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In this research, a facile and clean sonochemical synthesis was described 
for Fe/ZnO hollow spheres nanostructures as high-efficiency UV-Vis 
light photocatalyst through an environmentally-friendly procedure. X-ray 
diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), and 
field-emission scanning electron microscopy (FE-SEM) were utilized for 
the investigation of the produced Fe/ZnO hollow spheres nanostructures. 
Then, the photocatalytic activities of the catalysts were evaluated on the 
degradation of Methylene Blue and Congo Red in an aqueous solution 
under both UV and visible light irradiation (λ > 420 nm). Also, to illustrate 
the influence of morphologies on the degradation of these organic dyes, 
the Fe/ZnO nanostructures with the wood-like, flower-like, rod-like, 
and nanoparticle morphologies were synthesized and the photocatalyst 
efficiency of them was determined. The results confirmed that the Fe/ZnO 
hollow spheres have significant photocatalytic activity compared to other 
morphologies and could be used as outstanding potential photocatalyst 
materials for removing dye pollutants from water. 

 INTRODUCTION
Nowadays, water pollution has become one of 

the serious problems facing the human race [1]. 
Among water contaminants, synthetic dyes in the 
sewage of different industries are usually toxic and 
may including non-biodegradable dye molecules 
that are damaging to the environment [2]. 
Therefore, because of the non-biodegradability 
and ruinous nature of synthetic dyes, the treatment 
of these pollutants is necessary for defending 
the environment, ecosystem, and human life 
[3,4]. Different methods such as adsorption 
[5], solvent extraction [6], biodegradation [7], 
ozone [8] and, Photocatalysis [9, 10] have been 
applied for wastewater treatment. Among these 
methods, the photocatalytic method for its unique 

advantages such as using sunlight, high efficiency, 
simple equipment, low energy consumption, and 
complete mineralization of pollutants without 
secondary pollution has become a focus on research 
in recent years [11, 12]. The development of green 
and environmentally-friendly photocatalyst with 
high stability, greater photocatalytic activity, and 
low cost has become an arduous and hot situation 
in the study of photocatalytic methods [13, 14]. 

ZnO is generally considered a substitute 
photocatalyst for a large surface area, cheap, non-
toxic property, and broadband-gap (~3.37 eV) 
for use in solar cells, biosensors, photocatalysis, 
photodiodes, gas sensors, transistors, and 
chemical sensors [15-17]. But, ZnO cannot be 
applied for direct solar irradiation because of 
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its rapid recombination of charge carriers, and 
lower stability because of photocorrosion [18, 
19]. Different approaches were developed to 
reduce the recombination rate of photogenerated 
electrons and holes in ZnO. Among these methods, 
ZnO-based heterostructure with the electron 
scavenging agents such as metals, metal oxides, 
or organic molecules has received much attention 
recently because it can provide a potential driving 
force to achieve efficient separation of electron-
hole pairs and faster carrier migration [20, 21].

The efforts to gain specific morphologies of 
nanomaterials for advanced applications have 
become one of the major goals of materials 
science in recent years [22]. Hollow structures 
and carbon hollow spheres are among these 
special morphologies that exhibit lower density, 
larger area, and specific optical properties [23]. 
Use of the eco-friendly raw materials (any of 
the saccharides and some biomass) and easy 
adjustment of absorption or annealing of metal 
ions on the surface functional groups in the carbon 
hollow spheres result of the high-performance 
photocatalytic properties of these nanostructures 
[24].

