the MxFe1-xS2 composite for 

photovoltaic device application through a simple and low cost chemical vapour deposition 
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(CVD) technique. The prepared FeS2 thin films employed the bright structural properties and the 

MxFe1-xS2 composite has an investigated the Mn-incorporated FeS2 composite for 

photoconductivity performance excellent surface morphology deliberate by atomic face 

microscopy (AFM). Yu et al. [21] have demonstrated a facile chemical bath deposition method 

and the obtained composite showed enormous light-trapping networks were obtained through 

increasing doping contents. Ho et al. [22] reported the nickel-incorporated FeS2 for 

photoelectrochemical performance through chemical vapor transport (CVT) method and 

composite displayed excellent single phase with is structural properties. In addition, the nickel 

doped iron pyrite thin films showed enhanced photoconductive and photoconductivity 

performance and Ni doped FeS2 exhibit a fine red shift behavior through reliable with 

substitutions incorporation.   

Jiao et al. [23] have deposited the Co-doped FeS2 thin films for water photolysis utilizing 

sunlight by Solvothermal method with enhanced photo response. Starchikov et al. [24] reported 

the Cr doped Fe1-xCrxS single crystalline nanoplates for energy storage devices by a facile 

thermal decomposition technique. The fabricated Cr doped Fe1-xCrxS composite showed the 

enhanced magnetic properties. This investigation demonstrate that the obtained composite has an 

attractive material for energy storage devices. Mao et al. [25] reported the ZnxFe1-xS2 

nanocrystals for photoelectrochemical application by a modified hot-injection technique. In this 

work report that the obtained composited has excellent morphological properties with 

incorporation of dopant.  Thomas et al. [26] reported the Fe1-xCoxS2 for solar cell application by 

a simple chemical vapour deposition (MOCVD). The cobalt doped FeS2 thin films showed a 

superior conductivity performance and the prepared composite material is suitable for solar cell 

application. 

Jiang et al. studied the Ni-doped FeS2-rGO electrocatalyst with various composition of Ni 

(x = 0.05–0.3 mol%) and they found that incorporation of Ni led to yield as better electrocatalyst 

with lower charge transfer resistance, Tafel slope and lesser reduced over potential [27]. Wang et 

al. reported that FeS2/TiO2 photoanode composed of all earth abundant elements exhibiting high 

photoresponse for photoelectrochemical cell [28]. On the basis of theoretical and experimental 

studies, Guo et al. is yet to investigate the electrocatalytic properties of iron chalcogenides in 

energy conversion storage devices [29].  Xia et al. fabricated Sn4+-doped FeS2 thin film electrode 
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for photoelectrochemical materials. They achieved that the Sn4+-doped FeS2 thin film electrode 

material has attractive photocurrent density of 0.8 lA cm-2 [30]. Predictably, the transition metal 

ion-doped iron pyrite and their optical properties have been measured individually in relation to 

diverse tasks. However, the transition metal ion- doped FeS2 thin films, which combine both 

electrical and optical properties, seem to be the most novel and remarkable objects for studied 

not only because of their fundamental properties but also their practical applications in 

photoelectrochemical cell. 

The Ni ions doped thin films for electrochemical properties were infrequently reported. 

Further, to the best of our knowledge behind the literature review, the transition metal ion-doped 

FeS2 thin films were growth on ITO plate through electrochemical deposition (ECD) process and 

this type of work rarely observed elsewere. The present work, describes the Ni2+ ions doped FeS2 

thin films onto ITO plate by a facile and low cost ECD technique. The result of Ni2+ on 

structural, morphological and electrochemical properties of electrochemically deposited FeS2 

thin films was investigated.  Moreover, we improved the electrocatalytic performance of Ni2+ ion 

doped FeS2 thin films and also systematically investigated.  

 

2. Experimental  

2.1 Chemicals  

In this deposition process, following chemicals such as ferrous sulphate heptahydrate 

(FeSO4.7H2O), thiourea ((NH2)2CS), nickel acetate (Ni(CH3COO)2.xH2O) with 3 N purity and 

tin-doped indium oxide (ITO) substrates were purchased from Sigma-Aldrich, India. Sodium 

sulfate (Na2SO4) with 3 N purity and sulfuric acid (H2SO4) were purchased from Spectrochem, 

India. All of these chemicals were analytical grade and used instantly, voided of any more 

sanitization.  

