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Abstract
Un-doped and Cd-doped ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-NCPs) (CD0-4) were synthesized by 
the hydrothermal method. The nano composites were characterized by various techniques such as Fourier 
Transform Infra-Red spectroscopy (FT-IR), X-ray Diffraction (XRD), Field Emission Scanning Electron 
Microscopy (FE-SEM) and Energy Dispersive X-Ray Analysis (EDS). The photocatalytic properties of CDZZ-
NCPs (CD0-4) were studied by degradation of congo red (CR) dye under sunlight irradiation. The results 
reveal unique sunlight photocatalytic ability for the degradation of CR. The experimental demonstrated that 
the 0.03 g of ZnZrO3/ZnO/ZrO2 nano composites can degradate 50 mL of CR solution (10 ppm) during 5 
minutes (up to 91.3%).

Keywords: Congo Red; Nanocomposite Catalyst; Photocatalysis; Photocatalytic Degradation; Zirconium 
dioxide; Zinc Oxide; Zinc Zirconate.
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INTRODUCTION
The development of dye industries leads 

to increasing environmental pollutions such 
as soil, surface water and underground water 
contamination. Azo dyes from the textile industry 
are a major water pollution source. Congo red 
(CR) C32H22N6Na2O6S2 is a toxic azo dye used in the 
textile industry that can affect the human body [1], 
plants and the ecosystem of organisms living in 
the water. Therefore, water purification is one of 
the most vital requirements for the conservation 
of water resources for the development of the 
world. To overcome congo red degradation from 
sewage, semiconductors as a catalyst has recently 
attached extensive attention.

Perovskites (ABO3 (A2+B4+X2−
3)) has attached 

attention due good photocatalytic activity and 
well efficiency for degradation of azo dyes [2-
5]. Perovskites can be classified as follows: (a) 

Titanate, (b) Zirconate, (c) Tantalate, (d) Niobium 
Based, (e) Vanadium Based, (f) Ferrite Based, 
(g) Bismuth Based, (h) Cobalt Based, (i) Nickel 
Based, (j) Chromium Based, (k) Double Perovskites 
(A2B2O6) and Other Perovskites Systems [6]. The 
zinc zirconate (ZnZrO3) (ZZ), zinc oxide (ZnO) 
(ZO) and zirconium oxide (ZrO2) (ZRO) nano-
particles are studied by Habibi [7]. Nanoporous 
ZZ, ZO and ZRO thin films were prepared by sol-
gel method for improving the fill factor (ff) of the 
dye sensitized solar cells. In another study, Zhu [8] 
were synthesized and studied Optical properties 
of perovskite ZnZrO3 nanoparticles.

Zinc oxide has been long studied to degradation 
and decolorization of congo red dye [9, 10]. ZnO can 
absorb UV light (less than 387 nm) due to large band 
gap (3.37). Therefore, ZnO doping with metal or non-
metals [11] can improve its photocatalytic activity 
in the visible light region. Wu [12] prepared ZnO 

http://creativecommons.org/licenses/by/4.0/.


33Int. J. Nano Dimens., 11 (1): 32-40, Winter 2020

A. Moradzadeh et al.

by the sol-gel method. The results of their research 
revealed that methyl orange was removed (99.70 
%) under UV irradiation. Photocatalytic degradation 
of congo red using zinc oxide was investigated by 
Jacob White [13]. The results indicate that rate of 
degradation is dependent on temperature. A kinetic 
study on the adsorption of congo red from aqueous 
solution by ZnO-ZnFe2O4 nanocomposite was studied 
by Karamipour [14]. Exploration of various nano ZnO 
catalysts was studied by Preethi [15] to degradation 
of congo red dye. They prepared nano zinc oxide 
by three methods (precipitation, pyrolytic and 
combustion). The results indicated good degradation 
efficiency for congo red.

