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ABSTRACT: An Nd doped ZnO (1-5%) photocatalyst was successfully synthesized via chemical 

co-precipitation method. The optical property, nature, and morphology of the synthesized 

nanoparticles were analyzed by UV-Visible, XRD, and FESEM respectively. XRD study reveals that 

Nd has been effectively incorporated in the ZnO lattice in the lower level dosage; however  

the crystalline nature has been distorted towards the increase in the Nd. The selected brilliant green 

dye was degraded photo-catalytically with the help of the synthesized nanoparticles and the study 

has been extended with catalyst dosage and dye concentration. The 2% Nd-doped ZnO showed  

a remarkable result of 98.26% degradation of brilliant green dye compared to the other 1,3,4 & 5 % Nd-

doped ZnO nanoparticles which clearly indicates the optimization of depletion region 

corresponding to the maximum degradation. The increased content (3-5%) of Nd-doped ZnO 

exhibited moderate photocatalytic degradation of the dye due to the decreased crystalline nature 

which was further evidenced from XRD studies. 

 

 

KEYWORDS: Nd-doped ZnO nanoparticles; Brilliant green dye; Kinetic study; Photocatalytic 

degradation. 

 

 

INTRODUCTION 

Effluents discarded from the textiles, paper, pulp and 

paint industries contain toxic constituents like dyes, 

pigments etc. These constituents are more toxic and 

recalcitrant in nature. Among various dyes, azo dyes are 

the most used synthetic dye stuff and it is characterized 

by aromatic compounds linked with one or more azo 

functional groups (R1-N = N-R2). These dyes remain 

chemically stable in the waste water after treatments  

due to the presence of azo and sulfo functional groups [1].  

 

 

 

Among the various azo dyes, Brilliant Green dye is one 

among the most used dyes in various industries. In spite 

of its worldwide applications, it roots to cancer, 

respiratory & mutagenesis diseases. In addition to that,  

it projects hazardous effects in the reproductive and 

immune systems of the living systems [2,3]. There are 

various treatment technologies available to treat these azo 

dyes containing effluents through physical, chemical and 

biological methods. Among them, advanced oxidation  
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process (AOP) emerges as one of a most promising 

method for the treatment of organic dye effluent [4]. 

Because this technique has many advantages over 

conventional treatment methods such as it convert all the 

toxic dye effluent into harmless products [5]. 

The photocatalytic degradation of organic effluent 

was recognized as an effective tool to eradicate the 

environmental problems which were originated from the 

presence of azo dyes in the effluent water [6]. Recently, 

semiconductors such as TiO2, ZnO, SnO2, and WO3 have 

been utilized as a photocatalyst for the degradation of 

organic effluents [7-10]. TiO2 have been used by most of 

the researchers, because of its chemical stability and easy 

availability. However, ZnO is emerged as most attractive 

photocatalyst due to its advantage over TiO2 catalyst such 

as low cost, chemical stability, wide band gap (3.2ev),  

high exciton binding energy (60 meV) and eco-friendly 

nature [11]. 

Doping is an efficient and simplest technique to 

enhance the photocatalytic behavior of prepared nano-

photocatalyst. Doping changes the surface area of 

prepared nanocatalyst and the amalgamation of dopant 

ions in the ZnO lattice induces lattice defects which results 

in better photocatalyst than pure metal oxide catalyst [12]. 

Introducing dopant in the photocatalyst reduces the  

band gap energy of prepared photocatalyst which further 

improves the photocatalytic behavior under UV-Visible 

region. Moreover, lattice defects introduce split into the 

energy levels that yield the better photocatalyst in the 

removal of toxic contaminants in the wastewater [13, 14]. 

Doping of ZnO with metal and nonmetals are the best 

way to generate defects, so that optical property of  

the prepared catalyst can be enhanced [15, 16]. Recently,  

rare earth metals have emerged as excellent dopants  

to improve the photocatalytic activity of ZnO [17-21]. 

Among the lanthanide series, Nd received tremendous 

attention due to its improved optical properties and better 

photocatalytic activity.  

To the best of our knowledge, a very few researchers 

have reported the photocatalytic degradation of organic 

dye effluents using Nd doped ZnO via co-precipitation 

method, such as photocatalytic activity of Nd-doped ZnO 

NPs towards methyl orange dye synthesized through 

hydrothermal method [11], Nd-doped ZnO thin film 

towards the degradation of methylene blue dye 

synthesized via sol-gel spin coating method [20],  

Nd-doped ZnO hierarchical micro/nanospheres in the 

degradation of phenol via simple chemical precipitation 

method [19] and Nd-doped ZnO NPs in the degradation 

of 4-nitrophenol synthesized via the polyacrylamide-gel 

method [25]. 

