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This studywas conducted to investigate the Mn concentration effect as dopant on morphological, 

structural, electrochemical and photocatalytic properties of Mn-doped TiO2 thin films.The pure TiO2 

and Mn-doped TiO2 thin films were synthesized through electrodeposition method and XRD, SEM, 

electrochemical and photodegradation analyses were applied for characterization of synthesized thin 

films. XRD results showed the pure TiO2 and Mn-doped TiO2 thin films were deposited in anatase 

phase of TiO2 and TiO2 nanocrystal sizes were slightly decreased with the increasing of dopant 

concentration. SEM analysis showed that the pure TiO2 and Mn-doped TiO2 thin films were 

synthesized in relatively dense, highly homogenous, porous and highly effective specific surface areas 

of nanoparticles on substrates. The electrochemical studies exhibited that Mn doping lead to decrease 

of recombination rate of photogenerated electron-hole pairs which can be related to creation defects as 

electroactive and photoactive sites in electrodeposited film through doping process.  Results also 

showed the presence ofMn could narrow the band gap of doped films which promotes photoactivity of 

TiO2 films in visible light range. EIS study results showed that the smallest resistance of charge 

transfer was belonging to TiO2: Mn (5%) thin film. Results of photodegradation analyses for 

degradation of RhB under sunlight irradiation displayed that the all Mn-doped TiO2 thin films showed 

more degradation efficiency than pure TiO2 and the photocatalytic performance of films was improved 

with increasing Mn concentration up 5% and best degradation efficiency was obtained for TiO2: Mn 

(5%) thin film (99% degradation efficiency under 120 minutes sunlight irradiation) due to hinder the 

recombination of photogenerated holes and electrons. Therefore, the appropriate amount of Mn in TiO2 

thin film was obtained in TiO2: Mn (5%) thin film for electrochemical and photoelectrochemical 

performance. 
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1. INTRODUCTION 

TiO2 is a most applicant semiconductor material in paint, sunscreen and UV blocking pigment 

n cosmetic, food coloring, photo-catalysts, dye sensitized solar cells, corrosive-protection coatings, 

solid state hydrogen storage devices, gas sensors, electrochemical sensors, batteries  and 

electrochromic devicesdue to its high chemical and mechanical stability, inexpensive, low toxicity and 

eco-friendly [1, 2]. Studies showed that synthesis nanostructured TiO2 thin films and modification of 

TiO2 structures through doping or preparation TiO2 based composites can be  optimized 

theTiO2 electrochemical performance in corrosive-protection films, sensors, solar cells, Li-ion batteries 

and photocatalysts[3, 4]. 

 Accordingly, many studies were conducted for optimization synthesize methods of different 

nanostructures of TiO2 such as nanotubes , nanoparticles, nanofibers, nanobelts, nanowires, 

nanoholes and nanorods [5, 6]. For example, anodic oxidative hydrolysis,  physical vapor deposition, 

chemical vapor deposition, micelle and reverse micelle methods, direct oxidation, sonochemical, sol-

gel, hydrothermal/solvothermal and electrodeposition are considered as well-known methods for 

synthesis of TiO2 nanostructures [7]. Among them, electrodeposition has frequently been usedan old 

technique for large area preparation of  heterojunctions, heterostructures, multilayers and doped 

nanostructured semiconductors and metallic thin films because of low cost, simplicity and control in 

all of electrodeposition condition  for preparation desirable nanomaterials in substrate and template [8, 

9]. Therefore, this technique can control the morphology, thickness, density, stoichiometry and doping 

process by adjusting electrodeposition time, current and voltage and electrolyte concentration, pH and 

temperature. 

Doping process is performed to improve the physical and chemical properties of TiO2 such as 

stability, optical, electronic and photocatalytic properties by incorporation of various elements in 

semiconductor structure and change the surface pattern because of the creation of new energy levels 

near the conduction band, structural defects and distortion of crystal lattice [10-12]. Moreover, doping 

process is one of the band gap engineering methods which are a great factor for determination of 

semiconductor photo-activation region under a wide range of irradiated wavelength [13-15]. For 

example, photo-activation region of TiO2 is limited to UV region due to its band gap value (3.3 eV) 

and  doping with S, N,  Cr, Cu, Ag, Fe, Mo, Al, Ni, V, W and Zn lead to narrowing the and gap and 

increases the activity to under visible light irradiation [16]. 

