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a b s t r a c t
Synthesis of magnetically separable Cu0.5Zn0.5AlxFe2–xO4 nanoparticles was carried out via a chemical 
co-precipitation route. The synthesis of Cu0.5Zn0.5AlxFe2–xO4-rGO nano-heterostructures was done by 
the ultrasonication method. Cu0.5Zn0.5AlxFe2–xO4 nanoparticles were characterized by X-ray diffraction 
(XRD). XRD analysis confirmed the cubic spinel structure of Cu0.5Zn0.5Fe2O4 nanoparticles and its 
derivatives (Cu0.5Zn0.5AlxFe2–xO4, where x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15). The substitution of 
Fe3+ ions with Al3+ ions was confirmed by peak shifting in recorded XRD patterns. Further, an ener-
gy-dispersive X-ray analysis of all samples showed the variation in Fe3+ and Al3+ contents quantita-
tively. The characterization of graphite oxide (GO) and reduced graphene oxide (rGO) was carried 
out via XRD, UV-visible (UV-Vis.), and Raman spectroscopy. The data of all these three techniques 
confirmed the formation of rGO and GO. The fully characterized rGO was then utilized for making 
nano-heterostructures with Cu0.5Zn0.5AlxFe2–xO4 nanoparticles. Scanning electron microscopy analysis 
confirmed the formation of ferrite nanoparticles-rGO nano-heterostructures. The Cu0.5Zn0.5AlxFe2–xO4 
nanoparticles and Cu0.5Zn0.5AlxFe2–xO4-rGO nano-heterostructures were subjected to various types of 
characterizations for their potential applications. Electrochemical impedance spectroscopy revealed 
that the charge transfer resistance significantly reduced for nano-heterostructures as compared to 
bare Cu0.5Zn0.5Al0.03Fe1.97O4 nanoparticles. The photocatalytic degradation efficiency of the prepared 
nanoparticles and their nano-heterostructures with rGO was carried out by monitoring the degra-
dation of typical organic compound methylene blue (MB) using UV-Vis. spectroscopy. It is inter-
esting to note that the photocatalytic activity of Cu0.5Zn0.5AlxFe2–xO4 photocatalyst was significantly 
increased when Cu0.5Zn0.5Al0.03Fe1.97O4/rGO nanocomposites were used as a catalyst. This is because 
of rGO as it takes the light generated electron from the conduction band of catalyst immediately and 
thus inhibits the immediate recombination of e––h+ pairs. Secondly, due to the large surface area of 
rGO sheets, several MB molecules could be adsorbed on its surface. The adsorbed molecules later 
on degraded by the photocatalytic reaction.
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1. Introduction

With the passage of time, contaminants in water are 
being increased to many folds which affect the quality of 
drinking water [1]. The effluent from the industries pollutes 
the drinking water and also has an adverse effect on human 
health. There are different types of impurities in wastewa-
ter, for example, organic-based compounds, inorganic metals 
ions, and pathogens. Filtration, coagulation, aeration, and 
boiler water treatment are some old methods that were being 
used in the past to clean the drinking water. However, these 
methods are not enough for the proper degradation of con-
taminants in wastewater.

Now a day several attempts are going on to degrade 
the organic contaminants completely from the wastewater. 
Photocatalysis plays a vital role in this regard and has a 
large scope over the old methods to get rid of organic-based 
impurities. The first reported photocatalyst was titania 
(TiO2) in 1972 [2]. It has several advantages, due to which 
it was selected as a photocatalyst for the oxidative degrada-
tion of volatile organic components in the presence of UV 
irradiation [3]. For example, it has good chemical stability, 
less toxicity and is economically cheap material. However, it 
also has some major drawbacks that hampered its commer-
cialization. First, it has a relatively large bandgap (3.2 eV). 
This large value of bandgap needs UV light for a generation 
of electron-hole pairs [4]. UV radiations comprises 3%–4% 
of sunlight and >40% of visible radiations [5]. Secondly, it 
cannot be easily separated from the reaction mixture [6]. 
Thus, it cannot be reused and recycled easily.

