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Abstract 
Niobium doped Zincoxide nanoparticles has been synthesized through electrochemical method 
and characterized by UV-Visible spectroscopy, IR Spectroscopy, SEM, XRD, ICPMS and EDAX data. 
The UV-Visible spectroscopy result reveals that the band gap energy of ZnO/Nb2O5 nanoparticles 
to be 3.8 eV. The XRD results show that the crystallite size is to be 31.9 nm. The ICPMS data indi-
cate the presence of 3,3461,328 counts of 93 Nb and 577,906,390 counts of 66 Zn. An improve-
ment in the photocatalytic degradation of Indigocarmine dye (IC) in comparison to commercially 
available pure ZnO was observed. The photodegradation efficiency for ZnO/Nb2O5 and ZnO were 
found to be 97.4% and 52.1% respectively. The enhancement in photocatalytic activity of ZnO/ 
Nb2O5 was ascribed to the extended light absorption range and suppression of electron hole pair 
recombination upon Nb loading. The antibacterial activity of ZnO/Nb2O5 nanoparticles was inves-
tigated. These particles were shown to have an effective bactericide. 
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1. Introduction 
ZnO is a wide-band gap oxide semiconductor with a direct energy gap of about 3.37 eV, and as a consequence it 
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absorbs UV radiation due to the band-to-band transitions [1]. Recently, ZnO has attracted growing attention due 
to its potential applications, such as in ultra-violet light emitting devices and laser devices [2]. Furthermore, ZnO 
is an environmentally friendly material, in this process, irradiation of semiconductor particles with sufficiently 
energetic light results in the formation of electron-hole pairs, which can subsequently migrate to the particle 
surface and react with adsorbed molecules to generate free radicals. These free radicals are highly reactive and 
can therefore mineralize organic pollutants into harmless compounds, such as CO2, H2O and simple mineral 
salts [3]-[5]. 

ZnO is known to be one kind of the important photo catalysts because of its unique advantages, such as its 
low price, high photocatalytic activity and nontoxicity, that has attracted a great deal of attention with respect to 
the degradation of various pollutant due to its high photosensitivity and stability [6]. Among these properties, 
the degradation of the pollutants catalysed by ZnO has been studied widely [7]. It has also suggested that ZnO is 
a low cost alternative photocatalyst to TiO2 for photodegradation of organics in aqueous solutions [8] [9], as it 
has a similar band gap energy (3.37 eV) [10] with higher photocatalyst efficiencies was reported [11] [12]. 
However, the photocatalyst properties of ZnO for the degradation of pollutant are directly related to their prepa-
ration e.g.: particle size, morphology and dopant concentrations. 

Electrochemical method is a cost effective and versatile process for controlling the production of nanoparticle 
materials. This process has been demonstrated as one step, suitable for dry synthesis of high surface area, and 
highly efficient for noble metal laden catalysts. These advantages of electrochemical method promoted us to ap-
ply for production of Nb-loaded ZnO nanoparticles for photocatalyst in photodegradation of various organic so-
lution. The presence of the loading metal ions/metal oxide in the ZnO crystalline matrix significantly affects the 
photocatalyticactivity, charge carries recombination rate and interfacial electron transfer rate [13]. Generally 
speaking, the metal ions used as dopants are often the transition metal ions, e.g.: Co [14], Mn [15], T [16], La 
[17], Fe [18], Ni [19], N [20] and so forth. However, no previous work has been reported on the photocatalytic 
photodegradation of organic contaminants by Nb-loaded ZnO NPs. In present article, we synthesized and report 
on the photocatalytic degradation behaviour of Indigo carmine on Nb-loaded ZnO nanoparticles under UV-ir- 
radiation. 

2. Experimental 
All chemicals used were of the analytical grades of purity, niobium chloride was purchased from Alfa Aesar, 
Indigo carmine dye from Merck, Zinc metal wire from Alfer Aesar. All solutions were prepared in double dis-
tilled water. Absorption spectra was recorded on UV-Visiblespectrophotometer (Shimadzu-1700 series). The 
FTIR spectra was recorded on Shimadzu IR-affinity-1 by dispersing the nanomaterial in KBr (0.3 wt%). The 
crystallographic interpretations were performed by X-ray diffractometer (Panalytical X-pert) using Cu kα wave-
length (λ = 1.5406) and scanning range from 23˚ to 103.9˚. The morphological feature of the semiconductor un-
der study was determined by scanning electron microscopy (ZEISS model). The elemental analysis for the con-
firmation of loading of Niobium to Zincoxide is conformed from Energy dispersive X-ray analysis (EDAX) and 
Inductively coupled plasma mass spectroscopy ICPMS (Thermo scientific X-series 2). 