In this present research work, pure and (1-5 %) Nd-

doped ZnO NPs capped with PVP were synthesized 

successfully via chemical co-precipitation method and  

the photocatalytic activity of the prepared photocatalyst  

was examined with brilliant green dye under  

UV-Visible irradiation. The synthesized nanoparticles 

were characterized by UV-Vis spectrophotometer, XRD,  

FE-SEM with EDX. Furthermore, the effect of initial dye 

concentration and catalyst dosage was extensively studied 

and reported. 

 

EXPERIMENTAL SECTION 

Materials 

Zinc sulphate heptahydrate (ZnSO4.7H2O) and PVP 

(agglomeration preventing agent) were purchased from 

SD Fine Chem Ltd. India, Neodymium acetate 

monohydrate was purchased from Sigma-Aldrich, USA. 

Sodium hydroxide (NaOH) was procured from Merck, 

India All the other chemicals used were analytical grade 

and used without any further purification. Double 

distilled water was used throughout the experiments. 

 

Synthesis of Nd-doped ZnO nanoparticles 

About 7.19 g (0.25 M) of ZnSO4 was dissolved in 100 mL 

distilled water followed by the addition of 0.041 g (1%)  

of Neodymium (III) acetate monohydrate and stirred  

for 30 min. After the stipulated time, 100 mL of 1 wt % PVP 

solution was added to the above mixture and the stirring 

was again continued for 30 min. Then, 60 mL of  0.5 M 

of NaOH was added dropwise to the above mixture and  

a white precipitate was obtained. Then, the stirring  

was continued for the next 30 min for the completion of the 

reaction. Further, the obtained precipitate was centrifuged, 

washed twice with ethanol and distilled water and dried  

at 100 OC for 6 h followed by the calcination at 350 °C for 3 h.  

The same procedure was adopted for the synthesis of pure 

and (2-5%) of Nd-doped ZnO NPs.  

 

Characterizations 

The synthesized nanoparticles were characterized  

by X-ray diffraction using Shimadzu XRD 6000 with 
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Cu -Kα radiation at 40 kV (Japan) to study the crystalline 

nature of the synthesized nanoparticles. Field Emission 

Scanning Electron Microscopy (FESEM) and Energy 

Dispersive Spectra (EDS) analysis were performed  

to determine the surface morphology and elemental 

compositions of the NPs using SIGMA HV – Carl Zeiss 

with Bruker Quantax 200 – Z10 EDS Detector.  

The absorbance was performed with a UV-Visible 

spectrophotometer (Merck, USA) to determine the band 

gap and photocatalytic activity of the synthesized 

nanoparticles. 

 

Photocatalytic activity on Brilliant green dye 

About 10 ppm of 100 mL of BG dye solution  

was taken into 250 mL beaker along with 0.25 g of 

synthesized nano-photocatalyst. The reaction mixture  

was stirred under the dark condition for the 30 min to establish 

the adsorption-desorption equilibrium. After the stipulated 

period, the UV-Visible light source was provided to the 

mixture and the stirring was continued. At every  

30 minutes, the samples were centrifuged and analyzed 

with a UV-Visible spectrophotometer (λmax = 630 nm)  

to measure the absorption. The percentage removal of dye 

was determined using the following equation, 

% Removal of dye = 0

0

A A
100

A


                                (1) 

Where,  

A0 is the initial absorption of supernatant (after 30 min 

stirring at dark condition). 

A is the absorption of the supernatant at a stipulated 

time period.  

 

RESULTS AND DISCUSSION 

Optical study 

UV-Vis absorption spectra of the synthesized 

undoped and (1-5 %) Nd-doped ZnO NPs capped with 

PVP is shown in Fig. 1(a). The UV-Vis absorption 

spectrum exhibits a strong excitonic peaks at 375, 375, 

373, 372, 374 and 373 nm for undoped and 1 - 5 % Nd-

doped ZnO NPs respectively, and these strong excitonic 

peaks result from the movement of electrons from 

valence band to conduction band which reveals the good 

optical property and high exciton binding energy of 

synthesized photocatalyst [22]. The synthesized (2-5 %) 

Nd-doped ZnO exhibits a blue shift with respect to pure 

ZnO NPs, except for 1 % Nd-doped ZnO NPs. Moreover, 

it was observed that all the synthesized ZnO NPs  

has shown good absorption light in the visible region. 