Nanocomposites contain ZrO2 exhibit degra-
dation or adsorption of congo red dye [16, 17]. 
Photocatalytic property of nano ZrO2-SnO2 NPs for 
degradation of congo red was studied by Aghabeygi 
[18]. The result shows high efficiency of degradation 
of congo red under UV irradiation (96% after 30 
min). Wang [19] fabricated porous ZrO2 hollow 
sphere and its adsorption performance to congo 
red in the water. Degradation of congo red dye by 
a Fe2O3-CeO2-ZrO2/palygorskite composite catalyst 
was studied by Ouyang [20] and the result indicated 
that the adsorption efficiency of CR was up to 95%. 

In this work, Cd-doped ZnZrO3/ZnO/ZrO2 nano 
composites (CDZZ-NCPs) were prepared by the 

hydrothermal method for the degradation of 
CR dye. Among the perovskites, photocatalytic 
study of zinc zirconate is rare. The purpose of this 
research is to investigate the degradation of CR 
dye by un-doped and Cd-doped ZnZrO3/ZnO/ZrO2 
nano composites (CDZZ-NCPs) under sunlight for 
the first time. Degradation photocatalytic process 
showed high decomposition of congo-red dye in a 
short time (91.3% - 5 min).

EXPERIMENTAL
Starting materials 

Un-doped and Cd-doped ZnZrO3/ZnO/ZrO2 
nano composites (CDZZ-NCPs) were synthesized 
by hydrothermal method. Zinc acetate dehydrate 
[Zn(CH3COO)2. 2H2O] 99.5%-Merck, cadmium 
acetate dihydrate [Cd(CH3COO)2. 2H2O] 99.2 
%-Merck, and zirconium (IV) isopropoxide [Zr(IPP)] 
solution 70 wt% in propanol Zr[OCH2CH2CH3]4; 
Sigma-Aldrich were starting materials for Zn, Cd and 
Zr, respectively. Congo red (CR) C32H22N6Na2O6S2-
Merck was used to study photocatalytic activity.
Synthesis of catalysis

The preparation steps of ZnZrO3/ZnO/ZrO2 
nanocomposite (CDZZ-NCPs) are shown in Fig. 1. 
Firstly, various amounts of Zn(Ac)2 and Cd(Ac)2 
(Table 1) were dissolved into 10 mL ethanol 
(30 min) to obtain a transparent solution, then 
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Fig. 1. The preparation steps of ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-NCPs) (CD0-4). 
 

  

Fig. 1. The preparation steps of ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-NCPs) (CD0-4).

Table 1. Various amounts used to prepare un-doped and Cd doped ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-NCPs) (CD0-4). 
 

Product Symbol Zn(Ac)2. 2H2O (g) Cd(Ac)2. 2H2O (g) Zr (IPP) (mL) 
Un-doped ZZ-NCPs CD0 2.66 - 1.344 
CDZZ-NCPs CD1 2.527 0.16 1.344 
CDZZ-NCPs CD2 2.39 0.32 1.344 
CDZZ-NCPs CD3 2.26 0.48 1.344 
CDZZ-NCPs CD4 2.12 0.64 1.344 

 
  

Table 1. Various amounts used to prepare un-doped and Cd doped ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-NCPs) (CD0-4).
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the zirconium isopropoxide were added to the 
solution and mixed under magnetic stirring for 
about 2h at room temperature. We labeled 
(CD0) for un-doped ZnZrO3/ZnO/ZrO2 and (CD1-
4) for various amounts of Cd in the ZnZrO3/ZnO/
ZrO2 nanocomposite (Table 1). The molar ratio of 
Zn+Cd/Zr was 4:1 and totally was fixed at 0.5 M. 
Teflon autoclave with a capacity of 70 cc filled by 
the final mixture (~80% fill). Sodium hydroxide (1.0 
M) as mineralizer was added to the mixture [8]. 
The autoclave was sealed and heated at 180 oC 
for 22 h. The final products were filtered, washed 
with distilled water to remove extra ligands. It was 
dried for 24 h in oven at 120 oC and calcinated at 
1000 oC for 8h in air. 

