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ABSTRACT
A simple chemical methodology has been adopted for the synthesis of zirconium (Zr) doped and un-doped 
cadmium selenide (CdSe) nanoparticles for the application towards photocatalytic degradation of indigo 
carmine (IC) dye under solar light irradiation. The Zr-CdSe (doped) and CdSe (un-doped) nanoparticles 
were characterized by ultraviolet-visible spectroscopy (UV-vis), X-ray diffraction (XRD), Scanning electron 
microscopy (SEM) coupled with energy dispersive X-ray analysis (EDAX), and Transmission electron 
microscopy (TEM) studies. The inclusion of Zr ion into the CdSe nanoparticles matrix was confirmed by 
SEM-EDAX and XRD studies. TEM studies confirm the zirconium ions are uniformly doped over the CdSe 
surface. The photocatalytic degradation performance of Zr doped and un-doped CdSe nanoparticles 
was examined for the degradation of IC dye under solar light irradiation. The experimental results 
indicated that the Zr-doped CdSe possessed greater photocatalytic activity in comparison to un-doped 
CdSe. Photodegradation process parameters such as the initial concentration of the dye, as well as the 
amount of catalyst and time were investigated. The photocatalytic degradation rate was favored by a high 
concentration of the solution in respect to Langmuir–Hinshelwood model.
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INTRODUCTION
Today, in the 21st century, there is still a lack 

of global concern about the sustainable source of 
energy and its ever-growing demand. Organic dyes, 
which are employed in industries such as paints, 
textiles, plastics, tannery, and printing industries 
are complex molecules. Currently, more than  
10 million different dyes amounting to 7x105 tones 
are produced globally every year. Approximately 
12-15% of the dyes applied in the manufacturing 

activities are discharged through the effluent as 
they are not entirely fixed. In recent years, there 
is a growing concern about the environmental 
pollution caused by inadequately treated dye-
bearing industrial effluents. Most of these dyes are 
resistant to biodegradation and endanger living 
organisms, particularly when released in water 
bodies. Accumulation of intensely colored dyes in 
water bodies restricts the penetration of sunlight, 
hinders the circulation of oxygen, promotes 
eutrophication, and eventually compromises the 

http://creativecommons.org/licenses/by/4.0/.
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natural trend of aquatic life. Hence, there is an 
immense need for the complete removal of these 
dyes from the contaminated water bodies using 
some effective techniques. The photocatalysis 
augmented by nanoparticle catalysts could be 
considered as a suitable method to meet such a 
need [1-4].

Extensive research activity in the field 
of photocatalysis involving semiconductor 
nanoparticles under visible light is seen. The 
major benefit of preferring this technique of 
photocatalytic degradation is its ability to employ 
the energy from solar radiation to produce 
hydroxyl radical (OH.) for dye degradation [5-
7]. Earlier, different tactics were put into use 
for enhancing their photocatalytic activity that 
includes the surface modification, doping of 
transition or non-transition metallic ions, and the 
immobilization of nanoparticles into solid support 
[8-10]. The Indigo Carmine (IC) dye is regarded as 
one of the exceptionally virulent indigoid classes of 
the dye which marks one of the largest collections 
of toxic pollutants present in wastewater from 
textile and other industries. These compounds are 
classified as environmental toxicants as disposal of 
this colored polluted water into the life-supporting 
bodies causes problems such as esthetic pollution 
and the disorder of aquatic life form [11, 12]. IC is 
released into the water after its processing as it is 
among the most widely used textile dyeing agents. 
Its usage could be found in many areas such as an 
additive in tablets and capsules in pharmaceutical 
industries, in analytical chemistry, it is used as a 
redox indicator, as a microscopic stain in biology, 
and in various other applications [13].