In this study, the Fe/ZnO hollow spheres 
were synthesized via an environment-friendly, 
simple, and energy-saving sonochemical method 
and used as photocatalyst. For this, fructose was 
used for the synthesis of the templates of carbon 
microspheres. Then, these templates remove 
spontaneously to form hollow-cores. For the 
exploration of the photocatalytic performance 
of these hollow spheres, the Congo Red (CR) and 
Methylene Blue (MO) were used that usually 
applied as a model pollutant to investigate the 
dye removal ability of photocatalyst [25]. The 
photodegradation of these dyes in the presence 
of synthesized nanostructure photocatalyst was 
studied and the effects of different parameters 
on the CR and MB degradation were investigated. 
To compare the influence of morphologies on 
the degradation of CR and MB, the Fe/ZnO 
nanostructures with different methods were 
synthesized and the photocatalyst efficiency 
of them on the degradation of CR and MB was 
examined. 

MATERIALS AND METHODS
All chemicals were analytical grade from Merck 

and used as received without any purification. 
Fructose, zinc (II) acetate dihydrate (Merck, 99.9%), 

iron (II) acetate tetrahydrate (Merck, 99.9%). 

Characterizations
The X-ray diffraction (XRD) measurements 

were done using a Philips Expert Pro MPD, Cu-Kα 
radiation (λ = 1.54056 Å). The surface morphology 
of producing samples was determined using a field 
emission scanning electron microscope (FE-SEM) 
(Mira TESCAN) with a gold coating. The energy 
dispersive spectrometry (EDS) analysis of samples 
was investigated using an XL30, Philips microscope. 
The UV–Vis spectrometer model Shimadzu UV 
2100 was used to obtain the UV- Vis absorption 
spectra. The FTIR spectra of the samples were 
recorded on a Nicolet Fourier Transform, Nicolet 
100 spectrometer in the range of 400–4000 cm−1. 
Deionized water was used for all experiments. 

Green synthesis of carbon spheres
The preparation method of carbon 

microspheres is given in our previous work [26]. 
Briefly, 10 g fructose dissolved in 100 ml deionized 
water until a clear solution was achieved. Then, 
this solution was moved into a 150 ml Teflon-lined 
autoclave and hold at 160 °C for 4 h. The suspension 
was then cooled down to room temperature and 
the carbon spheres were separated, washed 
several times with deionized water. Finally, carbon 
microspheres dried at 80 °C for 2 h to evaporate 
the water.

Ultrasound-assisted synthesis of ZnO hollow 
sphere

2.2 g of zinc (II) acetate dihydrate was 
dissolved in 50 ml of deionized water (solution A). 
1.0 g of carbon hollow spheres (as templates) was 
dispersed in 20 ml of deionized water (solution B). 
Next, the solution B was added to solution A in the 
ultrasonic bath and at room temperature (followed 
by stirring for 2 h). Afterward, the centrifuged 
mixture was filtered and washed with deionized 
water. Finally, the collected material was calcined 
in a furnace that was adjusted at 500 °C (6 h) until 
ZnO hollow spheres were formed.

Ultrasound-assisted synthesis of Fe-doped ZnO 
hollow sphere

To synthesize x-Fe/ZnO (x = 0, 3, 5, and 10 
wt% Fe) hollow spheres, two solutions were 
prepared as follows: firstly, 2.0 g zinc (II) acetate 
dihydrate with an appropriate amount of iron 
(II) acetate tetrahydrate (according to required 
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weight percent) were mixed and dissolved in 40 
ml of deionized water (solution A). Secondly, 
1.0 g of as-prepared carbon hollow spheres was 
homogeneously dispersed in 20 ml of deionized 
water (solution B). Afterward, solution B was 
added to solution A in the ultrasonic bath at room 
temperature and dispersed for 1 h. The obtained 
suspension was then dried under ambient 
conditions over 24 h and then was washed with 
deionized water. The product was heated from 
room temperature to 500 °C with a rate of 1 °C 
min−1 and kept at 500 °C for 2 h. Finally, Fe/ZnO 
hollow spheres with a white to reddish-white color 
were synthesized. The obtained hollow spheres 
were eventually occupied as a photocatalyst to 
decay the MB and CR pollutants.