2.2 Growth of Ni2+ doped FeS2 thin films 

The present work illustrates that the undoped and Ni2+ ion-doped FeS2 thin films were 

grown on ITO coated glass substrate in an electrolyte medium by facile ECD process. In the 

ECD process, the bath restrained 0.03 mol% dm-3 of FeSO4.7H2O, 0.003 mol% dm-3 of 

((NH2)2CS) and the various concentrations (1, 2, 3, 4 and 5 mol%) of Ni2+ ions were dissolved 

by using double distilled water. ECD process was performed by using a linear sweep 
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voltammetry (LSV) procedure from an electrochemical analyzer (CH604, CH Instrument USA) 

in three-electrodes setup. An ITO substrate as working electrode, a platinum (Pt) wire 

contributed as a counter electrode and Ag+/AgCl (saturated KCl) electrode worked as a reference 

electrode.  The resultant solution was magnetically stirred for several minutes at controlled bath 

in 50oC.  ECD bath solution pH (~2) was adjusted by adding conc. H2SO4.   The LSV for ECD 

was between -900 mV and +900 mV at a scan rate of 1.5 mVs-1.  Further, the formation, the 

layered thin films were permitted to cool down from higher temperature to room temperature. 

After completion of ECD process, the deposited thin films were kept in desiccators for further 

analysis. All the films equipped in this work have average thickness in the range of 386-572 nm.  

2.3 Characterization 

The structural and crystalline nature of electrodeposited Ni2+ doped FeS2 thin films was 

investigated by X-ray diffraction (XRD) patterns obtained from Plus/D8 model X-ray 

diffractometer under Cu Ka radiation at scan rate of 10° per min. Roughness and thickness of 

electrochemically deposited Ni2+ doped FeS2 thin films were measured by PS50 profilometer 

system. The resolution of PS50 profilometer system was 5 nm. The surface morphology of 

samples was tested through high-resolution scanning electron microscope (HRSEM, Hitachi-S-

4300SE) with equipped voltage of 10 kV. The optical transmission spectra of the undoped and 

Ni2+ doped FeS2 thin films were recorded using Shimadzu UV–visible–FIR spectrometer in the 

range 200–2000 nm. EPR spectra of Ni2+ doped FeS2 thin films were illustrated from Varian E-

112 EPR spectrometer at 80 K under liquid nitrogen temperature. A transient photocurrent study 

was recorded for photo-stability of thin films by using, 100 W Xenon lamps (OSRAM, 

Germany) which acted as light resource with several on-off cycles in 0.1 M Na2SO4 electrolyte 

solution. The electrochemical impedance spectroscopy (EIS) was examined for Ni2+ doped FeS2 

thin films in the frequency range from 0.1 Hz to 1MHz by using AC-impedance technique at AC 

amplitude of 5 mV at room temperature. The electrocatalytic activity of Ni2+ ion-doped FeS2 thin 

films were studied by a simple cyclic voltammetry (CV) technique was recorded from CHI604E 

electrochemical analyzer. Raman spectra of undoped and Ni2+ doped FeS2 thin films were 

recorded at room temperature. The excitation source was an argon ion laser beam of 30 mW (λ = 

488 nm) power with vertical polarization focused to a spot size of 50 mm onto the sample. The 

scattered light was collected in the backscattering geometry using a camera lens (Nikon; focal 
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length, 5 cm; f/1.2). The collected light was dispersed in a double grating monochromator, SPEX 

model 14018, and detected using thermoelectrically cooled photomultiplier tube model ITT-FW 

130. The resolution obtained was 5 cm-1.  Auger electron spectroscopy (AES) studies were 

carried out on a Perkin Elmer thin film analyzer using beam current of 180 nA. The experiment 

is carried out in a UHV environment because the AES technique is surface sensitive due to the 

limited mean free path of electrons in the kinetic energy range of 2.5 to 3 keV. The pass energy 

between the deflectors is about 80 eV. Such energy has been chosen because of the good 

compromise between the resolutions. The spectra were recorded with modulation voltage of 5 eV 

peak to peak. The samples were sputter etched using a V.G. Scientific ion gun with 3 keV Ar+ to 

remove surface contamination. The pressure in the chamber was 5.4 x 10–9 Torr during the 

analysis. 