    	
Characterization of catalysts

The obtained powder were characterized by 
FT-IR (Thermo Nicolet, Nexus 870, America) to 
identifying various functional groups present in 
product, XRD (STOE, STADI P, Germany, Radiation: 
1.54060 Cu Ka) to study the structure and 
crystalline phase of the obtained product, FE-
SEM (MIRA3, TE-SCAN, Czech Republic) to provide 
general morphologies, EDS [MIRA3, TE-SCAN, 
SAMX detector (France), Czech Republic] to analyze 
the elemental composition of solid surfaces and 
UV-Vis spectrophotometer (Varian, Cary 100 Conc. 
Australia) to investigate the photocatalytic activity.

Photocatalytic experimental
The photocatalytic activity of CDZZ-NCPs (CD0-

4) was evaluated using the degradation of CR under 

sunlight irradiation. In a typical process, 0.03 g 
of nanocomposite was dispersed in 50 mL of CR 
aqueous solution (10 ppm), to reach adsorption–
desorption equilibrium of CR on the CDZZ-NCPs 
(CD0-4) surface, the solution was kept in the dark 
for 30 min before it was exposed to sunlight. Then, 
the mixture was exposed to sunlight under the 
magnet stirring to evaluate the degradation of CR 
dye. Each 5 minutes 3 mL of the mixture was taken 
out, centrifuged and was recorded by a UV-Vis 
spectrophotometer at the maximum absorption 
wavelength of the CR (350-650 nm). Following 
equation: % Degradation = (Ao - At /Ao) ×100 was 
used to calculate CR degradation percentage, where 
Ao and At are initial and the solution adsorption 
value after irradiation time (t), respectively.

RESULT AND DISCUSSION
FT-IR of CDZZ-NCPs (CD0-4)

Fig. 2. demonstrates the FT-IR spectra of the 
CDZZ-NCPs (CD0-4). The absorption bonds at 
about 782-656 cm−1 are assigned to the stretching 
vibration of (M-L) (M = Zn, Cd and Zr) bonds [21]. 
The broad absorption bonds at 501-564 cm−1 are 
ascribed to the stretching vibration of (M-O) (M = 
Zn, Cd and Zr) bonds, which is consistent with the 
XRD and EDS data and did not contain significant 
further absorption bond in the wavelength greater 
than 1000 cm-1 [22]. These results indicate the 
successful synthesis of CDZZ-NCPs (CD0-4) via a 
hydrothermal method followed by calcination. 
Table 2 shows the detailed assignments of the 
peaks for the five samples. 
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Fig. 2. FT-IR spectra of (a) un-doped ZnZrO3/ZnO/ZrO2 (CD0), (b) CDZZ-NCPs (CD1), (c) CDZZ-NCPs (CD2), (d) CDZZ-NCPs (CD3) and (e) 
CDZZ-NCPs (CD4). 

 
  

Fig. 2. FT-IR spectra of (a) un-doped ZnZrO3/ZnO/ZrO2 (CD0), (b) CDZZ-NCPs (CD1), (c) CDZZ-NCPs (CD2), (d) CDZZ-NCPs (CD3) and (e) 
CDZZ-NCPs (CD4).
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XRD of CDZZ-NCPs (CD0-4)
Fig. 3. illustrates comparing XRD pattern of un-

doped ZnZrO3/ZnO/ZrO2 (CD0) [Fig. 3(a)] and Cd 
doped-ZnZrO3/ZnO/ZrO2 (CDZZ-NCPs) (CD1-4) [Fig. 
3(b-e)], used to characterize the crystal phases 
and crystallinity. The crystalline reflection of the 
samples demonstrates three phases of ZnZrO3 
(JCPDS No 00-032-1482), Hexagonal phase of zinc 
oxide (JCPDS No 01-076-0704) and Monoclinic 
phase of zirconium dioxide (JCPDS No 01-083-
0940). 

