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Abstract. Photocatalysts NiFe2O4, ZnO, and NiFe2O4/ZnO were successfully synthesized and charac-
terized by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy,
and vibrating sample magnetometry techniques. The prepared photocatalysts demonstrated signifi-
cant photocatalytic efficiency under visible and UV light. The rate of dye degradation of NiFe2O4/ZnO
in both UV and visible ranges exceeded that of ZnO and NiFe2O4. Moreover, NiFe2O4/ZnO exhibited
the most excellent photocatalytic efficiency toward Coomassie blue G-250. The effect of pH on the dye
degradation rate was also monitored. Accordingly, 96.90% and 68.55% dye degradation efficiencies
were achieved by NiFe2O4/ZnO in 30 min under UV and visible light, respectively.
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1. Introduction

Recently, water pollution has become a very seri-
ous problem, which has increased due to scientific
progress and the rapid growth of industry. It has
been estimated that approximately 40,000 tons of

∗Corresponding author.

dyes end up in wastewater streams. The rapid in-
dustrial growth has caused environmental pollution
(in particular, water contamination) due to the re-
lease of toxic compounds such as textile dyes, rub-
ber, plastic, aromatic materials, and paper, which
can cause irreparable damage to human cells, lead-
ing to diseases such as cancer [1–4]. The presence
of dyes and pigments in water resources has created
significant problems that cannot be resolved appro-
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priately by conventional water treatments. Therefore,
a practical method should be developed to elimi-
nate dye-contaminated textile effluents. Studies on
chlorine-disinfected waters have indicated that dis-
infection byproducts are produced as a result of the
reaction of chlorine with the matter present in wa-
ter. Various methods, such as active carbon adsorp-
tion, ion exchange, electrolysis filtration, biodegrada-
tion, and catalysis, have been employed to remove
these contaminants [5–7]. Among the various sepa-
ration methods, oxidation processes, especially pho-
tocatalysis, have exhibited superiority over conven-
tional filtration processes [8,9].

Semiconductors are used in photocatalytic oxida-
tion for an optimal combination of proper electronic
structure, light absorption properties, and the life-
time of the excited state. In general, the photocat-
alytic process in semiconductors relies on the mi-
gration of electrons and holes to the surface [10–12].
This migration leads to the degradation of adsorbed
pollutants through their reduction or oxidation [13].
Among the studied semiconductors, ZnO has been
widely employed for UV-range photocatalysis due to
its proper photocatalytic activity, surface properties,
and facile preparation [14]. Some researchers have
reported the superiority of ZnO photocatalysts over
other quantum dots due to their higher quantum ef-
ficiency, non-toxicity, chemical stability, and lower
cost [15–18]. Unfortunately, the wide bandgap of ZnO
is not suitable for sunlight absorption. Numerous at-
tempts have been made to tune its bandgap from
the UV to the visible range through the use of met-
als, non-metals, and metal oxides to improve the ZnO
performance [19,20]. Owing to its cubic structure,
magnetic saturation, and narrow bandgap, nickel fer-
rite is an important spinel ferrite suitable for this pur-
pose. A combination of ZnO quantum dot and nickel
ferrite was configured as a semiconductor photocat-
alyst with enhanced activity under visible light [21].
Moreover, the presence of nickel ferrite facilitates
photocatalysis in water as it can be easily separated
by applying an external magnetic field [18,22–25].

So far, extensive studies have been focused on
improving the photocatalysis of dyes by magnetic
and quantum dot hybrids. Hybrid nanoparticles
of NiFe2O4/ZnO have been prepared by various
methods including solvothermal process, simple
hydrothermal process, combustion synthesis, and
ultrasonic techniques for decolorization [26,27].

Due to the promising photocatalytic behavior of
NiFe2O4/ZnO, this magnetic nanocomposite was
synthesized by numerous researchers including Rah-
mayeni et al. [21], Adeleke et al. [9], and Hua-Yue Zhu
et al. [15].