2.1. Electrochemical Synthesis of ZnO/Nb2O5 Nanoparticles 
In this method a thin film of niobium was deposited electrochemically on a platinum electrode (Pt/Nb)from nio-
bium chloride solution (0.1 M).The preparation of ZnO/Nb2O5 nanoparticles were carried in a reaction chamber 
containing 20 ml of NaHCO3 (0.5%) solution. Voltage power supply of 15 V, current of 22 mA and (Pt/Nb) 
electrode/Zinc wire as anode and Pt electrode as cathode were used. The experiment was run until the complete 
dissolution of niobium from the platinum plate at constant temperature. The anodic dissolution of Zn and Nb 
gives Zn(II) and Nb(V) ions which are electrochemically reacted with aqueous NaHCO3 (0.5%) to form Zn(II) 
oxides/hydroxide with Nb(V) oxide. The solid obtained was washed with double distilled water till complete 
removal of unreacted NaHCO3. The wet powder was then dried at a temperature 250˚C - 400˚C for dehydration 
and removal of hydroxides to get ZnO/Nb2O5. The synthesis takes place at the electrodes-electrode interface or 
close to the electrode within electrical double layer [21]. The product is deposited on the electrode in the form of 
thin film or coating and also it floats in the electrolyte solution which is collected by filtration [22]. The pH of 
the solution before electrolysis was found to be 9.0 which becomes much more alkaline (9.6) after electrolysis 
because of the formation of alkali (NaOH). The rate of electrochemical reaction is not same for all the metals, as 
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the redox potential of Zn (−0.7618 v) and Nb (−1.099 v) is different. Since the dissolution potential for Nb is 
more negative than Zn, it is expected that the formation of Nb2O5 takes place in competition with the formation 
of ZnO. Hence the product would be ZnO/Nb2O5 nanoparticle oxide. The electrochemical reaction takes place 
according to the following mechanism (Scheme 1). 

2.2. Determination of Photocatalytic Activities 
Indigo carmine dye (Molecular formulae: C16H8O8N2S2, Molecular weight: 466.16, λmax = 610 nm) solution of (1 
× 10−4 M) was prepared by dissolving in distilled water. This solution was then used as a test contaminant for 
investigating photocatalytic activities of the commercial ZnO and ZnO/Nb2O5 nanoparticles. The evaluation was 
carried out both under UV light and Sunlight in order toinvestigate the efficiency of commercial ZnO and 
ZnO/Nb2O5 nanoparticles. To examine the photocatalytic activity 5.0 ml of colloidal solution upon exposure to 
light for equal interval of time were transferred to centrifuge tubes and centrifuged at 800 rpm to remove the 
dispersed catalyst and percent transmission was recorded for the colour solution. Chemical oxygen demand 
(COD) was estimated before and after treatment using dichromate oxidation method [23]. The increase in per-
cent transmission and decrease in COD (mg/l) of dye solution with colour removal was observed to be more in 
ZnO/Nb2O5 compared to commercial ZnO material. 

3. Results and Discussion 
3.1. Uv-Visible Spectra 
Uv-Visible spectrum (Figure 1) of ZnO/Nb2O5 over the range 200 - 800 nm showed photoabsorption properties 
no longer than 240 nm, which suggest that the catalyst is photo active under UV light irradiation. Assuming the  

 

 
Figure 1. Uv-Vis spectrum of ZnO/Nb2O5.                 