Most of the earlier studies in the research 
area of organic dye pollution remediation have 
explored the catalytic ability of nanocomposites or 
metal oxide nanoparticles on the degradation of 
selected dyes. Studies comparing the augmenting 
potentials of transition metal nanoparticles in 
the photocatalysis of organic dyes are scanty. 
CdSe, an n-type semiconductor finds a wide 
range of applications in catalysis as it is having a 
band-gap in visible light (1.6eV-1.8eV) [14, 15], 
biological labeling [16], and solar cells [17]. CdSe 
has been regarded as an efficient semiconductor 
under visible light irradiation [18]. However, 
the fast recombination of photo-generated 
electron-holes restricted its practical application 
because the photo-induced electrons and holes 
are neutralized before they could initiate the 
photocatalytic process [19]. Recently, doping non-
metals as a replacement to improvise the visible 
light response to metal oxide semiconductors 
has been employed [20-22]. By modifying the 
electronic structure of semiconductor and doping 
the non-metals, the bandgap could be narrowed  
[21, 23, 24]. Therefore, this study was carried out 
to explore the synthesis of CdSe and Zr doped 
CdSe for the application towards the degradation 
of acidic dye namely indigo carmine dye under 
solar light irradiation in an aqueous medium.

 
MATERIALS AND METHODS
Chemicals and Reagents

All the chemicals are purchased from LOBA 
Chemie, India, and used as received. The molecular 
structure and chemical properties of IC dye are 
given in Table 1.

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

  

Dye Indigo Carmine 
Formula C16H8N2Na2O8S2 
Characteristics Water soluble 
Structure 

 

Molecular weight 466.36g/mol 
λmax 610nm 
Application Nylon, Wool, Polyester 

Table 1. Molecular Structure and Chemical properties of Indigo Carmine dye



R. Emelda et al. / photocatalytic activity of chemically synthesized zirconium doped ...

J. Water Environ. Nanotechnol., 6(2): 177-187 Spring 2021 179

Preparation of Zr doped CdSe nanoparticles
0.1M cadmium chloride and 0.1M sodium 

selenite solutions were prepared using deionized 
water in the presence of 0.3M mercaptoacetic acid 
and mixed in a beaker. The pH of the solution was 
adjusted in the range 7 to 8 and 0.04M zirconium 
oxychloride solution was added into the above 
mixture by dropwise addition. later on, the mixed 
solution was allowed to be stirred for 2 hours at 
room temperature. The appearance of the red color 
solution is the indication for the formation of Zr 
doped CdSe nanoparticles and precipitated out by 
the dropwise addition of propanal and the resulting 
red precipitate obtained was filtered [24].

Characterization techniques
The phase identification of the CdSe and 

Zr-CdSe nanoparticles was characterized using 
BRUKER D8 ADVANCE powder XRD with 
Cu =Kα (λ=1.5418Å) radiation. UV-Vis was 
analyzed with the help of AGILENT 5000 UV -Vis 
spectrophotometer in the spectral range between 
200nm to 800nm. Surface Morphology and 
Elemental analysis were scanned by Jeol 6390LA/ 
OXFORD XMX N instrument.

Photodegradation analysis
Photocatalytic activity of the Zr doped and un-

doped CdSe nanoparticles was investigated by the 
degradation of indigo carmine dye in an aqueous 
solution under solar light irradiation and the 
experiment was carried out between 11.30 am and 
12.00 pm in the summer season at Annai Velankanni 
College, Tholayavattam, Kanniyakumari, India. 
During this period, solar intensity fluctuation was 
reduced.

2000 (ppm) stock solution of IC dye was 
prepared [25]. The desired concentration (5-
50ppm) was diluted using the stock solution. 20ml 
of the dye solution of required concentration along 
with 20mg of catalyst was added and subjected 
to irradiation under solar light. To ensure proper 
and complete mixing of catalysts, the beakers were 
stirred continuously using a magnetic stirrer. At the 
pre-determined time intervals, measured portions 
of the sample were taken and analyzed after 
centrifugation. The concentration of the dye was 
found, using a photo calorimeter at λmax- 610nm. 
Percentage removal (%R) =100*Ci-Cf/Ci 

Where Ci is the initial concentration of dye 
(ppm), Cf  is the final concentration of dye (ppm) 
at a given time.