Among the synthesized ZnO NPs, 2 % Nd doped ZnO 

exhibits better absorption of visible light. The band gap 

of prepared ZnO NPs were calculated using Tauc’s 

equation which establishes the relation between incident 

light energy (hν) and co-efficient of absorption (α)  

as given below, 

n
g

A(h E )

h





                                                           (2) 

Where, n is constant which depends on nature of 

transition, n=1/2,3/2,2,3 for direct allowed, direct for 

forbidden, indirect allowed, indirect forbidden transitions 

respectively and A is constant. Since ZnO is direct 

allowed transition material, n is taken as ½. The band gap 

energy has been calculated using tauc’s plot in which the 

liner portion of the (αhν)2 vs hν graph (Fig. 1(b)).  

The calculated bag gap values are 3.09 eV, 3.00 eV, 2.82 eV, 

2.776 eV, 2.84 eV and 2.85 eV for undoped and 1 - 5% 

Nd doped ZnO respectively. It has been noticed that  

the band gap of Nd-doped ZnO NPs decreases for 1-3% 

Nd doping however, the values tend to increase gradually for 

4-5% Nd-doped ZnO. This may be due to two reasons (i) 

Nd3+ ions can act as donor or acceptor, (ii) the small 

quantity of Nd3+ ions may create the energy level near  

to the conduction band or valence band and thus causes  

the reduction in the band gap energy value in the Nd-doped 

ZnO NPs. Since, ZnO is an n-type semiconductor, due to 

Burstein-moss effect, the excesses of charge carrier  

and shifts in the Fermi level inside the conduction band  

may increase the band gap energy, if the dopant concentration 

was increased beyond the optimum doping level. 

 

XRD studies 

The XRD pattern of PVP capped pure and (1–5 %) 

Nd-doped ZnO NPs are shown in Fig. 2. The diffraction 

peaks confirm the synthesized nanoparticles possess 

hexagonal wurtzite structure (ICDD No. 36-1451).  

The broadening of XRD diffraction peaks of (1-5 %)  

Nd-doped ZnO NPs with respect to pure ZnO NPs  

was observed which might be due to the increase in a doping 

concentration of Nd3+ and also by replacing the interstitial 

Zn. Further, the incorporation of Nd3+ inhibits  

the crystalline structure of ZnO which would result lattice 
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Fig. 1: (a). UV–Visible absorption spectra of Pure and (1-5 %) Nd-doped ZnO NPs, (b). Tauc’s plot for pure and  

(1-5 %) Nd doped ZnO NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: XRD pattern Pure and (1-5 %) Nd-doped ZnO NPs. 

 

disorder and related stress [15]. The average crystallite 

size of the synthesized pure and doped ZnO NPs  

was calculated using the Debye Scherer equation. 

p

0.9
D

cos



 

                                                                  (3) 

Where Dp is the average particle size (nm), β is  

the full width at half maximum (FWHM) (radian), θ is Bragg 

angle (radian) and λ is wavelength (nm). The average 

particle size is 68.01 nm for pure, 33.26 nm for 1 % Nd, 

38.136  nm for 2 % Nd, 36.27  nm for 3 % Nd, 36.28 nm 

for 4 % Nd and 39.20 nm for 5 % Nd-doped ZnO NPs 

respectively. The size of (1-5 %) Nd-doped ZnO NPs  

was found to decrease compared to pure ZnO NPs. This might 

result from the formation of Nd-O-Zn on the surface of 

ZnO NPs which inhibits agglomeration of nanoparticles 

[23-25]. 

A significant shift in the diffraction peak positions 

was observed towards lower value for (1-5 %) Nd-doped 

ZnO NPs compared to pure ZnO particles. Since,  

the ionic radius of Nd3+ (0.143 nm) is greater than Zn2+ 

(0.074 nm) ions, the diffraction peak shifts towards  

the lower angle [18, 26]. It reveals that incorporation of 

Nd in the ZnO lattice affects the crystalline structure of 

the prepared nanoparticles. However, no such significant 

shifts in the peak positions were observed between 1-5 % 

Nd-doped ZnO NPs. 

 

FE-SEM and EDS studies 

FE-SEM images of the pure and 2 % doped ZnO NPs 

are shown in Fig. 3 (a) and (b) respectively. It is observed 

that pure ZnO NPs exhibits micro flower nanoleaf like 

morphology, but 2 % Nd-doped ZnO NPs morphology 

exhibits disorganized leaf-like structure which deviates 

from the pure ZnO NPs which is in accordance with XRD 

analysis. Energy dispersive spectrum of prepared (1-5 %) 

Nd-doped ZnO is shown in Fig. 4 (a-f) which confirms 
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Fig. 3: FESEM images (a). Pure ZnO NPs (b). 2 % Nd-doped ZnO NPs. 