 

 
Scheme 1. Probable mechanism for synthesis of ZnO/Nb2O5 nanoparticles.    
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ZnO/Nb2O5 solid asdirect semiconductor and it is possible to calculate the band gap of ZnO/Nb2O5 by con-
structing a Tauc plot [24]. The Tauc plot of ZnO/Nb2O5 is displayed in Figure 2. The energy of the band gap 
could be thus estimated to be 3.8 eV for ZnO/Nb2O5. ZnO/Nb2O5 is slightly greyish in colour. It is reported that 
Nb loading results in enlarge surface area of the Nb-loaded ZnO photocatalyst. However, the increase of surface 
area is likely not the main factor affecting the photocatalytic activity of Nb-loaded ZnO. Other factor that could 
affect photocatalytic efficiency are such as availability of active sites, crystalline structure, pore size and num-
ber/nature of trapped sites [25] [26]. According to the literatures and the fact that niobium acting as an electron 
trap [27], an enhanced photocatalytic activity of Nb-loaded ZnO nanoparticles found in our study was likely as-
cribed to a decrease of electron-hole pair recombination and thus promoting the photocatalytic activity [28]. 

3.2. Infrared Spectra 
Figure 3 represents the IR spectrum of the ZnO/Nb2O5 nanoparticles. Metal oxides generally give absorption 
bands below 1000 cm−1 arising from interatomic vibrations. A band around 450 cm−1 corresponds to Zn-O bonds. 
A peak at 708 cm−1 and 941cm-1 corresponds to Nb-O bending and stretching vibrations. The peak at 1120 cm−1 
indicates the formation of ZnO. A peak at 2360 cm−1 corresponds to the absorbed of CO2 on the metallic cations.  

 

 
Figure 2. Tauc plot of ZnO/Nb2O5.           

 

 
Figure 3. IR spectra of ZnO/Nb2O5 nanoparticles.                                                  
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A peak at 1630 cm−1 and 3500 - 3800 cm−1 indicates the presence of water molecules and hydroxyl radicals re-
spectively on the surface of the ZnO/Nb2O5 nanoparticles. The M-O frequencies observed for nanoparticles of 
metal oxides are in accordance with literature values [29]. 

3.3. X-Ray Diffraction 
XRD pattern of ZnO/Nb2O5 is shown in Figure 4, it exhibits dominant diffraction peaks. The (hkl) values ac-
cording to Treor programming (IUCR) of the peaks 28.15˚, 31.88˚, 34.4˚, 36.2˚, 47.5˚, 58.2˚, 62.8˚ and 67.9˚ 
corresponds to the crystal planes of (111), (201), (020), (310), (320), (222), (330) and (511) respectively. The 
crystallite size of ZnO/Nb2O5 was found to be 31.9 nm, the unit cell volume is 334 Å3, and α = γ = 90˚ ≠ β, a ≠ b 
≠ c, (a = 10.39 Å, b = 5.203 Å, c = 7.608 Å). Accordingly ZnO/Nb2O5 belongs to monoclinic crystal system. 
The diffraction peaks at 28.15˚, 36.2˚, and 58.2˚ corresponds to Nb phase are seen in XRD pattern of ZnO/ 
Nb2O5 nanoparticles which confirms the presence of Nb (V) in ZnO matrix [30]. 

3.4. Inductively Coupled Plasma-Mass Spectroscopy 
The elemental analysis of ZnO/Nb2O5 nanoparticles was carried out using Thermo scientific-X-series 2 with 
plasma lab software. The results shows the loading of niobium to the zinc oxide matrix in terms of atomic 
counts, where 50.0 mg of nanoparticles were dissolved in 50 ml of 2% HNO3 solution and the above solution 
was aspirated to the instrument after the blank analysis. The analysis was carried out in triplet and atomic count, 
mean and % RSD has been tabulated in Table 1. 

Thus the above data confirms the presence of Niobium in ZnO matrix. The instrument parameters used for 
performing the analysis is shown in Table 2. 

 
Table 1. ICP-MS results for the loading of Niobium to ZnO matrix.                                                

Run 66 Zn 93 Nb 

1 572875130.00 33040528.00 

2 574806010.00 33201860.00 

3 586038030.00 34141598.00 

X 577906390.00 33461328.00 

σ 7108077.900 594627.530 

%RSD 1.230 1.777 

 
Table 2. Instrumental parameters for the analysis of ZnO/Nb2O5.                                                  

Plasma gas flow 13.0 liter/minute 

Auxiliary gas flow 0.7 liter/Minute 

Nebulizer pressure 0.9 bar 

Pump speed 40 rpm 

Sample uptake delay 30 seconds 

Plasma power 1.4 Kw 

Nebulizer Concentric 

Acquisitiontime (Dwell time) 30 milli seconds/channel 

Number of channel 3 

Channel spacing 0.02 Amu 



Rakesh et al. 
 