RESULTS AND DISCUSSION
XRD analysis

XRD spectra of the zirconium doped and un-
doped CdSe nanoparticles are shown in Fig. 1. 
The broad diffraction peaks in the XRD pattern 
of the productive sample could be well indexed 
by (111), (220), and (311) plane reflection [JCPDS 
No.09-0191]. This indicates that both the NPs are 
cubic phase crystalline structures with a preferred 
direction of the (111) plane [26-28]. Moreover, 
the intensity of Zr doped CdSe NPs is slightly 
greater than that of undoped CdSe NPs which 
confirms the doped NPs having a highly crystalline 
nature.    

The average crystallite size of the NPs was 
assessed by the Debye Scherer formula [29]
D=Kλ/βCosθ 

Where D is the average crystallite size, β is 
the full width at half maximum (FWHM) of the 
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Fig. 1. XRD pattern of CdSe and Zr-CdSe nanoparticles
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diffraction peak, λ (0.1541nm) is the wavelength 
of X-ray radiation and θ is the angle of diffraction 
[30].  The average particle size was found to be 
23nm and 3.8nm for CdSe and Zr doped CdSe 
NPs respectively. In addition, the size of Zr doped 
CdSe NPs have decreased with the concentration 
increase and their crystalline size was less than that 
of the pure CdSe NPs. Besides, the doping size was 
decreased due to the inclusion of Zr ion into CdSe 
lattice, which decreases the grain’s growth [31].

The inter planar distance spacing (d) of lattice 
plane is determined from Bragg’s relation
nλ = 2dSinθ

Where λ=1.5406Å and θ is Bragg diffraction 
angle. The structural parameters of CdSe and  
Zr-CdSe NPs are evaluated from the XRD data 
given in Table 2. 

The lattice parameter (a) of cubic crystallite 
structure is determined by using the following 
relation,
a=d (h2+k2+l2)1/2 

Where d is the interplanar distance (Å) and 
(hkl) are the miller indices of the planes.

The dislocation density is the length of 

dislocation lines per unit volume of the crystal 
[32]. Dislocation is a crystallographic irregularity 
or ugliness within a crystal structure and it 
could change the characteristics of materials. 
The dislocation density (δ) is determined from 
Williamson- Smallman relation, using the 
expressions:
δ=1/D2

Where D is the average particle size. The 
dislocation density value obtained from the Scherer 
method is 0.189Å and 6.925Å for pure and CdSe: 
Zr NPs.

Crystallite Size and Strain are calculated from 
the Williamson Hall plot as shown (Fig. 2(a) and 
(b). It is plotted against the βCosθ versus Sinθ 
gives a straight line, the slope value indicates the 
amounts of residual strain (ε) and the reciprocal 
of intercept gives the average particle size [33, 34]. 
W-H plot gives a negative slope value due to the 
presence of compressive strain [35]. It could be 
noted from the W-H plot that the strain increases 
from -0.0553 to -0.0197 as the grain size decreases 
from 19.7nm to 3.9nm for pure and CdSe: Zr 
NPs. When Compared to the Scherer method and 

 

 

Sample 
2θ 

(degree) 
FWHM 
(degree) 

Matching 
Peaks 

d(Å) 
Lattice 

Constant 
(a) 

Crystallite 
Size(nm) 

Average 
Crystallite 

(nm) 

Density 
Dislocation 

δ   ( Å) 

 
CdSe 

25.3630 
41.9739 
49.1746 

2.9380 
2.0429 
0.1367 

(111) 
(220) 
(311) 

3.5088 
2.1507 
1.8513 

5.26326 
6.08309 
6.14006 

2.7 
4.1 

63.9 
23 0.189 

 
CdSe: Zr 

25.6289 
42.4440 
50.3406 

2.6760 
2.0993 
1.8755 

(111) 
(220) 
(311) 

3.4730 
2.1280 
1.8111 

6.01541 
6.01889 
6.00673 

3.0 
4.0 
4.6 

3.8 6.925 

Table 2. Different parameters of CdSe and CdSe: Zr Nanoparticles calculated from XRD spectrum

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Williamson-Halls plot of CdSe (a) and Zr-CdSe (b) nanoparticles
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Williamson Hall method, the grain size was almost 
close to each other.