 

3. Result and Discussion 

3.1 Structural, thickness and roughness properties  

The structure and crystalline nature of electrochemically deposited thin films were 

investigated by X-ray diffraction (XRD) performance. Figure 1 shows the characteristic XRD 

patterns of undoped and various concentrations (1-5 mol%) of Ni2+ ion-doped FeS2 thin films. 

The observed diffraction peaks matches with the JCPDS Card no. 42-1340 of cubic FeS2. An 

enhanced diffraction peaks with the related planes of (2 0 0), (2 1 0) and (2 2 1) are of well 

crystalline in character with cubic structure. The major diffraction peak of (2 0 0) plane shows 

the highest intensity by exhibiting the cubic structure with preferred orientation. The observed 

diffraction peaks are slightly shifted to lower 2θ degree which is due to larger ionic radius of 

Ni2+ (0.083 nm) ions substituted in the smaller Fe2+ (0.074 nm) lattice sites and also the atoms 

located in the lattice boundaries is considerably changed. The results clearly indicate that there is 

a significant change in diffraction peaks and the successful Ni2+ doping in the host FeS2 matrix 

[31]. The 2, 3 and 4 mol% of Ni2+ doped FeS2 thin films have additional diffraction peaks of (2 1 

1) and(2 2 0) appeared. The lattice constant (a) of thin films were estimated from the (h k l) 

planes and described in the following relation, 

a = d (h2 +k2+ l2)1/2      (1) 
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where d is inter planar spacing for atomic planes. The obtained d-spacing values are used to 

resolve the lattice constant and values are summarized in Table 1. The average crystallite size 

(D) of thin films was estimated by FWHM of (2 0 0) diffraction peak using Scherer’s equation: 

 

D = 0.9 λ/β cosθ                          (2) 

 

where β is the full width at half maximum (in radians) and λ is the X-ray wavelength. The 

estimated, average crystallite sizes were in the range of 101-190 nm and agreed in Table 1. The 

microstrain (ε), dislocation density (δ) and number of crystallites per unit area (N) were 

determined by using following relations (Eqs. 3, 4 and 5) and their values are summarized in 

Table 1. 

Micro strain (ε) = β cosθ/4             (3) 

Dislocation density (δ) = 15ε/aD     (4) 

Number of crystallites (N) = t/D3    (5) 

 

where θ is the Bragg’s angle (in degree), t is thickness of the film, ε and δ are very regular 

physical phenomena for thin films. The obtained strain (ε) value induces that the deformation of 

one part per million.  

The thickness and roughness values of undoped and Ni2+ ion-doped FeS2 thin films were 

obtained by profilometry process and the values are given in Table 2. While the thicknesses and 

roughness of 1, 2, 3, 4 and 5 mol% Ni2+ doped thin films are higher than that of undoped thin 

films, the roughness values are lower than that of undoped thin films. This may be due to faster 

particle growth in the presence of Ni2+ ions leading to better crystallization of the product. 

 3.2 Surface morphology studies 

The microstructure and surface morphology of electrodeposited undoped and Ni2+ ion-

doped FeS2 thin films were performed by using high resolution scanning electron microscopy 

(HRSEM). The Figure 2 gives the typical HRSEM surface images of undoped and 1-5 mol% of 

Ni2+ ion-doped FeS2 thin films. The HRSEM images obviously indicates that the Ni2+ ions 

concentration display a significant role on the surface morphology and grain size of the thin 

films. The surface morphology of undoped (Figure 2 a) FeS2 thin film show a smaller grain with 
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uneven spherical-like structure. After increasing doping concentrations (1-2 mol%), the HRSEM 

(Figure 2 b-d) images reveal spherical-like morphology with gradual increase in uniform-sized 

aggregated grains. The morphology of 3 mol% Ni2+ ion-doped FeS2 thin films is relatively 

small and quite different from other thin films.  Its agglomerated nanocrystalline particles 

were distributed on the surface.  From the illustration, it is observed that the all thin films 

showed a homogeneous, without cracks or pinholes and well covered to the ITO glass substrates. 