 
138 

 
Figure 4. XRD pattern of ZnO/Nb2O5 nanoparticles.                                              

3.5. Scanning Electron Microscopy (SEM) 
Scanning electron microscopy was used to study the surface morphology of ZnO/Nb2O5 nanoparticles. A scan-
ning electron microscope (ZESIS) was employed to characterize the sample. A numerous nanorods with bun-
dle-like structures were formed as depicted in Figure 5. These nanorods lies close to each other and their lengths 
upto several micrometres. 

3.6. Energy Dispersive X-Ray Analysis 
The elemental analysis of the ZnO/Nb2O5 nanoparticles was carried out using EDAX (JOEL, JED-2300, Ger-
many). The EDAX analysis shows presence of only Zn, Nb and O as expected, no other impurity elements were 
present in the ZnO/Nb2O5 nanoparticles (Figure 6).  

The mass% of Zn and O in sample was not as per stoichiometric proportion. The entire sample were observed 
to be oxygen deficient. The deficiency or excess of the constituent material results in distorted band structure 
with corresponding increase in conductivity. Zinc oxide loses oxygen on heating so that the zinc is in excess. 
The oxygen of course evolves as electrically neutral substance so that it is associated with each excess zinc ion 
in the crystal; there will be two electrons that remain trapped in the solid material, thus leading to non-stoichi- 
ometricity in the solid. This leads to the formation of the semiconducting nature of the material [31]. 

4. Photodegradation and COD Measurements 
The percent transmission of dye solution in presence of ZnO/Nb2O5 at different intervals of time is much higher 
as compared to solutions with ZnO. Thus, photocatalytic degradation is favourably affected by ZnO/Nb2O5 
(Figure 7). A plot of log T versus time is linear, hence the reaction follows pseudo first order kinetics. The rate 
of photodegradation for ZnO/Nb2O5 was observed to be 9.67 × 10−5 sec−1 (~97% reaction) which is higher than 
the value obtained for ZnO 5.77 × 10−5 sec−1. 

4.1. Effect of Concentration of Indigo Carmine Dye 
The reaction was performed with different concentrations of Indigo carmine with constant weight of ZnO/Nb2O5  
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Figure 5. SEM images of ZnO/Nb2O5 nanoparticles.                                                        

 

 
Figure 6. EDAX spectra of ZnO/Nb2O5 nanoparticles.                     

 

 
Figure 7. Photodegradation kinetics of indigo carmine dye.                    

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

0 60 120 180 240 300

lo
g%

T

Time in min

ZnO

ZnO/Nb2O5ZnO/Nb2O5



Rakesh et al. 
 

 
140 

catalyst. The change in concentration of the Indigo carmine was recorded by change in colour using Spectro-
photometer. A plot of log%T (percent transmittance of light) versus time was liner up to 60% of the reaction in-
dicating the disappearance of IC follows first order kinetics (Figure 8). The rate constant values are tabulated in 
Table 3 and the reaction rate decreases with increase in concentration of IC. This is because with increase in the 
dye concentration, the solution becomes more intensely colour and the path length of the photons entering the 
solution is decreased thereby few photons reaches the catalyst surface. Hence the production of hydroxyl radi-
cals is reduced. Therefore the photodegradation efficiency is reduced. The pH and COD for IC solutions before 
and after degradation were measured and given in Table 3. 

To account for the mineralization of dye COD was determined at different stage. The formation of different 
radical species during photodegradation is given in Scheme 2. The dye was found to have mineralized into H2O, 
CO2 and simpler inorganic salts [32], after being irradiated for 5 hrs using ZnO/Nb2O5 photocatalyst. The pho-
todegradation efficiency of the photocatalyst was calculated by the following formula (Figure 9). 

Initial Final Photodegradation efficiency 100
Initial 
COD COD

COD
−

= ×  

 

 
Figure 8. Effect of concentration of IC on the rate of degradation.      