In comparison to other photocatalysts, it seems
that photodegradation of Coomassie blue G-250 by
NiFe2O4/ZnO nanocomposites decreases in the pres-
ence of La- and Ce-doped ZnO. Moreover, the ab-
sorption intensity declines with increase in irradia-
tion time. On the other hand, no observable degrada-
tion of the dye could be seen under visible light in the
absence of doped photocatalysts [28]. In the presence
of La- and Mo-doped TiO2, the absorption inten-
sity decreases with increase in irradiation [29]. De-
spite an increase in the absorption intensity with en-
hanced irradiation time in NiFe2O4/ZnO nanocom-
posites, more effective dye degradation occurs in
a short time due to the formation of a heteroge-
neous bond between ZnO and NiFe2O4 nanopar-
ticles. Furthermore, compared to commercial P25,
NiFe2O4/ZnO nanocomposites have superior pho-
todegradation. Studies have shown that commercial
P25 only manages to degrade a small fraction of
the dyes, while magnetic catalysts degrade dyes to a
higher percentage [30]. As is known, coupling ZnO
and magnetic nanoparticles results in a semiconduc-
tor photocatalyst with improved activity. Therefore,
magnetic nanoparticles/ZnO can be a useful alter-
native to commercial P25. Owing to the remarkable
magnetic properties of ferrites, photocatalyst recov-
ery and reuse are also possible [30].

In this research, the NiFe2O4/ZnO nanocomposite
was prepared by solidification and calcination meth-
ods in all steps even for the preparation of ZnO and
nickel ferrite magnetic particles. The nanoparticles
were characterized by X-ray diffraction (XRD), scan-
ning electron microscopy, vibrating sample mag-
netometry (VSM), and Fourier transform infrared
(FTIR) techniques. The photocatalytic degradation
of Coomassie blue G-250 pigments was also stud-
ied under visible and UV radiation using NiFe2O4,
ZnO, and NiFe2O4/ZnO to examine the benefit of the
NiFe2O4/ZnO nanocomposite, which has not been
investigated before. Furthermore, NiFe2O4/ZnO can
serve as an excellent nanocomposite for the degra-
dation of the dye. However, the effect of various pa-
rameters such as pH, contents of catalysts, and dura-
tion of dye degradation has not been studied in the
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photocatalytic degradation of the Coomassie blue
G-250 pigment. Moreover, despite extensive stud-
ies on the photodegradation of Coomassie blue G-
250 using different photocatalysts, the NiFe2O4/ZnO
nanocomposite has not yet been investigated.

2. Materials and methods

2.1. Materials

For synthesis, the starting chemical materials used
in this work are Ni(NO3)2 · 6H2O, Fe(NO3)3 · 9H2O,
Zn(NO3)2 · 6H2O, NaOH, ethanol, citric acid, oxalic
acid, and thiourea (all materials were purchased from
Merck). All reagents are analytically pure and are
used without further purification.

2.2. Synthesis of NiFe2O4 magnetic nanoparticles

To prepare nickel ferrite nanoparticles, 9.31 g nickel
nitrate was dissolved together with 20.17 g citric acid
and 25.86 g iron nitrate in 150 mL of distilled water in
a large beaker by using a magnetic stirrer for 1 h. After
complete dissolution, it was subjected to magnetic
motion at a temperature of 80 ◦C for 2 h. Then the
pre-prepared (ammonia:water) solution was added
dropwise using a decanter until a pH value of 7 was
reached. After the addition of the ammonia solution,
the heater temperature was adjusted to 180 ◦C un-
til the solution turned into a dark gel. The gel began
to diminish and dry after the motion was continued.
When powder particles erupted from the surface,
heating was stopped. The whole gel converted to ash
was milled by a mortar, and the resulting soft pow-
der was calcined to remove the impurities at 1000 ◦C
for 1 h.

2.3. Synthesis of ZnO

At this stage, 2.97 g Zn(NO3)2 · 6H2O was dissolved
in 50 mL ethanol by a magnetic stirrer for ZnO syn-
thesis. Separately, 1.26 g oxalic acid was dissolved in
50 mL ethanol by a magnetic stirrer. These two so-
lutions were mixed after complete dissolution by a
magnetic stirrer; thus, a white gel with pH 5 was ob-
tained. It was kept for 19 h at room temperature to
complete the reaction. Then, it was dried in a vacuum
oven at a temperature of 60 ◦C. A white powder was

produced, which was milled with a mortar and cal-
cined at 400 ◦C for 4 h. After calcination, the result-
ing precipitate was rinsed several times with distilled
water and acetone to remove contaminants and was
dried at room temperature.