Therefore, this studywas focused on effect ofthe Mn concentration as dopant on morphology, 

structure, electrochemical and photocatalytic properties of Mn-doped TiO2 thin films. 

 

 

 

2. EXPERIMENT 

2.1. Synthesize of Mn-doped TiO2 thin films 

Mn-doped TiO2 films was deposited on a glassy carbon electrode (GCE) through 

electrodeposition method in an electrodeposition cell which contained the GCE (3.0 mm diameter, 
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MF-2012, BASi, USA) as cathode and platinum wire as anode. The electrodeposition electrolyte was 

prepared of mixture aqueous solution of 0.20 m TiCl4 (99.9%, Sigma-Aldrich, UK) and 3%, 5%, and 

10% molar ratio of MnCl2 (>99.0%, Sigma‐Aldrich, UK) as known TiO2: Mn (3%), TiO2: Mn (5%) 

and TiO2: Mn (10%), respectively. Prior to the electrochemical deposition, the GCE was polished for 

30 minutes on a prepared polishing kit which containing the mixture of 0.5 mg alumina slurry (0.5-1 

µm, Henan Union Precision Material Co., Ltd., China) and 1ml deionized water. Then, the polished 

electrode was rinsed with deionized water and transferred to the electrodeposition cell. The 

electrodeposition process was carried out on cleaned GCE for 40 minutes under 0.4 V and constant 

current of 20 μA cm−2 as electrodeposition voltage, respectively. After deposition, the deposited Mn-

doped TiO2 film on GCE was washed by deionized water and dried at room temperature. 

 

2.2. Characterization and measurement techniques 

The scanning electron microscopy (SEM, FIB-SEM 40 CrossBeam Zeiss Auriga, Carl Zeiss, 

Jena, Germany) was used for study of morphology of electrodeposited Mn-doped TiO2 thin films. 

X‐ray diffraction (XRD, Rigaku D/Max 2200 X, Japan) was applied at power of 30 kV/20 mA and 

wavelength of CuKα (λ=1.5418 Å) for study the crystal phase structures of electrodeposited films. 

Electrochemical impedance spectroscopy (EIS) and cycle voltammetry (CV) measurements were 

carried out with AUTOLAB electrochemical workstation (Metrohm Autolab B.V., The Netherlands) in 

three-electrode electrochemical cell that Ag/AgCl, Pt and the electrodeposited thin films were applied 

as the reference, counter and working electrodes, respectively. The electrochemical measurements 

were conducted in 0.1 M Na2SO4 (99%, Shanghai Sky Chem Industrial Co., Ltd., China) solution as an 

electrolyte in electrochemical cell. Transient photocurrent measurements were conducted on bias 

voltage of 0.5V vs. Ag/AgCl. Photodegradation measurements were performed on the electrodeposited 

thin films as photocatalyst in the test chamber. The 10 mg/l solution of rhodamine B (RhB, ≥95%, 

Sigma-Aldrich) was prepared for photodegradation analyses. Optical absorbance spectra of 

photodepredated samples were measured by UV–Vis diffuse reflectance spectrometer (UV-Vis DRS: 

TU-1901, China) in the test chamber. The degradation efficiency (%) was calculated from the equation 

(1) [17, 18]:   

 

 Degradation efficiency =(1 −  
I

I0
) × 100 =  (1 −

C

C0
)× 100              (1) 

 

Where, I0 is the initial absorption intensity and I is the photodegradated absorption intensity of 

dye solution.  C0 and C also refer to the initial and residual concentration of photodegradated dye 

solution, respectively. 
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3. RESULTS AND DISCUSSION 

3.1. Structural and morphological studies of pure TiO2 and Mn-doped TiO2 thin films 

X-ray diffraction patterns of pure TiO2, TiO2: Mn (3%), TiO2: Mn (5%) and TiO2: Mn 

(10%)powders were used to determine the created phase structure in the electrodeposition process. As 

observed in Figure 1, the recorded diffraction peaks at 2θ = 25.29°, 37.89°, 48.04°, 53.88° and 55.06°, 

corresponding to (101), (004), (200), (105) and  (211) planes (JCPDS Card No. 78-2486), respectively. 