The Scherrer equation was used in the 
determination of size of particles: Particle size 
= (0.9 × λ)/ (d cosθ), where X-ray wavelength (λ) 
is 0.154 nm, d is the line broadening at half the 
maximum intensity (FWHM) and θ is the Bragg 
angle [23]. The average crystalline sizes calculated 
from the above equation for CD0-4 were 43.4 nm, 

34.9 nm, 33.9 nm, 28.8 nm and 24.3 nm in order. 
The calculated crystalline size of the as synthesized 
photocatalysts shows that the crystalline size 
of CDZZ-NCPs (CD0-4) were decreased with the 
increase of Cd-dopant in the photocatalysts CDZZ-
NCPs (CD2-4).

FE-SEM and EDS of CDZZ-NCPs (CD0-4)
The FE-SEM images of prepared CDZZ-NCPs 

(CD0-4) are shown in Fig. 4 (a-e) respectively. The 
FE-SEM images result indicates that the average 
particle sizes of the final composite decreases from 
approximately 64 nm for un-doped ZZ-NCPs (CD0) 
(Fig. 4a) to approximately 58 nm when Cd-dopant 
is added from CDZZ-NCPs (CD2) (Fig. 4c), and 
further down to approximately 28 nm  and 26 nm 
for CDZZ-NCPs (CD3-4) in order (Fig. 4 (d-e)). The 
decrease in the average particle sizes happens with 

Table 2. Assignments of the peaks in FT-IR spectra of CDZZ-NCPs (CD0-4). 
 

Assignment CD0 CD1 CD2 CD3 CD4 
υ (M-O) bond 535 (cm-1) 508 (cm-1) 564 (cm-1) 506 (cm-1) 501 (cm-1) 

587 (cm-1) 
υ (M-L) bond 682 (cm-1) 

774 (cm-1) 
682 (cm-1) 
782 (cm-1) 

666 (cm-1) 
766 (cm-1) 

668 (cm-1) 
766 (cm-1) 

656 (cm-1) 
773 (cm-1) 

 
  

Table 2. Assignments of the peaks in FT-IR spectra of CDZZ-NCPs (CD0-4).
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Fig. 3. XRD pattern of (a) ZZ-NCPs (CD0), (b) CDZZ-NCPs (CD1), (c) CDZZ-NCPs (CD2), (d) CDZZ-NCPs (CD3) and (e) CDZZ-NCPs (CD4). 
 

  

Fig. 3. XRD pattern of (a) ZZ-NCPs (CD0), (b) CDZZ-NCPs (CD1), (c) CDZZ-NCPs (CD2), (d) CDZZ-NCPs (CD3) and (e) CDZZ-NCPs (CD4).

Table 3. Average particle sizes (nm) and Atomic concentrations (at. %) of Zn: Cd: Zr: O of CDZZ-NCPs (CD0-4). 
 

Symbol of 
nanocatalyst 

average particle 
sizes (nm) 

Zn   
w% 

Cd   
w% 

Zr   
w% 

O   
w% 

CD0 64 56.35 --- 25.00 18.65 
CD1 78 71.62 0.88 10.26 17.24 
CD2 58 43.51 2.33 37.85 16.31 
CD3 28 73.76 4.49 5.56 16.19 
CD4 26 53.15 8.12 22.83 15.89 

 
  

Table 3. Average particle sizes (nm) and Atomic concentrations (at. %) of Zn: Cd: Zr: O of CDZZ-NCPs (CD0-4).

https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
https://en.wikipedia.org/wiki/Bragg_diffraction
http://www.google.com/url?url=http://photometrics.net/field-emission-scanning-electron-microscopy-fesem/&rct=j&frm=1&q=&esrc=s&sa=U&ved=0ahUKEwiWs6_BmOTcAhUF0FkKHcODBeEQFggTMAA&usg=AOvVaw3o1F1vInQemNiQfEko802M
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increasing of Cd-dopant from CDZZ-NCPs (CD0) 
to CDZZ-NCPs (CD1-4) (Table 3). To investigate 
the molar ratio of the elements present in the 
nanocomposite, characterization was done with 
the EDS. The atomic concentrations results are 
presented in the Table 3. Fig. 4 (a-e) illustrates the 
EDS spectrum of CDZZ-NCPs (CD0-4) respectively. 
The presence of Zinc, Cadmium, Zirconium and 
Oxygen peaks confirms the particles were made of 
Zn, Cd, Zr and O elements. Atomic concentrations 
(at. %) of Zn: Cd: Zr: O are: (CD0 = 56.35: 0.00: 