2.4. Synthesis of NiFe2O4/ZnO nanocomposite

One gram thiourea was completely mixed with 2 g
ZnO and 0.1 g nickel ferrite magnetic nanopar-
ticles and calcined for 8 h at 800 ◦C. This ulti-
mately resulted in a NiFe2O4/ZnO nanocompos-
ite. Figure 1 schematically shows the synthesis of
the NiFe2O4/ZnO nanocomposite from nickel ferrite
and ZnO.

2.5. Characterization

The XRD analysis of the samples was conducted
by using STOE STADI-P with Cu Kα radiation (λ =
1.54060 Å) at a scanning rate of 0.02◦/s and a 2θ
range of 20–80◦ at room temperature. Field emis-
sion scanning electron microscopy (FESEM) was ap-
plied to investigate the synthesized samples. The
FTIR spectroscopy data were recorded in the spec-
tral range of 400–4000 cm−1 using a Nexus 870 spec-
trometer. Photocatalytic properties of the nanocom-
posite were evaluated by ultraviolet–visible spec-
troscopy using a UV-1700 spectrophotometer. The
magnetic properties of the NiFe2O4/ZnO nanocom-
posite and NiFe2O4 nanoparticles were measured at
room temperature by a Quantum Design MPMS-
XL-7 superconducting quantum interference device
whose external magnetic field ranges from −15 kOe
to +15 kOe.

2.6. Photocatalytic activity test

The photocatalytic activity of the synthesized
NiFe2O4, ZnO, and NiFe2O4/ZnO was studied by
measuring the degradation of the Coomassie blue
G-250 dye solution. For each experiment, 0.025,
0.050, 0.075, and 0.1 g of samples were dispersed in
25 mL of the dye solution (8 ppm) in a hot water bath
(30 ◦C) under visible light from an incandescent lamp
(200 W, 238.66 cd) and UV light and then investigated
for 1 h. Two milliliters of samples were collected after
irradiation (in 10 min intervals) and centrifuged at
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Figure 1. Schematic diagram: synthesis of NiFe2O4/ZnO nanocomposite.

10,000 rpm for 5 min. The supernatants were moni-
tored by measuring their absorption by spectropho-
tometry at a wavelength of 553 nm. After checking
different sample (NiFe2O4, ZnO, and NiFe2O4/ZnO)
contents, the optimal content was used to examine
the dye degradation at various pH values (9, 7, and
3) with the same procedure being performed on ZnO
and NiFe2O4 but for a different time period. The per-
centage of dye degradation was calculated according
to (1).

Degradation(%) = (A0 − A)/A0 ×100, (1)

where A0 is the initial concentration of Coomassie
blue G-250 and A is the concentration of Coomassie
blue G-250 after t minutes.

3. Results and discussion

3.1. Powder X-ray diffraction analysis

Figure 2 shows the XRD patterns of nickel ferrite,
ZnO, and NiFe2O4/ZnO nanocomposite. The sam-
ple diffraction peaks at 2θ values of 31.64◦, 34.45◦,
36.30◦, 47.57◦, 56.57◦, 63.68◦, 67.91◦, and 69.04◦ were
indexed as (100), (002), (101), (102), (110), (103),

Figure 2. XRD patterns of (a) NiFe2O4, (b) ZnO,
and (c) NiFe2O4/ZnO.

(112), and (201) planes, respectively, corresponding
to the ZnO hexagonal crystal (JCPDS card no. 00-
036-1451). The XRD pattern with 2θ values of 30.31◦,
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Figure 3. FESEM images of (a) NiFe2O4, (b) ZnO, and (c, d) NiFe2O4/ZnO nanocomposite.

35.71◦, 43.32◦, 57.24◦, and 62.98◦ could be indexed
to (220), (311), (410), (511), and (440) planes, respec-
tively, confirming the presence of the nickel ferrite
cubic structure (JCPDS card no. 01-074-2081). The
nanocomposite pattern exhibited peaks of ZnO and
NiFe2O4. Peaks of (100), (002), (101), (102), (110),
(103), (112), and (201) belong to the hexagonal phase
of ZnO, while small peaks of (220), (311), and (410)
are associated with the nickel ferrite spinel phase.
Comparatively, no visible impurity peaks were ob-
served. A weak peak in NiFe2O4 at 2θ = 57.24◦

(511) disappeared in NiFe2O4/ZnO hybrids. This is
in good agreement with the results by Hua-Yue Zhu
et al. [15]. The average sizes of NiFe2O4, ZnO, and
NiFe2O4/ZnO nanoparticles were 46.2, 58.2, and 49
nm, respectively, according to the Debye–Scherrer
equation (2).