Optical studies
UV-Visible absorption spectra of the CdSe 

and Zr-CdSe nanoparticles were shown in  
Fig. 3 (a) and (b): inset is Tauc plot. The absorption 
peak at 300nm was observed for CdSe and Zr-CdSe 
nanoparticles and Zr doped CdSe nanoparticles 
showed a slight blue shift [36].  

The optical transition energy was calculated 
from the absorption spectra using the Tauc relation 
[37, 38] which is expressed as
(αhv) = A (hv - Eg)

r

Where A is the constant, α is the absorption 
coefficient, hv is the photon energy, Eg is the optical 
band gap, r is an index that relies on the nature 
of electronic transition responsible for optical 
absorption. The value of r is ½ for direct transition 
and 2 for indirect transition. Hence for direct 
transition becomes:
(αhv) = A (hv - Eg)

1/2

By extrapolating the linear region of the plot 
of hv vs. (αhv), the value of the optical band gap  
could be found in Fig. 3 (Inset). The bandgap 
energy (Eg) of Zr doped and un-doped CdSe NPs 
was found to be 3.37eV, 3.24eV, which exceeds the 
value of the bulk CdSe bandgap (Eg=1.74eV). 

SEM -EDAX and TEM analysis
SEM-EDAX studies provided information 

about surface morphology and the elemental of the 
CdSe and zirconium doped CdSe nanoparticles. 
The SEM-EDAX spectra of the CdSe and Zr-
CdSe are shown in Fig. 4. The surface morphology 
of the CdSe nanoparticles was observed highly 

agglomerated bigger in size particles. In contrast, 
the surface morphology of the Zr-doped CdSe 
nanoparticles indicated smaller in size with reduced 
agglomeration (Fig. 4(a) and (c). The inclusion of 
the Zr onto the CdSe matrix was confirmed by the 
EDAX image (Fig. 4(b) and (d). The percentage 
composition of the elements for Zr doped and 
undoped nanoparticles is given in Table 3. 

TEM images of the CdSe and zirconium doped 
CdSe nanoparticles are shown in Figs. 5(a) and (b). 
It was observed from the figure that the synthesized 
doped and un-doped CdSe nanoparticles are in 
nanometer size as well as the zirconium ions are well 
doped/included or dispersed into the CdSe matrix, 
besides some of the particles are agglomerated. Fig. 
5(c) shows the selected area of electron diffraction 
(SAED) of Zr-CdSe nanoparticles. SAED patterns 
consist of three diffraction ring were indexed with 
(111), (220) and (311) plane of crystalline structure 
[39, 40]. The diffraction ring was consonant with 
the powder XRD spectrum of the diffraction peak. 

INVESTIGATION ON THE PHOTOCATA-
LYTIC ACTIVITY OF CdSe AND Zr-CdSe 
NANOPARTICLES 
Effect of initial dye concentration IC dye

The photocatalytic degradation of IC dye 
was carried out under solar light illumination at 
different initial concentrations of the dye from 
5ppm to 50ppm and a fixed dosage of catalyst (20mg 
of CdSe and Zr-CdSe NPs) and time (45min). Fig. 
6 shows the percentage of degradation decrease 
with an increase in the initial concentration of IC 
dye from 40% to 16% for CdSe and 60% to 31% for 
Zr-CdSe NPs. This is maybe due to:
1. A large number of dye molecules adsorbed on 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. UV spectrum CdSe (a) and Zr-CdSe (c) nanoparticles: Inset Tauc plot (b, c)
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the catalytic surface, it’s preventing the reaction 
between the IC dye molecule and hydroxyl radicals, 
due to lack of active sites.
2. The concentration of the dye increases in the 
aqueous solution, it becomes a high-intensity color 
and not transparent, so the path length of photons 
entering into the solution decreases [41].
3. Reduced photogeneration of OH and O2  

- radicals 
on the catalyst surface.
4. Dye molecules are covered on the active site of the 

catalyst, which could be reduced the degradation 
efficiency [42].