The case of 4 mol% Ni2+ ion-doped FeS2 thin film shows a series of aggregated grains with 

irregular bigger crystallites, and grain size was increased with increasing Ni2+-dopant 

concentration. Reaching the dopant concentration (5 mol%) of Ni2+ ion-doped thin films 

displayed the spherical-like morphology and slightly reduced grains with even distribution of 

grains. The increase in grain size suggests that the crystallinity of thin film was enhanced. The 

results suggest that the decrease of grain boundary may be due to the good adhesion in nature 

of thin films with increase in conductivity of the samples [32]. As the particle size decreases, 

the number of surface volume increases, so that nickel additive is segregated over FeS2 

surface. 

3.3 Optical studies 

Figure 3 shows the Tauc’s relation plotted against (αhγ)2 and (hγc) of pure and Ni2+ doped FeS2  

thin films. The as-deposited undoped and 1, 2 mol% of Ni2+ doped FeS2 thin films should be a 

sharp absorption coefficient edge and observed bandgap were 0.9538, 0.9479, and 0.9442 eV. 

The absorption coefficient edge was not sharp and band were 0.9384, 0.9312 and 0.9301 eV for 

3, 4 and 5 mol% Ni2+ doped FeS2 thin films. The obtained energy gap is slightly reduced which 

might be because the dopant effectively substituted into the FeS2 lattice and cubic phase-induced 

lattice damage creates defect energy levels below the conduction band. Decreasing of energy gap 

increases Ni2+ in the FeS2, which employed the interactions of sp-d exchange among the band 

electrons in FeS2 and the localized d electrons of the Ni2+ ions [2, 17].  

 3.4       EPR Studies 

The state of nickel ions and local environmental interactions are studied by using electron 

paramagnetic resonance (EPR). Figure 4 shows that EPR spectra of Ni2+ ions (1-5 mol%)-doped 

FeS2 thin films at liquid nitrogen temperature (LNT). FeS2 is low spin compound with 

diamagnetic nature and EPR inactive. However, the Ni2+ ions are substituted into Fe2+ sites of 
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FeS2 thin films and the +2 charge state correspond to 3d8 configurations. The EPR spectra of 

Ni2+ ions are octahedral in nature with an effective spin value of 1, which happens from the 

splitting of the 3F ground term symbol, the EPR result observed the doublet. The EPR spectra of 

Ni2+ doped FeS2 thin film show a weaker peak centered at 154-156 mT (gx= gy= 4.297) and sharp 

enhanced peak centered at 349, 351, 352, 354 and 430 mT (gz= 1.928), for Ni2+ ions (1-5 mol%)-

doped FeS2 thin films, respectively. The obtained lines are attributed to the perpendicular and 

parallel components corresponding to octahedrally coordinate with paramagnetic of Ni2+ ions 

incorporated at Fe2+ sites into the cubic FeS2 system. It indicates that the octahedral symmetry is 

distorted little axially. When reached the Ni2+ ions concentration from 1 to 3 mol%, it is observed 

the higher distortion of the lattice resultant in the relocation of electron charge around Ni2+ions 

[17]. It can be seen that the intensity of the ~354 mT signal increases with increasing 

Ni2+concentration capable of 3 mole %, besides the intensity reduce due to the large 

concentration of Ni2+ ions. 

3.5 Electrochemical impedance spectroscopy studies 

The electrochemical impedance spectroscopy (EIS) of undoped and Ni2+ ion-doped FeS2 

thin films was examined by using Nyquist and admittance plots. The obtained Nyquist plots are 

characterized for frequency response of the electrode/electrolyte system with the plots of the 

imaginary component (−Z) of the impedance against the real component (Z). The Nyquist plots 

for undoped and the Ni-doped FeS2 thin films were given in Figure.5. The admittance plot of 

Ni2+ ion-doped FeS2 thin films were given in Figure 6.  The calculated values of solution 

resistance (Rs), charge transfer resistance (Rct) and bulk resistance (Rb) are summarized in Table 