25.00: 18.65), (CD1 = 71.62: 0.88: 10.26: 17.24), 
(CD2 = 43.51: 2.33: 37.85: 16.31), (CD3 = 73.76: 
4.49: 5.56: 16.19) and (CD4 = 53.15: 8.12: 22.83: 
15.89), which is taken from quantitative EDS 
analyses results.

PHOTOCATALYTIC PERFORMANCE OF CDZZ-NCPS 
(CD0-4)

Fig. 5. demonstrates removal rates results from 
the time dependent UV-Vis absorption spectra. 
Fig. 5 (a) shows UV-Vis absorption spectra of only 
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Fig. 4. FE-SEM pictures and EDS of (a) un-doped ZZ-NCPs (CD0), (b) CDZZ-NCPs (CD1), (c) CDZZ-NCPs (CD2), (d) CDZZ-NCPs (CD3) and 
(e) CDZZ-NCPs (CD4).
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CR solution when exposed to sunlight and Fig. 5 (b-
f) shows UV-Vis absorption spectra of CR solution 
mixed with un-doped and Cd doped of ZnZrO3/
ZnO/ZrO2 [CDZZ-NCPs (CD0-4)] in pH =14, which 
were adjusted using NaOH. The congo red main 
absorption peak occurs at 498 nm and intensity 
decreases from 0.28 to 0.24 when only CR was 
exposed to sunlight irradiation for 90 minutes 
[Fig. 5 (a)]. In comparison, the degradation 
rate facilitated after adding 0.03 g catalyst [un-
doped/ CDZZ-NCPs (CD0-4)] into the 50 mL of 

CR solution (10 ppm) under sunlight [fig. 5 (b-f)]. 
The best degradation ratio of CR dye, occurs at 
alkaline pH (pH =14). Surface-charge properties 
of photocatalyst CDZZ-NCPs (CD0-4) and the 
natural properties of CR could be attributed this 
phenomenon. Congo red is an azo dye with two 
sulfonic groups, which can ionize and make a CR 
anion. The surface of nanocatalyst CDZZ-NCPs 
(CD0-4) in the high alkaline regions (pH=14) have 
a very high positive surface potential charge 
(Zeta-point charge = +17.6). Positive surface of 
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Fig. 6. Degradation rate, D% derived from fig 5 (b-f) with respect to the irradiation time.

nanocomposite is able to absorb and degradate 
the negative surface of CR anion. Therefore, 
nanocatalyst CDZZ-NCPs (CD0-4) is able to degrade 
the congo red dye easily. The degradation rate of 
un-doped/ CDZZ-NCPs (CD0-4) are presented in 
Table 4.

It is clear that the degradation rate of the CDZZ-
NCPs (CD4) is higher than CDZZ-NCPs (CD0-3) [Fig. 
5 (b-f)]. Notably, 91.3% of CR gets gradate after 
5 minutes and 99.0% degradation happens after 
60 minutes sunlight irradiation in the presence of 
the CDZZ-NCPs (CD4), while 64.1 %, 75.6 %, 78.5 
% and 81.3 % has been reached after 5 minutes 
irradiation and 93.4 %, 93.4 %, 93.4 % and 98.5 % 
degradation happens after 60 minutes irradiation 
in the presence of the CDZZ-NCPs (CD0-3). It is 
obvious; the degradation rate is increasing with 
the increase of Cd-dopant concentration from 
CD0-4. This phenomenon is due to the presence 
of Cd-dopant in the electron layers. The presence 
of Cd in photocatalysts CDZZ-NCPs (CD1-4) causes 
a delay of the electrons return from the CB 
(conductive-bond) to the VB (valence-bond) [24-
42]. Therefore, CDZZ-NCPs (CD1-4) show the best 
photodegradation of CR. All red lines in Fig. 5 (b-f) 

show the degradation of nano composites CDZZ-
NCPs (CD0-4) in dark.