The photocatalytic experiment of Fe/ZnO hollow 
spheres

The photocatalytic performance of x-Fe/
ZnO hollow spheres was evaluated through 
the degradation of CR and MB as the target 
pollutants under visible and UV light irradiations. 
The irradiation was created with a 30W Philips 
UV lamp with UV-light wavelength of 253.7 nm 
and/or a 400 W high-pressure mercury-vapor 

lamp (providing visible light ≥ 300 nm). 25.0 mg 
of the photocatalyst (i.e., the pure ZnO or x-Fe/
ZnO hollow spheres) was weighed and placed 
into 50 ml of the CR and MB solutions with the 
concentration of 20 ppm. Before irradiation, the 
suspension was magnetically stirred in darkness 
for 30 min to confirm an adsorption-desorption 
equilibrium. At a regular time interval of 30 min, 
3 ml of the suspension was gathered, centrifuged 
and decolorization of dye solutions was measured 
using a UV-Vis spectrophotometer. The change of 
CR and MB absorbance was utilized to monitor the 
amount of degradation of these dyes. 

RESULTS AND DISCUSSION
Characterization of Fe/ZnO hollow spheres

Fig. 1 presents the X-ray diffraction patterns 
of pure Zn and x-Fe/ZnO hollow sphere products 
(0, 3, 5, and 10 wt% Fe). All of the indexed peaks 
in the spectra are well confirmed by that of the 
hexagonal wurtzite structure of the ZnO hollow 
sphere with lattice constants of a = b = 3.25˚A and 
c = 5.207˚A (JCPDS Card No. 36-1451). The great 
crystallinity of the synthesized samples is well 
illustrated by their relatively intense and strong 
peaks. The peaks specified by XRD analysis for all 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD patterns of the x-Fe/ZnO hollow sphere (x = 0, 3, 5, and 10 wt% Fe)
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samples along with the matching materials in Fig. 
1.

FT-IR results were used to confirm the 
chemical interactions and bonding structures of 
the synthesis products. FT-IR is extremely reactive 
versus the vibrations in the metal-oxygen bonds. 
Because of the existence of inter-atomic vibrations 
in metal oxides, the absorption bands related to 
stretching of M-O were observed in the region 
below 1000 cm−1. Therefore, the sharp bands in 
this region confirmed that the metal oxide was 
formed [27]. FT-IR spectra of the synthesis Fe/
ZnO hollow spheres were shown in Fig. 2. The 
broadband at 540 cm−1 is attributable to the 
stretching vibrations of Zn-O, while the band at 
430 cm−1 is corresponding to the Fe–O stretching. 
The observed peaks at 3438, 1631, and 1381 cm−1 
could be related to the adsorption of water in the 
produced hollow spheres [28]. Also, no organic 
species were formed during the preparation of Fe-
ZnO hollow spheres; therefore, FT-IR spectra agree 
with XRD patterns.

The morphology of the x-Fe/ZnO hollow 
spheres (x = 3, 5, 10, 15 wt% Fe) synthesized via 
the ultrasonic method was investigated using FE-
SEM. As seen in Fig. 3 with increasing the amount 
of Fe, the morphologies of particles have shifted 
from a situation of more spherical to a situation 
of more spiral. Also, with increasing the amount 
of Fe to more than 10% wt Fe, the spherical shell 
turns into a thinner and thinner shell, and within 
the cooling procedure will partially or completely 
collapse [29]. Due to the existing vacant space in 

the center of these nanostructures, a large surface 
area in Fe/ZnO hollow spheres would be attained.