2. In addition, the diameter of semicircle is indicated that the charge transfer resistance (Rct) of 

the Ni2+ ion-doped thin films with the electrolyte interfaces. However, the observed results of 

semicircle radius and charge transfer resistance (Rct) for 3 mol% of Ni2+ ion-doped FeS2 thin film 

were observed to be very low (Rct is 69 Ω). This implies that the 3 mol% of Ni2+ ion-doped FeS2 

thin film employed the better electron transfer between electrode/electrolytes and fine 

conductivity compared to the other samples, which may be due to the Ni2+ ions into the FeS2 host 

lattice [33]. The lower charge transfer resistance (Rct) value indicates that the film exhibits higher 

ionic conductivity, which may ensure the feasibility of their role in electrochemical device 

application. 
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3.6 Photoelectrochemical studies   

 The photoelectrochemical analysis was recorded for the transient photocurrent response 

of thin films and which also gives the supporting information of the electrochemical properties of 

Ni2+ ion-doped FeS2 thin films. The transient photocurrent response of the undoped and Ni2+ ion-

doped FeS2 thin films were performed with light on/off cycles under visible light irradiation and 

the results are found in Figure 7. The observed results demonstrated that the 3 mol% of Ni2+ ion-

doped FeS2 thin films generates enhanced photocurrent response compared to the other samples, 

which indicates that the charge separation efficiency of 3 mol% of Ni2+ ion-doped FeS2 thin film 

is slightly higher to produce more photoinduced charge carriers performance. In addition, the 

undoped FeS2 thin film photocurrent density of 0.9814 μAcm–2 is lower compared to the other 

samples, which indicates that the doping of Ni2+ ions could develop the photocurrent 

performance obviously. Moreover, the obtained results demonstrated that the 3 mol% of Ni2+ 

ion-doped FeS2 thin film was produced exceptionally, with better characteristic properties and 

the best potential candidate for photoelectrochemical device applications [32]. The photocurrent 

of the pure and Ni2+ doped FeS2 thin films photoanode reached saturation very fast, representing 

the less surface traps in the pure and N2+ doped FeS2 film. 

3.7 Electrocatalytic activity 

The electrocatalytic activity of electrochemically deposited Ni2+ doped FeS2 thin films 

was studied by using a facile cyclic voltammetry (CV) technique in an aqueous electrolyte 

medium. The Figure 8 shows the catalytic activity of undoped and the Ni2+ ions (1-5 mol %)-

doped FeS2 thin films were recorded with the I-/I-
3 redox couple. The CV curves were scanned in 

three-electrode system with the Ni2+ doped FeS2 thin film as a working electrodes, the Pt wire as 

a counter electrode and saturated calomel (Ag+/AgCl/KCl) electrode served as a reference 

electrode. However, the characteristic peaks of Ox-1 and Red-1(negative potential) are focused 

for the analysis of CEs is responsible for catalyzing the reduction of I-
3 to I− ions. Also, the left 

pair of peaks at lower potential (oxidation-1 and reduction-1) appeared to the oxidation and 

reduction in iodide/triiodide and according to equation 6, beside the right pair of peaks in higher 

potential (Ox-2 and Red-2) was recognized to the redox reaction shown in equation 7. 

 I-
 3 + 2e−⇔3I−                                                         (6) 

3I- + 2e−⇔I-
3                                                                     (7) 
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The observed peak current density (IPC) and the peak-to-peak separation (EPP) are 

significant factors for estimating to the electrocatalytic activity of various CE [33]. Furthermore, 

the peak current density is used to estimate the catalytic activity of the counter electrodes. Figure 

9 employs the observed catalytic activity of 3 mol% of Ni2+ ion-doped FeS2 thin film is better 

than that of Pt electrode for its higher peak current density. From this result, we suggest that 3 

mol% of Ni2+ ion-doped FeS2 thin film could be used as a substitution electrode material for 

electrochemical device application.   

3.8 Raman spectra studies 

The Raman spectra of the undoped and Ni2+ doped FeS2 thin films are shown in Fig. 