 

the presence of Nd dopant in the prepared ZnO 

nanoparticles and the presence of sulphur and carbon 

which were resulted from the incomplete conversion of 

ZnSO4 into Zn(OH)2  and PVP capping agent 

respectively. 

 

Photocatalytic studies 

The photocatalytic activity of pure and (1-5 %) Nd-

doped ZnO was tested with brilliant green dye under  

UV-Visible light and the results are shown in Fig. 5.  

It was noticed that 88.6% removal of dye for pure ZnO 

NPs under UV-Visible light was observed in 3 h. Increase  

in the removal percentage of BG dye was resulted  

by an increase in the dopant concentration till 2 % Nd.  

Then the removal percentage was begun to decrease 

gradually from 3 to 5 % Nd dopant concentration due 

 to the effect of dopant concentration (the recombination 

of a hole and excited electron) on the photocatalytic 

activity of the synthesized nanocatalyst is discussed  

as follow, 

Illumination of light on the on the pure ZnO, 

suspended in the dye solution with energy more than  

or equal to the band gap energy which excites the electrons 

(e-
(cb)) from the valence band to conduction band  

by leaving holes (h+
(vb)) in the valence band.  

ZnO + hν e-
(cb) + h+ (vb) 

Further, the photoinduced e-
(cb) combines with 

dissolved O2 and promotes the following reaction 

scheme,  

O2 + e-
(cb)  O2

-- 

O2
•− + H2O  HO2• + OH- 

Similarly, the photoinduced holes (h+ (vb)) combines 

with either hydroxyl ions (OH-) or water molecules (H2O)  

to result in the following reactions, 

hvb
++ OH-  OH• 

hvb
+

 + H2O  OH• +H+ 

Both the hydroperoxy radical (HO2•) and hydroxyl 

radical (OH•) are a strong oxidizing agent which roots  

the degradation of organic dye molecules. However,  

the recombination of a hole and excited electron might 

result in the reduction of photocatalytic activity [27].  

ecb− + hvb
+ 
 ZnO 

The substitution of Nd3+ ions in the ZnO lattice with 

partially filled f-orbital promotes multi-energy levels 

between the conduction band and valence band. Further, 

Nd3+ ions attract photoinduced e-
(cb) to form Nd2+ which 

prevents the ecb−  and hvb
+ recombination which increases 

photocatalytic activity of synthesized Nd doped ZnO.  

In addition, Nd2+ ions might react with O2 to endorse  

the generation of the superoxide, which further improves 

the photocatalytic activity of the prepared Nd doped ZnO NPs. 

Nd3+ + e-  Nd2+ 

Nd2+ + O2  Nd3+ + O2
-• 

Moreover, the increase in the doping percentage 

enhances surface barrier and narrows the space charge 

leads to the separation of photoinduced electron-hole. 

Also, doping of Nd3+ ions in ZnO lattice enhances  

the absorbance of OH- on the surface of the ZnO nanocatalyst 

due to the presence of oxygen vacancies. The surface 

adsorbed OH- act as a strong tool to trap the photo 
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Fig. 4: Energy dispersive spectra (a). Pure (b). 1 % Nd-doped (c). 2 %  Nd-doped (d). 3 % Nd-doped (e). 4 % Nd-doped  

(f). 5 %  Nd doped ZnO NPs. 
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Fig. 5: (a). Percentage removal of BG dye with respect to time 

for Pure and (1-5 %) doped ZnO NPs (b.) kinetics of brilliant 

green dye degradation for Pure and (1-5 %) doped ZnO NPs 

ZnO NPs and (c). The absorption spectrum of Brilliant Green 

dye aqueous solution for 3 h duration degraded by pure and  

(1-5 %) doped ZnO NPs. 

induced holes [28]. However, beyond the optimum doping 

level (2 % Nd), light penetration depth into ZnO NPs 

exceeds the space charge region which increases  

the possibility of recombination of photoinduced electron-holes 

pairs. Therefore, a decrease in the photocatalytic degradation 

was obtained [29]. In this case, the above phenomena 

demand the optimum doping level for the penetration 

depth of light and charge separation region which should 

be equal. Furthermore, the optimum level of doping  

is needed to create a potential difference between  

the recombination center and surface of the particles to reduce 

the recombination of photogenerated electron-hole pairs. 