Therefore, interests have been developed to utilize those 
materials having maximum efficiency to absorb the visi-
ble light. To overcome this deficiency, several attempts are 
in progress to design such photocatalytic materials that 
have a small bandgap and corresponds to the visible light 
400–800 nm [6–8]. Ferrites are magnetic materials with Fe as 
a major element and they already have accepted the chal-
lenge, which was not fulfilled by TiO2. They absorb light in 
the visible region due to their smaller bandgap. For exam-
ple, ZnFe2O4 with a bandgap of 1.9 eV is photo-catalytically 
active in the visible region [9]. Another advantage is the 
recovery of ferrites from the reaction mixture due to their 
magnetic property and due to which these can be reused 
and recycled easily [10]. Erbium-substituted Ni0.4Co0.6Fe2O4 
ferrite nanoparticles were synthesized and analyzed for 
photocatalytic properties which can be used and recycled 
by applying a magnetic field around the reactor [11].

The magnetically separable photocatalyst is called green 
photocatalyst as it can be recovered at the end of reaction by 
applying a conventional external magnetic field. For exam-
ple, MnO2 sheets coated with Fe2O4 nanocomposite could be 
magnetically separated and reused [12]. It was observed that 
ferrites are poor conductors because when ferrites are alone 
used as a photocatalyst, these are not able to stop the recom-
bination of photoexcited electron-hole pairs.

To overcome this problem, various strategies are being 
developed. For example, it has been reported in the litera-
ture that if rGO is mixed with ferrite nanoparticles, the rGO 
could capture the photoexcited electrons and thus prevent 
the recombination of electron-hole pairs. The rGO can pro-
vide transportation path for electrons and thus inhibits 
unwanted recombination of electron and hole pairs. Because 

of high catalytic activity, chemical stability and excellent 
conductivity, rGO provides support for photocatalyst by 
improving the surface area and conductivity of photocata-
lytic materials [13]. For example, CoFe2O4 alone is not active 
as photocatalyst in the visible region. However, when it is 
combined with rGO it shows excellent photocatalytic activ-
ity for methylene blue degradation [1]. Ni0.65Zn0.35Fe2O4 spi-
nel ferrite nanoparticles were synthesized and photocatalytic 
degradation efficiency was analyzed. It was found that rGO 
based nano-hybrids exhibited maximum degradation effi-
ciency [14]. Similarly, Zirconium substituted Mg0.2Co0.8Fe2O4 
ferrite nanoparticles and their hybrids based on reduced 
graphene oxide (rGO) were also analyzed for photocatalytic 
degradation activity [15].

Graphene-based Er3+ substituted Cobalt-Zinc ferrites 
[16] nanoparticles were fabricated for photocatalytic deg-
radation under visible light illumination. The degradation 
experiment showed significant enhancement in degradation 
efficiency while using graphene-based nanohybrid. Cobalt 
zinc ferrite nanorods were [17] reported for photocatalytic 
degradation of several pollutants. It was found that the fab-
ricated nanorods exhibited up to 58% degradation under 
solar light exposure. Fan et al. [18] reported the success-
ful synthesis of Zn0.8Co0.2Fe2O4 ferrite nanoparticles with 
smaller bandgap energy for photocatalytic degradation of 
both colored (methylene blue) and colorless (2,4,6-trichlo-
rophenol and salicylic acid sodium) pollutant under the 
visible light source. The observed photoreduction up to 
81% was noticed in the case of 2,4,6-trichlorophenol. Nickel 
zinc ferrite nanoparticles/ZnO nanocomposite [19] was 
synthesized by the hydrothermal method and applied for 
the photoreduction process. It was found that the synthe-
sized nanocomposite degraded pollutants via the Z-scheme 
approach. Here in this article, we report the role of rGO to 
tailor the photocatalytic activity of Cu0.5Zn0.5Al0.03Fe1.97O4 
nanoparticles anchored onto the 2D rGO sheets.