All of the recorded diffraction peaks for pure TiO2 and Mn-doped TiO2 thin films were assigned to the 

anatase phase of TiO2. As seen, with the increasing concentration of Mn, the width of the diffraction 

peak at 2θ=25.29° is slightly increased. Scherrer equation [10] was used to calculation of created 

nanocrystal sizes in thin films for strongest diffraction peak at 2θ = 25.29° which shows that 

nanocrystal sizes of pure TiO2, TiO2: Mn (3%), TiO2: Mn (5%) and TiO2: Mn (10%) are obtained 7.4, 

7.1, 7.0 and 7.2 nm, respectively. Thus, TiO2 nanocrystal sizes are slightly decreased with the increase 

of dopant concentration. Moreover, the recorded X-ray diffraction patterns did not show any oxide 

phase of MnTiOx and MnxOy which might imply that Mn2+ is incorporated into the TiO2 lattice  and 

good dispersion of the Mn2+ on the TiO2  surface [19] that it is similar to the reports of Deng et al. [20] 

for study of Mn-doped TiO2 nanoparticles. 

 

 
 

Figure 1. The recorded X-ray diffraction patterns of (a) pure TiO2, (b) TiO2: Mn (3%), (c) TiO2: Mn 

(5%) and (d) TiO2: Mn (10%).  

 

 

Surface morphology of prepared thin films was studied through SEM analyses. Figure 2 shows 

SEM images of pure TiO2 and Mn-doped TiO2 thin films that exhibit the deposition of relatively 

dense, highly homogenous and porous nanoparticles on substrates. These morphological properties 
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indicate the promotion of the electrochemical property of prepared films because displays the high 

effective specific surface area. 

 

 
 

Figure 2. The SEM images of (a) pure TiO2, (b) TiO2: Mn (5%) 

 

3.2. Electrochemical properties of the pure TiO2 and Mn-doped TiO2 thin films  

The electrochemical properties of the pure TiO2 and Mn-doped TiO2 thin films were 

characterized by CV and EIS techniques. Figure 3 displays the recorded CVs of pure TiO2 and Mn-

doped TiO2 thin films at scan rates of 100 mV s−1 in potential range from − 0.1 to 0.7 V in . There is 

the antisymmetric rectangular shape for recorded CV curves of pure TiO2 film in Figure 3 that is 

implying the remarkable role of electrical double-layer capacitance to accumulation of charges. As 

observed in Figure 3, the shape of recorded CVs of Mn-doped TiO2 thin films are changed to distorted 

rectangular shape. The distorted rectangular shape of the CV curves is evidence of desirable capacitive 

property of Mn-doped TiO2 thin films which can facilitate faradaic charge transfer on modified GCE 

surfaces. Furthermore, with the increasing dopant concentration up 5%, the surrounding area of the 

CVs are increased and it is decreased for more increasing the Mn content in TiO2 film (TiO2: Mn 

(10%)). It is suggested that this is associated with the synergetic effect between the dopant  and TiO2 
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nanostructures [21]. Moreover, with the increasing Mn concentration, conductivity and capacitive 

values can be improved due to presence of free electrons of Mn conduction band [22].While, 

increasing Mn concentration more than 5% lead to create defects in anatase TiO2 structure and more 

mutual condensation reaction of hydroxyl groups on electrode surface which can decrease the effective 

specific surface areaand as a consequence it can decrease the electric double-layer capacitance[23]. 

Moreover, increasing Mn concentration to 5% leads to enhancement of the current of recorded CVs 

which indicates that the TiO2: Mn (5%) film shows great capacitive value. 

 

 
 

Figure 3. The recorded CVs of (a) pure TiO2, (b) TiO2: Mn (3%), (c) TiO2: Mn (5%) and (d) TiO2: Mn 

(10%) on GCE films in 0.5 M Na2SO4 at scan rates of 100 mV s−1 with potential range from 

− 0.1 to 0.7 V.  

 

 

The stability effect of prepared electrodes was studied through the recorded successive CVs. 