10a–f. Figure 10 shows three peaks at 341, 377 and 427 cm-1 and the high intensity peak (377 

cm-1) in the pyrite structure with in-phase stretching vibration of S–S (Ag). The other two low 

intensity peaks (341 and 427 cm-1) are the characteristic active modes for pyrite corresponding to 

the S2 dumb bell liberation with Fe–S atom displacements perpendicular to the molecular axis 

(Eg) and coupled liberation and stretching vibration (Tg) modes, respectively [17, 30]. When Ni2+ 

doped FeS2 thin films, the Eg and Tg modes are noticeably broadened and decreased intensity 

with increasing nickel concentrations. It may be due to large lattice strain, static disorder and 

thermal vibrational disorder of the material. The high intensity peak Ag was splitting in doublet 

for 4 and 5 mol% Ni2+ doped FeS2 thin films, indicating that the Ni2+ substitutes 

stoichiometrically for Fe2+ on the iron pyrite lattice and existence of the mass effect with 

electronegativity difference effect. This further confirms that Ni2+ has been doped into the FeS2 

crystal lattice (Fig. 10). 

3.9 Auger electron spectroscopy (AES) studies 

The atomic concentration of iron, sulfur and nickel were obtained using auger electron 

spectroscopy (AES). The AES depth profile of pure, 3 and 5 mol% Ni2+ doped FeS2 thin films as 

shown in Fig. 11a–c shows that there is deviation in the compositions of iron, when the nickel 

concentration in FeS2 thin films. So these results indicate that nickel might act as a substitute at 

iron lattice site in the FeS2 thin films. The 5 mol% Ni2+ doped  FeS2 thin film showed a high 

concentration of nickel atom which was due to the addition of more nickel source and also to 

maintain stoichiometric.  
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4. Conclusion 

 Ni2+ ions (1-5 mol%) doped FeS2 thin films were successfully deposited on ITO 

substrates through a simple ECD route.  X-ray diffraction (XRD) studies reveals that, Ni2+ ion-

doped FeS2 thin films exhibit a cubic structure with preferential orientation along (2 0 0) plane as 

a higher peak. HRSEM surface morphology studies reveals that 1-3 mol% Ni2+ ion-doped FeS2 

thin films showed spherical-like morphology with aggregated grains. When the doping 

concentration is increased to 4 mol%, the thin film shows a series of aggregated grains and on 

further increasing the doping to 5 mol%, the thin films exhibit spherical-like morphology with 

slightly reduced grains.  The decrease in bandgap energy on doping of Ni2+ ions may be due to 

modification in stoichiometry and also change in crystallite size. EPR spectra revealed that the 

Ni2+ ion-doped FeS2 thin films display a weaker peak, while sharp enhanced peaks are observed 

for 1-5 mol% Ni2+ ion-doped FeS2 thin films. EIS test reveals that the 3 mol% Ni2+ ion-doped 

FeS2 thin films shows tiny charge transfer resistance (69 Ω) compare to other samples with good 

conductivity nature. From the photoelectrochemical analysis it has found that 3 mol% Ni2+ ions 

(3 mole%)-doped FeS2 thin films exhibited the quicker immigration of photoinduced charge 

carriers compare to other samples. Moreover, cyclic voltammetry (CV) studies reveals a fact that 

the optimized 3 mol% of Ni2+ doped FeS2 thin film shows better electrocatalytic performance 

under triiodide reduction. From the experimental results we may come to a conclusion that the 3 

mol% Ni2+ ion-doped FeS2 thin films could be a well-optimistic resource material for 

photoelectrochemical device applications. Optical absorption, Raman spectra and AES studies 

showed that Ni2+ are substituted in the Fe2+ sites of the FeS2 crystal host lattice. 
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Figure captions 
 

Figure 1(a-f) XRD patterns of the as-deposited (a) undoped FeS2 and Ni2+ ions doped 
FeS2 thin films (b) 1 mole %, (c) 2 mole %, (d) 3 mole %, (e) 4 mole % 
and (f) 5 mole %.    

 
Figure 2(a-f) HRSEM images of as-deposited a) undoped FeS2 and Ni2+ ions doped 

FeS2 thin films (b) 1 mole %, (c) 2 mole %, (d) 3 mole %, (e) 4 mole % 
and (f) 5 mole  

 
Figure 3 Absorption coefficient vs photon energy spectra of pure and Ni2+doped 

FeS2 films 
 
Figure 4    EPR spectra for the undoped and Ni2+ ions (1-5 mole %) doped FeS2 thin  
    films. 
 