2. Experimental work

Synthesis of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles was done 
using the co-precipitation route [20]. All chemicals of ana-
lytical grade were used as received. For a typical batch 
synthesis, the stoichiometric ratio of freshly prepared 
metal salts solutions in deionized water was mixed in dif-
ferent beakers. pH was elevated using the fresh ammonia 
solution. After the desired stirring, precipitates were neu-
tralized by washing using deionized water to almost neu-
tral pH. Ground precipitates were then annealed 800°C 
for 7 h. rGO was prepared in two steps that involved the 
oxidation of graphite powder into graphite oxide (GO) 
and then GO was reduced into rGO. A modified literature 
protocol was adopted for the synthesis of rGO [21]. Nano-
heterostructures of rGO and Ni0.65Zn0.35Fe2O4 nanoparticles 
were prepared by using the sonication method. The mixture 
of Ni0.65Zn0.35Fe2O4 and rGO was prepared by adding 0.01 g 
of reduced graphite oxide and 0.09 g of Ni0.65Zn0.35 Fe2 O4 into 
10 cm3 of deionized water. The sample solution was soni-
cated for 1 h. After the sonication solution was dried in an 
oven at 100°C and then the sample was ground by using 
pestle and mortar.

The surface morphology of samples was investigated 
using ZEISS LEO SUPRA 55 field emission scanning electron 
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microscope and EDX analysis was carried out on JEOL JCM-
6000 Plus SEM. All UV-Visible measurements were carried 
out on Cary-60 spectrophotometer. Electrochemical data 
was collected on PGZ-402 (Radiometer Analytical).

3. Results and discussion

UV-visible (UV-Vis.) spectra of both GO and rGO are 
shown in Fig. 1a. The UV-visible spectra of GO and rGO show 
that in the case of GO, the absorption peak occurs at 228 nm. 
This peak is referred to as ᴫ–ᴫ* transitions of aromatic C–C 
bonding while weak absorption observes at 288 nm. This 
absorption is due to n–ᴫ* transitions of C=O bonds [22,23]. 
While in the case of rGO, the absorption peak observes at 
253 nm due to the redshift after the reduction [23]. In rGO, 
due to reduction, the Sp3 hybridized carbon atom changes 
into Sp2 hybridized carbon atom indicating the increase in 
electronic conjugation and removal of functional groups [23].

UV-visible absorption spectra of the overall series are 
shown in Fig. 2. It was found that Ni0.65Zn0.35Fe2O4 nanoma-
terials show a sharp absorption band in the visible region 
at 536 nm. This visible-light absorption is responsible for its 
solar light response in the degradation experiment. Fig. 3 
shows the bandgap energy of Cu0.5Zn0.5AlxFe2–xO4 nanopar-
ticle and from Fig. 3 it was noted that Cu0.5Zn0.5Al0.03Fe1.97O4 
nanoparticles exhibited the lowest bandgap (2.02 eV) energy.

The X-ray diffraction (XRD) spectra of rGO and GO are 
shown in Fig. 1b. In this spectra, GO shows a broad peak at 
2θ = 10.9°. This corresponds to the (001) reflection plane with 
an average interlayer spacing of 0.808 nm. This spacing is 
much greater than natural graphite (0.35 nm) due to the intru-
sion of oxygen-containing functional groups in the flacks of 
graphite oxide. Therefore, it is confirmed that graphite has 
been transformed completely into graphite oxide. On the 
other hand, a high-intensity sharp peak observes at an angle 
of 2θ = 25° which corresponds to (002) reflection plane which 
proved the formation of rGO. Interlayer spacing of rGO was 
calculated (0.396 nm) which is less than that of GO due to 
the removal of water molecules and oxygenated functional 
groups. This smaller interlayer spacing of rGO shows that 
graphite oxide has been exfoliated and rGO is prepared [24].