D = kλ/βcosθ, (2)

where D denotes the crystalline size, β is the full-
width at half-maximum, K is the shape factor, θ rep-
resents the Bragg angle corresponding to the peak,
and λ is the wavelength of X-rays.

3.2. Morphology of nanoparticles

The morphology of nanoparticles was analyzed by
FESEM. All images are shown in Figure 3. The FE-
SEM image of ZnO shows the structure of hexago-
nal nanoparticles with a size of 48–52 nm. The FE-
SEM image of nickel ferrite nanoparticles shows a
cubic structure with a size of 25–31 nm and the
NiFe2O4/ZnO nanocomposite image shows different
densities and morphologies. The reason for the dif-
ference in density is due to magnetic absorption be-
tween nickel ferrite and zinc oxide.

3.3. Analysis of magnetic properties

Figure 4 plots the VSM of nanoparticles, nickel fer-
rite, and the NiFe2O4/ZnO nanocomposite. The sat-
urated magnetism of nickel ferrite nanoparticles
alone (49.86 emu/g) is higher than that in saturated
nanocomposites (3.09 emu/g). ZnO is well identified
as a diamagnetic material, while the synthesized
nickel ferrite nanoparticles are ferromagnetic. Para-
magnetic properties in nanocomposites are due to
ferromagnetic nickel ferrite bonding to diamagnetic
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Figure 4. Vibrating sample magnetometer
curves of (a) NiFe2O4 and (b) NiFe2O4/ZnO
nanocomposite.

Figure 5. FTIR spectral curve of (a) NiFe2O4,
(b) ZnO, and (c) NiFe2O4/ ZnO.

ZnO. The magnetic properties of the nanocomposite
facilitate the process of separating the catalyst from
the liquid.

3.4. FTIR analysis

The interaction of nickel ferrite and zinc oxide in
the nanocomposite was investigated using the FTIR
spectrum. This is shown in Figure 5. The peak in the
spectrum of the nanocomposite at 562 cm−1 is asso-
ciated with ZnO stretching vibration or a combina-
tion of ZnO and ferrite. Peaks at 876–987 cm−1 are at-

tributed to the section of 1, 3 metallic aromatic rings.
The peaks at 1133–1644 cm−1 are indicative of the
OH at the surface and the bands outside the surface.
The negligible peak at 2351 cm−1 could be attributed
to atmospheric CO2. In the case of nickel ferrite, the
peaks at 424–440 cm−1 and 580–600 cm−1 are attrib-
uted to the stretching vibration of the oxygen–metal
(Fe3+–O2−) bond in tetrahedral and octahedral sites,
respectively. The peak in the 1055–1130 cm−1 region
is related to OH bending vibration. The results are in
good agreement with those obtained by Adeleke et
al. [9].

4. Photocatalytic activity

The photocatalytic activity of NiFe2O4, ZnO, and
NiFe2O4/ZnO was evaluated by the degradation of
Coomassie blue G-250 dye under visible light from
an incandescent lamp and UV light. As observed in
Figure 6(a), when different contents of samples were
exposed to UV light, in the presence of NiFe2O4, the
degradation percentage of Coomassie blue G-250
was 15.5%. This shows no significant increase in the
Coomassie blue G-250 degradation. Pure ZnO ex-
hibited 40.01% Coomassie blue G-250 degradation.
However, the degradation of Coomassie blue G-250
was rapidly increased on addition of NiFe2O4/ZnO
nanocomposite (86.15%). The results indicated
that the photocatalytic activity of NiFe2O4/ZnO
nanocomposites is higher than that of pure ZnO and
NiFe2O4. Moreover, by increasing the photocata-
lyst content, the Coomassie blue G-250 degradation
percentage increased for 1 h. Besides, the results
of the photocatalytic activity of different contents
of samples under visible light from incandescent
lamps (Figure 6(b)) were similar to those of UV
light but with a lesser degradation percentage of the
Coomassie blue G-250 dye. These results indicated
that the photocatalytic activity of the composite was
improved due to the formation of a heterogeneous
bond among ZnO, NiFe2O4, and the NiFe2O4/ZnO
nanocomposite. This enabled the composite to serve
as a good photoactive agent under both UV and
visible light.