Elemental analysis of the prepared Fe/
ZnO hollow spheres was performed using 
EDAX spectroscopy. Fig. 4 exhibits the chemical 
composition of Fe/ZnO hollow spheres, in which 
the results are agreeing with those of XRD patterns 
and confirmed the presence of elements Zn, Fe, 
and O in the synthesized samples. On the other 
hand, the presence of Fe ions in these hollow 
spheres was proved. Fig. 4 a-c corresponding to 
3, 5, and 10 wt% Fe, respectively. The additionally 
detected peaks in the EDAX spectra could be 
originated from the Au element employed in 
the EDAX stage when the sample sputter was 
coated. Also, the weight ratio obtained from EDAX 
spectra was almost in agreement with the initial 
amounts used to prepare the samples. The Zn 
and O ions concentration (wt.%) were found to be 
approximately 92 % and 8%, respectively.

Investigation of the photocatalytic activity
To evaluate the photocatalytic performance 

of synthesis nanostructured catalysts, the 
degradation of MB and CR in aqueous solution 
under both UV and visible light irradiations (> 420 
nm) was performed. The origin of the photocatalytic 
procedure is based on the generation of electron-
hole pairs with radiation. The hydroxyl free radical 
(OH–), which originated from the oxidation of OH− 
or H2O and produced the electron-hole pairs in the 
presence of oxygen, could be the driving force of 
the photocatalytic procedure through degrading 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. FTIR spectra of the Fe/ZnO hollow sphere (a = 10, b=5, c=3) wt% Fe.
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Fig. 3. FE-SEM images of the x-Fe/ZnO hollow sphere (x = 3 (a,b), x=5 (c,d), x=10 (e,f), x = 15 (g,h) % wt Fe
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the conjugated bonds existent in the organic 
pollutants [30].

Based on the unique structural and 
morphological characteristics of Fe/ZnO hollow 
spheres, the photocatalytic activity for CR and 
MB degradation is examined. The degradation of 
CR and MB dyes under UV-vis light irradiation to 
determine the photocatalytic activity of pure ZnO 
spheres, and x-Fe/ZnO hollow spheres (x = 0, 3, 5, 
and 10 wt %) were presented in Figs. 5, 6.

As can be seen in Figs. 5a and 6a in the presence 
of ZnO hollow spheres under UV light irradiation 
after 35 min, the degradation of CR and MB was 
79% and 74%, respectively. The presence of all 
Fe/ZnO hollow spheres samples displays higher 
photocatalytic activity than pure ZnO spheres. The 
photocatalyst effect of x-Fe/ZnO enhanced by the 
increase of wt% of Fe in the catalyst so that in the 
presence of 10% wt Fe, the elimination of CR and 
MB increased to 99% and 83%, respectively.

Figs. 5b and 6b showed the degradation of 
CR and MB under visible light irradiations in the 
presence of pure ZnO and Fe/ZnO hollow spheres. 
After 60 min, the ZnO catalyst could be eliminated 
the 94% and 76% of the CR and MB, respectively. 
These amounts increased in the presence of Fe/

ZnO as the photocatalyst, so that the degradation 
of the CR and MB increased to 97% and 80%, 
respectively when the amount of Fe reached 10% 
wt. 

According to the literature, morphology 
and surface area are important for improving 
the photocatalytic property [31]. Therefore, we 
prepared Fe/ZnO nanostructures using other 
methods, and then, the photocatalytic activity 
of these nanostructures in the degradation of 
CR and MB was examined and compared with 
Fe/ZnO hollow spheres. Fig. 7 exhibits the FE-
SEM images of Fe/ZnO nanostructures with 
different morphologies synthesized by microwave, 
solvothermal, hydrothermal and, sol-gel. These 
morphologies consist of flower-like, wood-like, 
rod-like, and nanoparticles, respectively.