 

 
Figure 9. Effect of concentration of IC on COD values.            
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Scheme 2. Mechanism for the photodegradation of Dye.  

 
Table 3. Effect of photodegradation at different concentration of Indigo carmine.                                     

10−4 [IC] ksec−1 
Effect of pH COD values in mg/l 

Before degradation After degradation Before degradation After degradation 
0.5 12.1 × 105 6.95 6.14 370 15 

0.75 10.1 × 105 7.32 6.89 490 25 
1.0 9.67 × 105 7.68 6.93 710 40 

1.25 7.61 × 105 7.83 6.82 930 15 
1.5 5.81 × 105 7.95 6.75 1327 16 

4.2. Effect of pH 
The solution pH is an important variable in the evaluation of aqueous phase mediated photocatalytic reactions. 
The pH of the solution was adjusted by adding 0.001 M HNO3 or 0.001 M NaOH solution. The effect of pH was 
studied at pH 7.02, pH 6.02, pH 9.02 and pH 10.02 by keeping all other experimental conditions constant. The 
results are illustrated in Figure 10 and tabulated in Table 4. The rate of degradation is observed to be slow at 
lower pH (<7.02) and higher (>9.02) pH. It was observed that the amount of material recovered after the expe-
riment was lowered at lower and higher pH because of the dissolution of semiconductor oxides at extreme pH 
values. Results of COD effects are illustrated in Figure 11. The optimum selected is 10.02 at which photode-
gradation is high. 

4.3. Effect of Catalyst Loading 
The experiments were performed by taking different amount of catalyst varying from 3.0 mg to 7.0 mg in order 
to study the effect of catalyst loading. The study showed that increase in catalyst loading from 3.0 mg - 7.0 mg 
increased dye removal efficiency. Further increase in catalyst above 7.0 mg decreased the photoactivity of the 
catalyst, which is due to the aggregation of ZnO/Nb2O5 nanoparticles at high concentration causing a decrease in 
the number of surface active sites and increase in the opacity and light scattering of ZnO/Nb2O5 nanoparticles at 
high concentration. This tends to decrease the passage of light through the sample. Further, in the present study 
indicated, from economic point of view, the optimized photocatalyst loading is 7.0 mg/20 ml (Figure 12 and 
Table 5). A result of COD effect is illustrated in Figure 13. 

4.4. Effect of Light Intensity 
The photodegradation rate with UV light is compared with sunlight. It is observed that the photodegradation rate 
is increased in UV light for prepared photocatalysts compared to ZnO (Figure 14 and Figure 15, Table 6). The 
reason is that, the inclusion of Nb5+ in ZnO matrix caused an increase in the band gap of ZnO from 3.3 eV to 3.8 
eV, indicating that these semiconductor nanoparticles absorb UV light. This can subsequently activate these 
modified metal oxide photocatalysts upon UV light irradiation. When a photon incident on a semiconductor 
(ZnO/Nb2O5) has energy that matches or exceeds the band gap energy of the semiconductor, an e− is promoted 
from the valence band (VB) into the conduction band (CB), leaving a hole in the VB. Excited-state CB electrons 
and VB holes can recombine and dissipate the input energy as heat, get trapped in metastable surface states, or 
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Figure 10. Effect of pH on the rate of degradation of IC.      

 
Table 4. Effect of pH on photodegradation of Indigo carmine.                                                  

pH ksec−1 105 
COD values in mg/l 

Photodegradation efficiency % 
Before degradation After degradation 

6.02 4.47 730 38 94.79 

7.02 6.39 730 38 94.79 

9.02 9.38 730 16 97.80 

10.02 11.0 730 16 97.80 

 
Table 5. Effect of catalyst loading on the photodegradation of IC.                                                

Catalyst (ZnO/Nb2O5) in mg ksec−1 
Effect of pH COD in mg/l 

Before degradation After degradation Before degradation After degradation 

3.0 4.51 × 105 7.72 6.51 710 32 

4.0 7.63 × 105 7.75 6.72 710 16 

6.0 10.4 × 105 7.80 6.83 710 32 

7.0 11.1 × 105 7.85 6.95 710 16 

 
Table 6. Effect of photodegradation at different concentration of IC under sunlight.                                 