Figure 4 shows the initial, 100th  and 150th recorded CVs of pure TiO2 and Mn-doped TiO2 thin films 

on GCE.  As seen, the changes of current after 100sweeps are obtained 26, 8, 4 and 8% for pure TiO2, 

TiO2: Mn (3%), TiO2: Mn (5%) and TiO2: Mn (10%)films, respectively. In addition, changes current 

after 150sweeps are 60, 18, 8 and 17% for pure TiO2, TiO2: Mn (3%), TiO2: Mn (5%) and TiO2: Mn 

(10%)films, respectively. These changes show that all Mn-doped TiO2 thin films exhibit the stable 

electrochemical behavior and most stability treatment is obtained for TiO2: Mn (5%) film. 
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Figure 4. The initial, 100th  and 150threcorded CVs of  (a) pure TiO2, (b) TiO2: Mn (3%), (c) TiO2: Mn 

(5%) and (d) TiO2: Mn (10%) on GCE films in 0.5 M Na2SO4 at scan rates of 100 mV s−1 with 

potential range from − 0.1 to 0.7 V.  

 

3.3. Photo-electrochemical properties of the pure TiO2 and Mn-doped TiO2 thin films  

EIS measurements were carried out for clarifying the capacitance performance and electron 

transfer of prepared thin films at open circuit potential (OCP) and frequencies range from 10-1 Hz to 

106 Hz with alternating current amplitude of 5Mv under sunlight illumination. Figure 5 shows the 

impedance Nyquist plots and equivalent circuit of electrodeposited films. By considering this point 

that large semicircle radius typically displays the large charge transfer resistance and high rate of 

recombination of photogenerated charges in semiconductor band gap [24-26], in Figure 5 is observed 

semicircle radius of pure TiO2 film is larger tan Mn-doped TiO2 films which implying to Mn doping 

leads to decrease of recombination rate of photogenerated electron-hole pairs that can be related to  

creationd efects in electrodeposited film through doping process. The created defects can act as the 

great interfacial area and form more electroactive and photoactivesites for thin film. Furthermore, the 

presence of Mn could narrow the band gap of doped films which promotes photo-activation of TiO2 

films in visible light range [27]. It must be considered that the reduction of grain size on Mn-doped 
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film refers to formation of high specific effective surface areas [28, 29]. Moreover, interpolation and 

proportionate amount on Mn in TiO2 lattice forms intermédiate bands which have stepping stones that 

role for the photogenerated of charges under light irradiation and facilitate the transfer rate of excited 

carriers to the surface of film [30]. There is the smallest semicircle radius for TiO2: Mn (5%) thin film 

that it illustrates the smallest resistance of charge transfer for film. It can see that TiO2: Mn (10%) thin 

film shows largest semicircle radius and largest charge transfer resistance between the Mn-doped TiO2 

thin films.  

 

 

 
 

Figure 5. The recorded impedanceNyquist plots and equivalent circuit of pure TiO2, TiO2: Mn (3%), 

TiO2: Mn (5%) and TiO2: Mn (10%). 

 

 

Further investigation for generation of photocurrent, transfer and recombination processes of 

charges carried out on study of transient photocurrent of prepared films. Figure 6 depicts the transient 

photocurrent response of pure and Mn-doped TiO2 thin films under visible light irradiation. As 

observed, the photocurrent of Mn-doped TiO2 thin films are higher than pure TiO2 thin film. In these 

analyses can see the reduction of electron-hole recombination is the significant factor for enhancement 

of the transient photocurrent response of Mn-doped TiO2 thin films because the highest photocurrent is 

belonging to the TiO2: Mn (5%) thin film. It is considerable the photocurrent of TiO2: Mn (10%) thin 

film is more than pure TiO2thin film and less than other Mn-doped TiO2thin films in this study. 

Therefore, TiO2: Mn (5%) thin film possesses the appropriate amount of Mn in TiO2 thin film. An 

other considerable point in Figure 6 are fast response and stable treatments of prepared electrodes to 

periodicon and off of light sources. As shown, all prepared electrodes exhibit fast response to present 

and absent light sources. Moreover, pure TiO2 and TiO2: Mn (3%) thin films show more stability 

responses under irradiation of light. 
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Figure 6. The recorded transient photocurrent response of pure and Mn-doped TiO2 thin films under 

visible light irradiation. 