4.1. Investigation of pH

The role of pH in dye degradation by NiFe2O4, ZnO,
and NiFe2O4/ZnO was also studied. NaOH 0.1 M
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Figure 6. The degradation percentage of
Coomassie blue G-250 for various amounts of
� NiFe2O4, N ZnO, and • NiFe2O4/ZnO under
(a) UV light and (b) visible light.

and HCl 0.1 M were used to adjust pH and evaluate
the photocatalytic behavior in three environments:
acidic, neutral, and alkaline. The results of the sam-
pling at different time intervals under UV light (Fig-
ure 7(a)) demonstrate that the degradation percent-
age of Coomassie blue G-250 was more effective in
acidic media (pH 3) for all samples. The degrada-
tion efficiency declined with increase in pH. This can
be due to the ionic form of Coomassie blue G-250
in the acidic medium with positive surface charges
and hence electrostatic interactions in the acidic en-
vironment as compared with the alkaline environ-
ment in which the dye is in anionic form and is nega-
tively charged. Therefore, in contrast to most organic
dyes, the studied dye exhibited better degradation

Figure 7. The degradation percentage of
Coomassie blue G-250 dye for various pH val-
ues of � NiFe2O4, N ZnO, and • NiFe2O4/ZnO
under (a) UV light irradiation and (b) visible
light irradiation.

in acidic environments. Moreover, in the presence of
NiFe2O4, the degradation percentage of Coomassie
blue G-250 was 24%, showing no significant increase
compared to that of pure ZnO (68%). However, in the
case of the NiFe2O4/ZnO nanocomposite, the degra-
dation of Coomassie blue G-250 showed a rapid in-
crease to 96.90%. By decreasing the pH and by the
combination of NiFe2O4 with ZnO, the degradation
performance was improved. Additionally, the photo-
catalytic activity of the samples was investigated at
the optimal photocatalyst content (0.075 g) under a
similar condition but by using visible light from an
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Figure 8. Plot (Ln C0/C ) for degradation of Coomassie blue G-250 using NiFe2O4/ZnO as the catalyst
under (a) UV light and (b) visible light.

incandescent lamp. From Figure 7(b), it can be ob-
served that the dye degradation of samples was sim-
ilar to that under UV light as degradation was en-
hanced with decreasing pH. As observed, the high-
est Coomassie blue G-250 degradation occurred in
the acidic environment (pH 3) due to the ionic form
of the dye and its electrostatic interactions with the
acidic environment. By increasing the pH, the or-
ganic photosynthetic degradation rate of the organic
dye was slowly decreased. This trend can be attrib-
uted to the pH-dependent electrostatic interactions
between the dye and the photocatalyst. The kinet-
ics of the photocatalytic reaction were also assessed
under visible and UV radiation as presented in Fig-
ure 8(a, b). The effect of initial dye concentration
on the photocatalytic degradation rate for the above-
mentioned cases can be described by the first-order
kinetic model. The constant rate for each photocat-
alyst was calculated according to Langmuir’s rela-
tion (3).

lnC0/C = k × t , (3)

where C0 is the initial dye concentration, C is the sec-
ondary concentration at time t , and k is the constant
rate. The correlation constant for the UV light was
calculated as R2 = 0.9735 and that for the visible light
was calculated as R2 = 0.9925.

5. Conclusions

In this research, ZnO and magnetic nickel ferrite
nanoparticles were prepared by solidification and

calcination methods. Then, the nanocomposite was
synthesized by a simple solid-state method. It should
be noted that calcination was used in all stages of the
synthesis for both nanoparticles and nanocompos-
ites. The size of the nanoparticles was smaller than
50 nm. Microstructural studies indicated that the
prepared nanocomposite included spinel nickel fer-
rite magnetic particles and ZnO. Regarding the mag-
netic saturation of the ferromagnetic nickel ferrite
and superparamagnetic behavior of the nanocom-
posite, they can be easily recovered through mag-
netic force. The photocatalytic activity of the samples
(NiFe2O4, ZnO, and NiFe2O4/ZnO) was studied us-
ing Coomassie blue G-250 dye at different contents
and pH values under visible and UV light. The results
showed that combining NiFe2O4 and ZnO enhances
the photocatalytic effect. Although the photocatalytic
activity was better under UV light, remarkable dye
degradation was observed under visible light as well.
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