10−4 [IC] sec−1 
Effect of pH COD values in mg/l 

Before degradation After degradation Before degradation After degradation 

0.5 4.19 × 105 6.97 6.15 370 16 

0.75 4.13 × 105 7.34 6.90 490 32 

1.0 3.88 × 105 7.68 6.89 710 16 

1.25 3.05 × 105 7.82 6.83 930 32 

1.5 2.99 × 105 7.91 6.75 1327 32 
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Figure 11. Effect of pH on COD values.             

 

 
Figure 12. Effect of catalyst loading on photodegradation of IC.                  

 

 
Figure 13. Effect of catalyst loading on COD values for the degra-
dation of IC.                                               
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Figure 14. Effect of concentration on IC on the rate of 
degradation in sunlight.                            

 

 
Figure 15. Effect of concentration of IC on COD for 
the degradation in sunlight.                          

 
react, respectively, with electron acceptors and donorsthat happen to be adsorbed on the semiconductor surface 
or within the surrounding electrical double layer of the charged nanoparticles. In the absence of suitable e−/h+ 
scavengers the stored energy is dissipated within a few nanoseconds by recombination. If a suitable scavenger or 
surface defect state is available to trap the electron or hole, recombination is prevented and subsequent redox 
reactions may occur. As the number of defects in ZnO/Nb2O5 nanoparticles, electron or hole recombination is 
prevented and therefore the ZnO/Nb2O5 is very active under UV light compared to bare ZnO. 

5. Reuse of the Photocatalyst 
The possibility of reusing the photocatalyst was examined to see the cost effectiveness of the method. After the 
degradation of the dye, the dye solution was kept standing for 10 hrs and then the supernatant was decanted. The 
photocatalyst was then thoroughly washed with double distilled water and reused for degradation with fresh of 
dye solution. It was observed that the photocatalytic efficiency was slightly decreased to approximately 80% for 
the use of second time. Further use of the catalyst showed lesser efficiency. 

6. Biological Activities 
Niobium doped ZnO nanoparticles synthesised by the electrochemical method were tested for antibacterial ac-
tivity by Discdiffusion method against different bacteria. The pure bacterial culture was subculture on nutrient 
agar media. The activity was compared against standard gentamycin (+ve) control and (–ve) control. The solu-
tions was prepared by dissolving 1.0 mg in 100 μl DMSO and was made up to 1ml by methanol, which gives the 
concentration of 1 mg/ml and 30 μl of each solution was placed on a disc. After incubation for 48 hrs at 37˚C, 
the different levels of zone inhibition in mm around ZnO/Nb2O5 nanoparticles was measured which is as shown 
in Figure 16 and Table 7. Hence ZnO/Nb2O5 nanoparticles shows very good inhibition compared to +Ve and 
–Ve control. 
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(a)                                                      (b) 

   
(c)                                                      (d) 

 
     (e) 

Figure 16. (a) Escherichia coli; (b) Xanthomonas oryzae; (c) Salmonella typhii; (d) Enterobacter aerogens; (e) 
Pseudomonas aregunosa.                                                                         

 
Table 7. Zone of inhibition (mm) of ZnO/Nb2O5 nanoparticles.                                                   

Test organisms ZnO ZnO/Nb2O5 +Ve −Ve 

Escherichia coli 0.9 1.9 2.1 0 

Xanthomonas oryzae 0.4 1.0 1.2 0 

Salmonella typhii 0.5 0.8 1.0 0 

Enterobacter aerogens 0.8 1.9 2.2 0 

Pseudomonas aregunosa 0.4 0.7 1.0 0 

7. Conclusion 
ZnO/Nb2O5 nanoparticles were synthesised by electrochemical method an environment friendly method. These 
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nanoparticles were characterised by UV, IR, SEM, XRD, ICPMS and EDAX analysis. Photodegradation by 
these semiconductors offers a green technology for the removal of hazardous compounds present in the industri-
al effluents. Kinetics for the degradation of indigocarmine by ZnO/Nb2O5 nanoparticles were studied systemati-
cally. The completion of degradation was confirmed by COD experiment. Results of COD revealed that ~96% 
of the dye had been degraded. These nanoparticles act as a very good catalyst for the degradation of dye and a 
promising antibacterial agent. 
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