 

3.4. Photocatalytic properties of the pure TiO2 and Mn-doped TiO2 thin films 

 
 

Figure 7. The recorded degradation efficiency of pure and Mn-doped TiO2 thin films for degradation 

of RhB under sunlight irradiation. 
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The photocatalytic activity of pure TiO2 and Mn-doped TiO2 thin films was studied for 

degradation of RhB under sunlight irradiation. Figure 7 displays the degradation efficiency of prepared 

thin films which demonstrate all Mn-doped TiO2thin films possess more degradation efficiency tan 

pure TiO2 under sunlight irradiation. As seen, the photocatalytic performance of films are improved 

within creasing Mn concentration up 5% and best degradation efficiency is recorded for TiO2: Mn 

(5%) thin film due to hinder the recombination of photogenerated holes and electrons [31]. The 

degradation efficiency of TiO2: Mn (10%) thin film is less than TiO2: Mn (5%) and TiO2: Mn (3%) 

thin films and more thanpure TiO2thin film. It is suggested that this decrease of degradation efficiency 

in high concentration of Mn dopant in TiO2 lattice can be attributed to dissipation of the internal 

energy within Mn ions [32]. 

Table 1 shows a comparison of between the prepared TiO2: Mn (5%) thin film in this study and 

other reported literature based on Ti and TiO2 photocatalyst for degradation of RhB. By considering 

the degradation time and amount of RhB, the electrodeposited TiO2: Mn (5%) thin film shows better or 

comparable photocatalytic performance.  

 

 

Table 1. Comparison of between the degradation performance of photocatalyst based on Ti and TiO2 

fordegradation of RhB. 

 

Catalyst Synthesis 

method 

Amount 

of RhB 

(mg/l) 

Light 

source 

Degradation 

efficiency 

(%) 

Degradation 

time 

(minute) 

ref 

Titanosilicate/g

-C3N4 

nanocomposite  

Hydrothermal 5.0 Natural 

sunlight 

99 40 [33] 

Iodine doped 

TiO2 

nanoparticles  

Sol–gel 10.0 Natural 

sunlight 

98 240 [34] 

TiO2 (binary 

system) 

 5.0 Simulate

d sunlight  

100 120 [35] 

GeO2/TiO2 

nanoparticle 

composite  

Solution 

Combustion 

10.0 Natural 

sunlight 

100 180 [36] 

Graphene-TiO2 

(P25) 

composite  

Hydrothermal 8.6 UV light 65 60 [37] 

Ce doped TiO2 Hydrothermal 0.5 UV light 80 120 [38] 

P doped TiO2 Sol–gel 12 Solar 

light 

85 40 [39] 

TiO2: Mn (5%) 

thin film 

electrodeposition 10 Natural 

sunlight 

99 100 This 

work 
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4. CONCLUSION  

In this study pure TiO2 and Mn-doped TiO2 thin films were synthesized through 

electrodeposition method. The Mn concentration effects as dopant were studied on morphology, 

structure, electrochemical and photocatalytic properties of Mn-doped TiO2 thin films. Results of 

structural study showed that pure TiO2 and Mn-doped TiO2 thin films were synthesized in anatase 

phase of TiO2 and TiO2 nanocrystal sizes were slightly decreased with the increasing of dopant 

concentration. Results of morphological study showed the deposition of relatively dense, highly 

homogenous, porous and highly effective specific surface area of doped and undopedTiO2 

nanoparticles on substrates. The results of electrochemical studies showed that Mn doping led to 

decrease of recombination rate of photogenerated electron-hole pairs due to creation defects in 

electrodeposited film through doping process. The created defects can act as the great interfacial area 

and form more electroactive and photoactive sites for thin film.   Furthermore, the presence ofMn 

could narrow the band gap of doped films which promotes photoactivation properties of TiO2 films in 

visible light range. It must be considered that the reduction of grain size on Mn-doped film refers to 

formation of high specific effective surface areas. Moreover, results showed that the smallest 

resistance of charge transfer was obtained for TiO2: Mn (5%) thin film. Results of photocatalytic 

studies for degradation of RhB under sunlight irradiation showed that the all Mn-doped TiO2 thin films 

had more degradation efficiency than pure TiO2. In addition, the photocatalytic performance of films 

was improved with increasing Mn concentration up 5% and best degradation efficiency was obtained 

for TiO2: Mn (5%) thin film due to hinder the recombination of photogenerated holes and electrons. 

Therefore, TiO2: Mn (5%) thin film possesses the appropriate amount of Mn in TiO2 thin film for 

electrochemical and photoelectrochemical performance. 
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