Effect of irradiation time
The irradiation time is playing a crucial part 

in the process of photocatalytic degradation. The 
result of irradiation time was carried out with a fixed 
dosage of the catalyst (20mg of CdSe and Zr-CdSe 
NPs) and the optimum initial concentration of IC 
dye solution (35ppm). The effect of illuminating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM-EDAX images of CdSe (a, b) and Zr-CdSe (c, d) nanoparticles

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. TEM image (a) and SAED pattern (b) of Zr doped CdSe nanoparticles
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time for the degradation of IC dye varies from 10 
to 70 min. The percentage of degradation increases 
from 10% to 82% by increasing irradiation time for 
CdSe and 21% to 94% for Zr-CdSe nanoparticles 
which are shown in Fig. 7. This may be due to the 
sufficient time to have the reacted dye molecules 
on the catalyst surface and generate hydroxyl, 
superoxide radicals [41-43]. The concentration 
of dye solution gradually reduced due to the 
absorption of dye molecules on empty active sites 
and finally reached the saturation stage, hence the 
percentage of degradation increased.

These experimental results show that the 
photocatalytic degradation of IC dye obeys pseudo-
first-order kinetics and the rate is expressed by the 
following relation 
lnCo/Ct = kt

Where Co is the initial concentration, Ct is 

the concentration at time t, k is the pseudo-first-
order rate constant and t is the illumination time 
respectively. The value of lnCo/Ct is plotted against 
the time (in min) and the plot was found to be 
linear (Fig. 7 (b). From the slop, the rates constant 
k was determined for degradation of IC dye in the 
presence of CdSe and CdSe: Zr. The pseudo-first-
order rate constant of CdSe NPs is 0.0313min-1 and 
0.04325min-1 for CdSe: Zr NPs. This indicates the 
photodegradation efficiency of IC dye is higher in 
the presence of CdSe: Zr NPs [44].

Effect of amount of photocatalyst
The photocatalytic activity highly depends on 

the amount of catalyst. The effect of the catalyst 
amount on the degradation of IC dye was carried 
out by varying the amount of photocatalyst 
from 5mg to 40mg/20ml. Fig. 8 showed that the 
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percentage of decoloration efficiency increases 
with the growth in the amount of catalyst from 
25% to 60% for CdSe and 30% to 96% for Zr-CdSe 
NPs under solar illumination. The percentage of 
decoloration was found to increase linearly with 
an increase in the amount of the photocatalyst 
pointing as a heterogeneous regime. This may be 
due to: 

1. The number of surface active sites increases 
with the increasing amount of photocatalyst 
leads to the decrease in the penetration effects of 
radiation due to the shielding effects [41, 42].

2. More number of hydroxyl radicals generated 
in the aqueous solution due to an increase in the 

concentration of charge carriers [45].
3. A large number of dye molecules adsorbed 

on the photocatalytic surface [46].
However, the amount of photocatalyst increase 

the reaction rate tends to decrease. This may be 
attributed to 1. Deactivation of activated molecules 
by collision with ground-state molecules. 2. The 
excess amount of photocatalytic particles creates 
the screening effect [47, 48]. 3. The turbidity of the 
reaction mixture is increasing, which results in the 
shadowing effect that affects the penetration depth 
of light illumination [49, 50]. 4. Increasing the effect 
of scattering and opacity of suspension. Hence 
the above reason was pointed out the number of 
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Fig. 8. Effect of dose of the catalyst on the photodegradation of IC dye

Fig. 9. Mechanism for the photodegradation of IC dye on  Ze-CdSe nanoparticles
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catalyst increases; the rate of reaction is reduced.