Raman analysis is a potential technique employed to 
depict structural as well as vibrational characteristics of syn-
thesized materials. Raman spectra of graphite, GO, and rGO 
are shown in Fig. 4. The D and G bands are present in Raman 
spectra of Graphite, GO, and rGO. However, the intensity 
corresponding  to D  and G bands  is much different.  In  the 
case of Graphite, D and E bands have appeared at 1,337 and 
1,564 cm–1, respectively. Whereas in the case of GO, the D and 
E bands appeared at 1,343– and 1,586 cm–1, respectively. The 
D band is responsible due to sp3 carbon atoms. However, the 
G band has corresponded to in-plane vibrations of sp2 car-
bons. The D/G ratio for Graphite, GO and rGO was found to 
be 0.25, 0.97, and 1.00, respectively. This increase in the D/G 
ratio confirmed the formation of rGO sheets from GO [15].

The crystalline structure of synthesized Cu0.5Zn0.5Alx 
Fe2–xO4 nanoparticles with different concentrations of alumi-
num as a dopant was carried out with the help of XRD [25]. 
Fig. 5a showed the diffraction peaks of Cu0.5Zn0.5AlxFe2-xO4 
nanoparticles at 2θ values of [30°, 34.5°, 35.89°, 41°, 43.46°, 
49.94°,54.35°, 64.45°, 65.5°] from Brag’s planes of diffraction 
[220, 211, 311, 222, 400, 422, 511, 440, 103] with the peak of 
highest intensity [311] at an angle of 35.89°. This matches 
very well with the literature value for spinel crystal of zinc 
ferrites [JCPDS card No. 82-1049] [26]. XRD pattern of fer-
rite/composite did not show any peak of rGO. It has been 
reported in the literature, that quite often metal oxide/
graphene XRD pattern did not show any peak of rGO [27].

Cell software was used to calculate cell constants for dif-
ferent composition that lies in the limits of [8.30–8.36 Å] [28]. 
The average cell volume of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles 
was about 573 nm3. Crystallite size of Cu0.5Zn0.5AlxFe2–xO4 
nanoparticles was calculated using Debye-Scherrer’s equa-
tion which is D = Kʎ/βCosθ (Eq. (1)).

In this equation, the K is form factor with a number 
value of 0.9 and β  is  the average value of maximum width 
of highest intensity peak at half of its intensity (FWHM), ʎ is 
the wavelength of radiations used that is 1.54 Å, θ is the dif-
fraction angle. The crystallite size of these Cu0.5Zn0.5AlxFe2–xO4 
nanoparticles was observed in the range of 28–50 nm. The 
irregular trend in the crystallite size of particles was observed 
with the increasing Al3+ contents. The reason is that the ionic 

  
Fig. 1. (a) UV-Visible spectra of GO and rGO and (b) XRD spectra of GO and rGO.
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radius of dopant Al+3 ion is 0.053 nm while the ionic radius 
of replaced species Fe+3 is 0.060 nm, so when Fe+3 is replaced 
by Al+3 then the size of synthesized Cu0.5Zn0.5AlxFe2–xO4 parti-
cles is slightly decreased [29]. The following equations were 
used to calculate X-ray density, bulk density, and porosity of 
Cu0.5Zn0.5AlxFe2–xO4 nanoparticles [30].

Bulk density (ρbulk) of Cu0.5Zn0.5AlxFe2–xO4  

  nanoparticles = m/V (1)

Here “m” and “V” are the mass and volume of the 
pallet respectively which is calculated by using formula 
V = 4ᴫl2d while “d” and “l” are the thickness and radius of 
the pallet.

X-ray density 
(ρx-ray) Cu0.5Zn 0.5AlxFe2–xO4 nanoparticles =  

  8M/NAV (2)

Here in Eq. (2) “M” is the molecular weight of the Cu0.5 
Zn 0.5AlxFe2–xO4 nanoparticles composition, “NA” is Avogadro 
number, “V” is the cell volume.

Porosity of Cu0.5Zn0.5AlxFe2-xO4 nanoparticles =  
  1 – ρbulk/ρx-ray (3)

The values of cell parameters and porosity are given in 
Table 1. X-ray density is greater than that of bulk density. 
The substitution of Fe3+ ions with Al3+ ions was confirmed by 
peak shifting toward a higher angle as given in Fig. 5b.