Figure 5    Nyquist plots for the undoped and Ni2+ ions (1-5 mole %) doped FeS2 thin  
    films.  
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Figure 6    Nyquist admittance for Ni2+ ions (1-5 mole %) doped FeS2 thin films. 
 
Figure 7   Transient photo-current response of undoped and Ni2+ ions (1-5 mole %) 

doped  FeS2 thin films in visible light irradiation. 
 
Figure 8   Cyclic voltammogram curves of undoped and Ni2+ ions doped FeS2 thin  
   films. 
    
Figure 9   Cyclic voltammogram curves of Pt and 3 mole % of Ni2+ ions doped FeS2  
   Thin films.   
 
Figure 10    Raman spectra of the as-deposited a undoped FeS2 and Ni2+ ion-doped 

FeS2 thin films b 1 mol%, c 2 mol%, d 3 mol%, e 4 mol% and f 5 mol 
 
Figure 11(a-c) Auger electron spectroscopy of a undoped FeS2, b 3 mol% Ni2+ doped 

FeS2 and c 5 mol% Ni2+ doped FeS2 thin films    
 
Table Captions 
 
Table.1 FWHM, Crystallite size, Micro strain, Dislocation density, Number of crystallites 

per unit area of undoped and Ni2+ ion doped FeS2 thin films 
 

Table.2 Thickness, roughness and electrochemical impedance performance calculated data of 
undoped and Ni2+ ion doped FeS2 thin films. 
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Figure 1(a-f) 
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 Figure 2 (a-f) 
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Figure 3  
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Figure 4 
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Figure 5 
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25 
 
 

 

 

 

 

 

Figure 9 
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Figure 10 
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Figure 11(a-c) 
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Table.1 

 

Samples 

FWHM 

of XRD 

peak    

(200) 

Lattice 

constants 

Crystalline 

size(nm) 

Micro strain   

( x10-3) 

Dislocation 

density    

(x1024 

lines/m2) 

No. of 

crystallites 

per unit 

area (x1015 

m-2) 

Undoped 

FeS2 

0.1429 5.3922 101.35 3.42 0.97 2.3 

1% Ni2+ ions 

doped FeS2 

0.1091 5.4208 132.55 2.61 0.56 0.9 

2% Ni2+ ions 

doped FeS2 

0.0894 5.4208 161.78 2.14 0.38 0.7 

3% Ni2+ ions 

doped FeS2 

0.0766 5.4208 188.69 1.83 0.28 0.7 

4% Ni2+ ions 

doped FeS2 

0.0759 5.4208 190.71 1.83 0.27 0.8 

5% Ni2+ ions 

doped FeS2 

0.0762 5.4208 189.67 1.84 0.28 0.7 
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Table. 2 

 

Samples  

 

 

Thickness 

(nm) 

 

Roughness 

(nm) 

 

Rs (Ohm.cm2) 

 

Rb (Ohm.cm2) 

 

Rct (Ohm.cm2) 

 

Undoped FeS2 

 

485 

 

60 

 

311 

 

4660 

 

4349 

 

1% Ni2+ ions 

doped FeS2 

 

386 

 

102 

 

271 

 

4630 

 

4359 

 

2% Ni2+ ions 

doped FeS2 

 

420 

 

110 

 

159 

 

789 

 

630 

 

3% Ni2+ ions 

doped FeS2 

 

497 

 

117 

 

112 

 

181 

 

69 

 

4% Ni2+ ions 

doped FeS2 

 

520 

 

128 

 

76 

 

380 

 

304 

 

5% Ni2+ ions 

doped FeS2 

 

572 

 

137 

 

67 

 

220 

 

153 
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Highlights 
 
 Ni2+ doped FeS2 thin films were attained via a simple electrochemical deposition (ECD) 

method. 
 

 XRD results confirmed the Ni2+ doped FeS2 thin films. 
 

 3 mol% Ni2+ doped FeS2 thin film showed enhanced photocurrent-response. 
 

 Ni2+ doped FeS2 is an encouraged material for photoelectrochemical device. 
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