4.Photocatalytic degradation mechanism
The electron transfer mechanism occurs in the 

presence of Zr doped un-doped CdSe NPs, during 
photocatalytic degradation of IC Dye under solar 
light irradiation. When solar light irradiated on 
the surface of photocatalyst, that promotes the 
electrons, transfer from valence band to conduction 
band and it generates an electrons hole-pair. The 
photo-induced electron can be easily trapped 
by acceptors such as molecular oxygen forming 
superoxide radical anion and the holes can easily 
be trapped by OH- as well as H2O to produced OH.  
radicals are shown in Fig. 9. This reaction can be 
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    CdSe+ hƲ                    h+(VB) +e- (CB) 

             e- + O2                 O2- .  

h+ + OH -                    OH. 

 The deposition of transition metals on semiconductor nanoparticles is an effective way for 

improving photocatalytic efficiency. As transition metals, Zr acts as an electron scavenger and stores 

them effectively. Since Zr ion has an impact to generate more number of holes and electrons, due to 

reduced the bandgap. The dopant can reduce the crystallite size and have large surface area properties. 

Which increases electron transfer properties, enhances the photocatalytic activity. 
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surface of photocatalyst, that promotes the electrons, transfer from valence band to conduction band and 

it generates an electrons hole-pair. The photo-induced electron can be easily trapped by acceptors such 

as molecular oxygen forming superoxide radical anion and the holes can easily be trapped by OH- as 

well as H2O to produced OH.  radicals are shown in Figure 9. This reaction can be  

    CdSe+ hƲ                    h+(VB) +e- (CB) 

             e- + O2                 O2- .  

h+ + OH -                    OH. 

 The deposition of transition metals on semiconductor nanoparticles is an effective way for 

improving photocatalytic efficiency. As transition metals, Zr acts as an electron scavenger and stores 

them effectively. Since Zr ion has an impact to generate more number of holes and electrons, due to 

reduced the bandgap. The dopant can reduce the crystallite size and have large surface area properties. 

Which increases electron transfer properties, enhances the photocatalytic activity. 

 

5. CONCLUSION 

 Zirconium doped and un-doped CdSe nanoparticles were successfully synthesized by a simple 

chemical approach and utilized for photocatalytic degradation of IG dye under solar irradiation. UV- 

Vis spectra indicated that both zirconium doped and un-doped CdSe nanoparticles have a broad and 

strong absorption band in the visible range, indicating that the incorporation of Zr ion on the surface of 

CdSe. The EDAX elemental analysis confirms the presence of Zr ion on the CdSe lattice. The nano-

sized particles of zirconium doped and un-doped CdSe nanoparticles were confirmed by SEM and TEM 

analysis. Photocatalytic activity studies revealed that Zr-doped CdSe possessed greater photocatalytic 

activity when compared with un-doped CdSe. Kinetics studies indicate the photo decoloration reaction 

followed pseudo-first-order kinetics. 

 

The deposition of transition metals on 
semiconductor nanoparticles is an effective way for 
improving photocatalytic efficiency. As transition 
metals, Zr acts as an electron scavenger and stores 
them effectively. Since Zr ion has an impact to 
generate more number of holes and electrons, 
due to reduced the bandgap. The dopant can 
reduce the crystallite size and have large surface 
area properties. Which increases electron transfer 
properties, enhances the photocatalytic activity.

CONCLUSION
Zirconium doped and un-doped CdSe 

nanoparticles were successfully synthesized by 
a simple chemical approach and utilized for 
photocatalytic degradation of IG dye under solar 
irradiation. UV- Vis spectra indicated that both 
zirconium doped and un-doped CdSe nanoparticles 
have a broad and strong absorption band in the 
visible range, indicating that the incorporation of 
Zr ion on the surface of CdSe. The EDAX elemental 
analysis confirms the presence of Zr ion on the CdSe 
lattice. The nano-sized particles of zirconium doped 
and un-doped CdSe nanoparticles were confirmed 
by SEM and TEM analysis. Photocatalytic activity 
studies revealed that Zr-doped CdSe possessed 
greater photocatalytic activity when compared with 
un-doped CdSe. Kinetics studies indicate the photo 
decoloration reaction followed pseudo-first-order 
kinetics.
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