The as-synthesized photocatalyst consists of 
three active components, including zinc zirconate, 
zinc oxide and zirconium dioxide (ZnZrO3/ZnO/
ZrO2). When sunlight, which included UV and 
Vis lights, is used as a source of radiation, three 
photocatalyst portions can degradate CR by 
two mechanisms: photosensitized oxidation 
mechanism and photocatalytic oxidation 
mechanism [43], which improves the ability of a 
photocatalyst.

Fig. 6. demonstrates the percentage of 
degradation (D %) of CR mixed with un-doped 
ZZ-NCPs (CD0) and CDZZ-NCPs (CD1-4) which 
is obtained from the Fig. 5 (b-f). It is clear that 
the degradation rate of the CDZZ-NCPs (CD4) 
in the first 5 minutes (91.3%) is higher than un-
doped and CDZZ-NCPs (CD0-3). The degradation 
rate is increasing with the increase of Cd-dopant 
concentration from CDZZ-NCPs (CD1-4). 

CONCLUSION
The photocatalyst un-doped and Cd-doped 

of ZnZrO3/ZnO/ZrO2 prepared by hydrothermal 

 
Table 4. Compare the degradation rate, (D %) of CDZZ-NCPs (CD0-4). 
 

Catalysts D% 
5 min 

D% 
10 min 

D% 
15 min 

D% 
20 min 

D% 
25 min 

D% 
30 min 

D% 
45 min 

D% 
60 min 

Un-doped ZZ-NCPs (CD0) 64.1 % 71.5 % 76.8 % 80.0 % 83.6 % 85.1 % 93.3 % 93.4 % 

CDZZ-NCPs (CD1) 75.6 % 82.4 % 85.3 % 85.3 % 88.8 % 88.8 % 93.4 % 93.4 % 

CDZZ-NCPs (CD2) 78.5 % 86.9 % 86.9 % 88.3 % 89.0 % 91.2 % 93.0 % 93.4 % 

CDZZ-NCPs (CD3) 81.3 % 87.9 % 89.7 % 90.8 % 93.0 % 93.4 % 97.8 % 98.5 % 

CDZZ-NCPs (CD4) 91.3 % 92.8 % 93.9 % 95.8 % 97.7 % 97.7 % 98.1 % 99.0 % 

 

Table 4. Compare the degradation rate, (D %) of CDZZ-NCPs (CD0-4).
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Fig. 6. Degradation rate, D% derived from fig 5 (b-f) with respect to the irradiation time.  
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method and exhibits high photocatalytic efficiency. 
The purpose of this research is to investigate 
the degradation of CR dye by un-doped and Cd-
doped ZnZrO3/ZnO/ZrO2 nano composites (CDZZ-
NCPs) under sunlight for the first time. Structures 
were characterized using FT-IR, XRD, FE-SEM, EDS 
techniques and the UV-Vis absorption spectra 
was used to demonstrate the photocatalytic 
degradation of congo red (CR). The photocatalysts 
CDZZ-NCPs (CD4) showed the excellent 
photocatalytic ability (pH =14) for degradation of 
CR under sunlight irradiation. In the presence of 
the CDZZ-NCPs (CD4), 91.3% of CR gets gradate 
after 5 minutes, and 99.0% degradation happened 
after 60 minutes sunlight irradiation, while 64.1 
%, 75.6 %, 78.5 % and 81.3 % has been reached 
after 5 minutes irradiation and 93.4 %, 93.4 %, 
93.4 % and 98.5 % degradation happened after 60 
minutes sunlight irradiation in the presence of the 
CDZZ-NCPs (CD0-3). It is obvious; the degradation 
rate is increasing with the increase of Cd-dopant 
concentration from CD0-4 [Fig. 5 (b-f)]. 
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