Fig. 2. UV-visible spectra of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles.
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Scanning electron microscopy (SEM) is used to study 
the information about particle size of Cu0.5Zn0.5AlxFe2–xO4 
nanoparticles and to confirm the formation of nano-hetero-
structures of Cu0.5Zn0.5AlxFe2–xO4-rGO. The particle size of 
Cu0.5Zn0.5AlxFe2–xO4 nanoparticles was about ~100 nm. The 
SEM image of Cu0.5Zn0.5AlxFe2–xO4-rGO is shown in Fig. 6. 
It is clearly shown from the SEM image that Cu0.5Zn0.5Alx 
Fe2–xO4 nanoparticles finally dispersed among the layers of 
rGO. Further, the energy-dispersive X-ray (EDX) analysis 
of all samples was also carried out. The EDX data showed 
the variation in Fe3+ and Al3+ contents throughout the series. 
EDX results confirmed the successful substitution of Fe3+ 
ions with Al3+ ions and supported the XRD results.

Electrochemical impedance spectroscopy (EIS) is a more 
sensitive and non-destructive technique that is used to deter-
mine the charge transfer resistance of Cu0.5Zn0.5Al0.03Fe1.97O4 and 
Cu0.5Zn0.5Al0.03Fe1.97O4/rGO nanocomposites [1,31]. It is effec-
tively used to determine the charge transfer resistance of 
Ni0.65Zn0.35 Fe2O4 and Ni0.65Zn0.35Fe2O4/rGO nanocomposites. 

With the help of this technique, the conducting materials on 
the electrode surfaces can be modified to get desirable capac-
itance and electrical resistance [32]. The Nyquist plot in Fig. 7 
shows that the semicircle diameter of Ni0.65Zn0.35Fe2O4 is large 
as compared to the semicircle diameter of Ni0.65Zn0.35Fe2O4/
rGO nanocomposites [1]. Smaller semicircle diameter means 
that the Ni0.65Zn0.35Fe2O4/rGO nanocomposites have smaller 
charge transfer resistance than that of Ni0.65Zn0.35Fe2 O4. It is 
the two-dimensional structure of rGO that allows maximum 
charge transfer rate and lower the charge transfer resistance 
of Ni0.65Zn0.35Fe2O4/rGO nanocomposites. Due to the greater 
capability of charge transfer rate and because of lower charge 
transfer resistance of Ni0.65Zn0.35Fe2O4/rGO nanocomposites, 
these can be considered as best candidates for the photocat-
alytic activity.

Photogenerated electrons of Ni0.65Zn0.35Fe2O4/rGO 
trapped within the rGO sheets which lowered the of e––h+ 
pairs recombination because of smaller charge transfer resis-
tance of Ni0.65Zn0.35Fe2O4/rGO nanocomposites, the products 

Fig. 3. (1–5) Bandgap energies of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles.
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are expected to have large scale applications in supercapac-
itors, batteries, and other electrical appliances or power sys-
tems [33].

Photocatalysis is a versatile phenomenon that is used to 
remove contaminants from the water, air, and soil [34]. A lot 

of work on photocatalysis has been going on these days as it 
involves the conversion of toxic materials from our environ-
ment to less toxic ones such as water, CO2, NH4

+, NO3
–1, Cl–1, 

and SO4
–2, etc. The photocatalytic reactions are initiated by 

light energy and in the present case, sunlight was used. For 
this purpose Cu0.5Zn0.5Al0.03Fe1.97O4 nanoparticles and its rGO 
based composite were used as photocatalysts. This composi-
tion was chosen due to its lower bandgap energy. This lower 
bandgap energy is responsible for its solar light response. 
The light energy exposed to photocatalyst is responsible for 
the excitation of valance electrons to the conduction band. 
This causes the formation of holes in the valance band, thus 
electron-hole pairs will form [34]. These photogenerated e-h+ 
pairs are liable for oxidation-reduction reactions to occur. 
During the photocatalytic reaction, H2O and hydroxyl (OH–) 
react with hole and form OH• radicals. This generated OH• 
radical behaves as a primary oxidant. The generation of 
OH• radical takes place in two steps. T First step is the oxi-
dation of OH– ions and the second step is from dissolved 
O2 in water reduced to O2