The kinetics of the photocatalytic degradation of  

BG dye using pure and (1-5 %) doped ZnO nanoparticles 

follows the pseudo-first order. 

-ln(C/C0) = ln(C0/C) = kt                                                (4) 

Where C0 and C are the initial concentration and 

concentration at time t respectively and k is the reaction 

rate constant. Fig 4(b) furnish the relationship between 

ln(C0/C) vs time and the rate constant k (min-1) and linear 

regression coefficient R (Table 1). 

 

Effect of photocatalyst dosage 

The effect of catalyst loading on the photocatalytic 

activity of prepared photocatalyst is studied by varying 

catalyst concentration ranging from 2.0 to 4.0 g/L and the 

results are observed in Fig. 6. It was found that  

the k value increases till 2.5 g/L because the higher concentration 

leads to increased availability of adsorption surface and 

enhanced induction of oxidizing radicals (Table 2). 

However, the k value is decreased gradually from 3.0 to 4 g/L 

due to the increased concentration of catalyst which leads 

to the enhancement of turbidity of the aqueous solution; 

hence, a reduction of availability of photons occurs  

for the degradation of organic molecules [30].  

 

Effect of initial dye concentration  

The influence of initial dye concentration on the 

photocatalytic behavior of synthesized 2 % Nd-doped ZnO 

was examined by ranging the initial dye concentration from 

10 mg/L to 50 mg/L and results are presented in Table 3.  

It was noticed that k values decrease with the increase  

in initial dye concentration (Fig. 7). Because the higher 

concentration of dye molecules yields enhanced adsorption 

on the catalyst surface which diminishes the generation of 
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Table 1: Reaction rate constant of BG degradation and regression coefficient for Pure, and (1-5 %) doped ZnO NPs. 

S.No Catalyst k (Reaction rate constant/min) R2(Regression coefficient) 

1 Pure ZnO 0.012 0.972 

2 1 % Nd doped ZnO 0.015 0.918 

3 2 % Nd doped ZnO 0.020 0.899 

4 3 % Nd doped ZnO 0.013 0.914 

5 4 % Nd doped ZnO 0.013 0.963 

6 5 % Nd doped ZnO 0.011 0.933 

 

Table 2. Pseudo first-order rate constant of photocatalytic degradation of BG dye  and regression coefficient  

for the different catalyst dosage of 2 % Nd-doped ZnO NPs  at 10 ppm initial dye concentration. 

S.No Catalyst loading (g/L) k (Reaction rate constant/min) R2 (Regression coefficient) 

1 2.0 0.007 0.891 

2 2.5 0.014 0.899 

3 3.0 0.011 0.932 

4 3.5 0.011 0.935 

5 4.0 0.08 0.913 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6: Influence of catalyst loading on the photocatalytic degradation of BG dye using 2 % Nd-doped ZnO NPs.  

(a). ln (C0/C) vs time (b). % Degradation. 

 

hydroxyl radicals. In addition, at the increased BG dye 

concentration, the number of photons reached the surface 

is reduced. Thus results in the reduction of the 

photocatalytic degradation efficiency of the synthesized 

nanocatalyst [31, 32]. 

 

CONCLUSIONS 

Nd-doped ZnO NPs were successfully synthesized  

in different compositions using PVP as a capping agent  

via chemical co-precipitation method. The substitution of Nd3+ 

ions in the ZnO lattice has a distinct effect on the optical 

property, crystalline structure, and morphology of prepared 

ZnO NPs. Among the other compositions, 2 % Nd-doped 

ZnO NPs had shown a profound photocatalytic activity 

towards the selected BG dye. The influence of catalyst 

dosage and initial concentration of dye was studied  

for 2 % Nd-doped ZnO NPs and it was found that 2.5 g/L 

catalyst loading and 10 ppm of initial dye concentration 
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Table 3: Pseudo-first order rate constant of photocatalytic degradation of BG dye and regression coefficient for  

2.5 g/L of 2 % Nd-doped ZnO NPs at different initial dye concentration. 

S.No Initial dye concentration (ppm) k (Reaction rate constant)(min-1) R2(Regression coefficient) 

1 10 0.014 0.899 

2 20 0.004 0.984 

3 30 0.002 0.989 

4 40 0.002 0.982 

5 50 0.001 0.985 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Effect of initial concentration of BG dye on the photocatalytic activity of 2 % Nd-doped ZnO NPs. 

 

results excellent removal percentage of BG dye. Hence, 

the obtained results would suggest the synthesized Nd 

doped ZnO nanoparticles could act as an excellent dye 

degrading agent in textile and other industries to keep  

the environment clean and green. 
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