A comparison of the performance of the Fe/
ZnO hollow sphere with other morphological 
nanostructures on the degradation of the CR and 
MB under UV irradiation was shown in Fig. 8a and 
8b, respectively. It was found that Fe/ZnO hollow 
sphere with 99% efficiency was more effective than 
other morphologies (Fig. 8a). The performance of 
wood-like, flower-like, rod-like, and nanoparticle 
morphologies under UV irradiation after 35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. EDAX analysis of the x-Fe/ZnO hollow spheres that Fe weight content (x) was (a) 3, (b) 5, and (c) 10 % wt.
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Fig. 5. Photodegradation of CR in the presence of x-Fe/ZnO hollow spheres (x= 0, 3, 5, 10 wt%) at (a) UV and (b) visible irradiation.
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Fig. 8 Photodegradation of CR (a) and MB (b) in the presence of x-Fe/ZnO nanostructures (x = 10 % wt Fe) with different morphologies 
under UV light
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min was found to be 63%, 54%, 50%, and 45%, 
respectively. Fig. 8b is shown the efficiency of 
synthesized nanostructures on the degradation 
of MB under UV irradiation. As can be seen after 
35 min, the Fe/ZnO efficiency for MB degradation 
was 84%, which was much higher than the other 
morphologies. The efficiency of wood-like, flower-
like, rod-like, and nanoparticle morphologies were 
equal to 56%, 50%, 46%, and 40%, respectively.

As can be seen in Fig. 9, the Fe/ZnO hollow 
sphere under visible light (after 60 min) was 
significantly efficient in removing dyes than other 
morphologies. While the efficiency of the Fe/
ZnO hollow sphere for the CR and MB was 97% 
and 80%, respectively, the efficiency of wood-
like reduced to 60% and 55%, respectively. The 
efficiency of flower-like, rod-like, and nanoparticle 
for degradation of CR was 53%, 49%, and 44%, 

respectively. These values for MB were 49%, 46%, 
and 42%, respectively.

Consequently, all Fe/ZnO hollow spheres 
display higher photocatalytic activity than pure 
ZnO spheres. All the samples exhibit very high 
photocatalytic efficiency for the degradation of 
CR and MB solutions. The improvement in the 
efficiency of Fe/ZnO hollow spheres photocatalyst 
can be due to the synergistic effect between ZnO 
spheres and Fe/ZnO hollow spheres, resulting in 
the high activity of the Fe/ZnO hollow spheres 
photocatalysts. The formation of the vacant 
space in the center of spheres causes to the Fe/
ZnO hollow spheres representing a large surface 
area (Fig. 10) [16]. The feasible mechanisms of 
photocatalytic degradation for the Fe/ZnO hollow 
spheres photocatalysts are suggested as follows 
[32]:
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Fig. 9 Photodegradation of CR (a) and MB (b) in the presence of x-Fe/ZnO nanostructures (x = 10% wt Fe) with different morphologies 
under Visible light
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ZnO + hν → ZnO (eCB
− + hVB

−

ZnO (e−) + Fe → ZnO–Fe(e−)
ZnO–Fe(e−) + O2 → ZnO–Fe + •O2

-

•O2
- + Haq

+ → HO2
•

2HO2
• → H2O2 + O2

H2O2 + eCB
−→ •OH + −OH

•OH/hVB − + organic dye contaminants → removing 
dye pollutants

CONCLUSION
In the current research, we described an 

efficient strategy for the simple and green 
synthesis of x-Fe/ZnO hollow spheres (x = 0, 3, 5, 
and 10 wt %) as high-efficiency photocatalyst for 
the degradation of CR and MB dyes under UV-
Vis light irradiations. Fructose was used for the 
synthesis of the carbon microsphere templates, 
which can be removed spontaneously to form the 
hollow core. The prepared Fe/ZnO nanostructure 
hollow spheres were characterized using FE-SEM-
EDAX, XRD, and FT-IR analyses. In the presence of 
UV and visible light, the Fe/ZnO hollow spheres 
can simplify the degradation of these dyes. The 
outcomes demonstrate that Fe shows a key role 
in the transition of photogenerated charges in 
Fe/ZnO hollow spheres. Also, the results of the 
experiments confirmed that the synthesized 

Fe/ZnO hollow spheres compared to other 
morphologies have excellent photocatalytic 
efficiency to the degradation of contaminants.
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