•– that further reacts with hole and 
form •OOH radical that decomposed into OH• radicals. The 
h+VB and e-CB are the best oxidizing and reducing agents 
[34,35]. It was observed that the photocatalytic activity 
of Ni0.65Zn0.35Fe2O4 nanoparticles was not much appreci-
ated and can be enhanced by making its composites with 
Ni0.65Zn0.35Fe2O4/rGO nanocomposites proved to be the best Fig. 4. Raman spectra of graphite, graphite oxide, and reduced 

graphene oxide.

Fig. 5. (a) XRD spectra of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles and (b) peak shifting as a result of doping.

Table 1
Various cell and other physical parameters of Cu0.5Zn0.5AlxFe2–xO4 nanoparticles

Sample Cell length (Å) Cell volume (Å3) Bulk density (g/cm3) X-ray density (g/cm3) Porosity Particle size (nm)

1 8.325 576.96 3.18 5.514 0.252 37.049
2 8.3061 573.04 3.205 5.491 0.285 31.091
3 8.3148 574.85 3.18 5.479 0.320 35.91
4 8.335 579.05 3.18 5.456 0.321 38.52
5 8.341 580.3 3.17 5.439 0.300 31.00
6 8.3628 584.86 3.175 5.419 0.29 28.12
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Fig. 6. (1–6) SEM and EDX of Cu0.5Zn0.5AlxFe2–x O4 nanoparticles and (7) SEM of Cu0.5Zn0.5Al0.03Fe1.97O4/rGO composite.
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photocatalytic material for the degradation of methylene 
blue present as an impurity in water. It was due to the rGO 
sheets that inhibit the recombination of electron-hole pair 
in the Ni0.65Zn0.35Fe2O4/rGO nanocomposites. In this work to 
check the degradation of methylene blue, a dilute solution 
of MB (5 ppm) was prepared. In this MB solution addition 
of 0.01 g of Ni0.65Zn0.35Fe2O4/rGO composites. With the time 
interval of 5 mins, UV-visible spectra of Ni0.65Zn0.35Fe2O4/
rGO composite was recorded by taking a smaller amount 
of this solution say (4 mL) followed by centrifugation. From 
UV visible spectra in Fig. 8, it is evident that methylene blue 
shows two peaks at 616 and 664 nm. When methylene blue 
containing Ni0.65Zn0.35Fe2O4/rGO nanocomposite was irradi-
ated to visible light then peak intensity at 664 nm begins to 
decrease. While with that of pure Ni0.65Zn0.35Fe2O4 nanopar-
ticles’ decline in peak intensity was not cleared. After some 
time, the color of methylene blue turned lighter in the case 
of Ni0.65Zn0.35Fe2O4/rGO nanocomposite that showed the pho-
tocatalytic activity of Ni0.65Zn0.35Fe2O4/rGO is much greater 
than that of Ni0.65Zn0.35Fe2O4 nanoparticles. Therefore, we 
can say that the Ni0.65Zn0.35Fe2O4/rGO nanocomposite decom-
posed the methylene blue within a relatively short time as 
compared to pure Ni0.65Zn0.35Fe2O4 nanoparticles.

Cu0.5Zn0.5Al0.03Fe1.97O4 nanoparticles exhibited 44.44% 
degradation whereas Cu0.5Zn0.5Al0.03Fe1.97O4/rGO composited 
exhibited 90% degradation under solar light irradiation for 
a given timeline. Furthermore, bare photocatalyst degraded 
methylene blue with 0.003 min t–1 and rGO based nano-com-
posite with 0.005 min t–1 rate constant. The kinetics of the 
overall degradation process is given in Fig. 9.

The cyclic stability and reusability of Cu0.5Zn0.5Al0.03Fe1.97O4/
rGO composite were also tested and given in Fig. 10. It was 
observed that by applying five cycles, 10% degradation effi-
ciency was lost, this made it a suitable candidate for the deg-
radation of organic pollutants.

The morphological and structural stability of photocat-
alyst was also tested by SEM and XRD analysis after the 
photocatalytic degradation reaction. Fig. 11 shows the SEM 
and XRD pattern of Cu0.5Zn0.5Al0.03Fe1.97O4 nanoparticles. 
It was found that photocatalyst was highly morphologically 
and structurally stable after the photocatalytic degradation 
process.

Degradation of methylene blue by photocatalytic activ-
ity can be explained in the following steps and schematically 
is shown in Fig. 12.

•  Step 1: when Ni0.65Zn0.35Fe2O4 is exposed to solar light, this 
will result in the generation of e––h+ pair [36].

Ni0.65Zn0.35 Fe2 O4 + hv → Cu0.5Zn0.5AlxFe2–xO4 + e–CB + h+
vb (4)

•  Step 2: The electron-hole pair that generated in step one 
can be recombined if we used Ni0.65Zn0.35Fe2O4 alone as a 
photocatalyst to avoid it we used its composite with rGO. 
rGO has a high capacity for charge separation so it pre-
vents the recombination of electron-hole pair.

•  Step 3: The photogenerated electrons from the conduc-
tion band reacts with O2 and form O2

•–. This O2
•– leads to 

the degradation of methylene blue.

e–CB + O2 → O2
•– (5)

•  Step 4: Holes present in the valance band oxidized the 
hydroxyl ions leading to the formation of OH• radicals 
that degraded the methylene blue.

Fig. 7. Nyquist plots of Cu0.5Zn0.5Al0.03 Fe1.97O4 and Cu0.5Zn0.5 
Al0.03Fe1.97O4/rGO composite.

Fig. 8. (a) Degradation of “MB” in the presence of ferrite nanoparticles and (b) Degradation of “MB” in the presence of ferrite 
nano-composites.
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h+
vb + OH– → OH•  (6)

•  Step 5: Finally, the methylene blue dye was degraded to 
colorless compounds such as CO2, H2O, and SO4

–2, NH4
+, 

NO3
–1, and Cl–1.

Ni0.65Zn0.35 Fe2 O4/rGO + OH• + O2
•– + Methylene blue →  

H2O + CO2 + SO4
–2 + NH4

+ + Cl– + NO3
–1 (7)

4. Conclusion

Magnetically separable Cu0.5Zn0.5AlxFe2–xO4 nanoparticles 
were fabricated successfully by the cheap synthetic route. 
XRD confirmed the successful doping of Al3+ at the octahe-
dral sites of spinel Cu0.5Zn0.5Fe2O4 ferrite nanoparticles. The 
characterization of The Cu0.5Zn0.5AlxFe2–xO4 nanoparticles 
and their nano-heterostructures with rGO was carried out 
by a variety of characterization techniques such as XRD, 

Fig. 9. (a) A/A0 plot, (b) percent degradation, and (c) –ln(A/A0) vs. time plot.

Fig. 10. Cyclic stability of Cu0.5Zn0.5Al0.03Fe1.97O4/rGO composite 
for degradation of methylene blue.

Fig. 11. SEM and XRD pattern of typical Cu0.5Zn0.5Al0.03Fe1.97O4 nanoparticles after photocatalytic degradation experiment.
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UV-visible spectroscopy, SEM/EDX, and EIS. The photocat-
alytic degradation of methylene blue in the presence of pre-
pared Al3+ doped spinel ferrite (Cu0.5Zn0.5Fe2O4) nanoparticles 
and their composite/nano-heterostructures with rGO was 
carried out under visible light irradiation. The photocata-
lytic results revealed that bare nanoparticles’ photocatalytic 
activity was much less as compared to Ni0.65Zn0.35Fe2O4/rGO 
nano-heterostructures. It was the rGO, that enhanced the 
photocatalytic activity of ferrite nanoparticles.
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