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ABSTRACT 

In this study, a simple technique was used for synthesizing one-dimensional ZnO/Fe2O3/Fe3O4 nanostructures (NSs) through heat 

treatment under vacuum by using a magnetic field at a temperature of 200 °C for 1 h. The photocatalytic effect of the NSs were 

studied by decomposing methyl orange (MO) dye (5 mg/L, pH = 8.1) under ultraviolet illumination. The experimental results 

indicated that a 33-mg/L ZnO/Fe2O3/Fe3O4 NS-containing film on glass could reduce the MO concentration by 37% in 100 min, 

and the synthesized ZnO/Fe2O3/Fe3O4 NS-containing films could be reused to degrade MO solution. Moreover, 0.1 g/L of 

ZnO/Fe2O3/Fe3O4 NS-containing powder exhibited an excellent photocatalytic effect and reduced the MO concentration by 

almost 90% in 100 min.  
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1. Introduction 

Residential sewage, industrial waste, and dyes are 

among the leading causes of water pollution [1]. In 

particular, textile industries discharge large amount of 

dyeing sewage, which is resistant to biological 

degradation and degrades slowly. For the complete 

elimination of contaminants from effluents, advanced 

oxidation processes (AOPs) have been developed [2, 3]. 

However, AOPs are costly, and can eliminate the 

chemical reagents used in them is difficult [4–6]. 

Photocatalysis is a potential solution for wastewater 

treatment and can be used to achieve the complete 

mineralization of organic compounds with high 

efficiency [7]. Metal oxide nanomaterials, such as TiO2, 

BiVO4, Fe2O3, and ZnO, are nontoxic, stable, and cheap 

and exhibit high photocatalytic efficiency; thus, these 

materials can be used for treating wastewater [8–11]. 

One-dimensional nanostructures (NSs) have attracted 

considerable research attention because of their large 

surface-area-to-volume ratio and unique 

electrochemical properties [12].  
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ZnO and iron oxide nanomaterials are widely used in the 

field of nanotechnology [13]. Thus, ZnO and iron oxide 

NSs can be used as highly efficient photocatalyst 

materials for water treatment [14, 15]. ZnO and iron 

oxide NSs are grown using various techniques, 

including surfactant‐free aqueous methods, 

hydrothermal processes, the vapor transport method, 

sputter deposition, laser ablation, the vapor–solid 

method, and solution-phase processes [16–24]. A 

simple two-step thermal oxidation method was 

proposed in [25] for rapidly synthesizing ZnO 

nanowires on a Si substrate. However, this method 

requires an operational temperature higher than 350 °C. 

In the present study, ZnO nanofibers and iron oxide NSs 

were synthesized on a wafer through a simple heat 

treatment process in vacuum by using a magnetic field 

for 1 h at 200 °C. Various metal oxide NSs can 

potentially be grown using this novel technique. 

Methyl orange (MO) dye was used to study the catalytic 

efficiency of the prepared ZnO/Fe2O3/Fe3O4 NSs. The 

experimental results indicated that a 33-mg/L 

ZnO/Fe2O3/Fe3O4 NS-containing film on a glass 

substrate reduced the MO concentration by 37% in 100 

min. The grown ZnO/Fe2O3/Fe3O4 NS-containing film 

could be reused for degrading MO solution. 
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Furthermore, 0.1 g/L of ZnO/Fe2O3/Fe3O4 NS-

containing powder exhibited an excellent photocatalytic 

effect and reduced the MO concentration by 90% in 100 

min. 

2.Experimental 

2.1. Preparation of ZnO/Fe2O3/Fe3O4 NS photocatalysts  

Fig. 1 illustrates the synthesis of ZnO/Fe2O3/Fe3O4 NSs 

on a substrate (a 50 × 30 × 1-mm3 SiO wafer or glass 

substrate). A total of 30 mg of zinc powder (purity of 

99%; Shimakyu's Pure Chemicals Company, Japan) 

with a nanoparticle diameter of approximately 500 nm 

and 10 mg of iron powder (purity 99.0%; Shimakyu's 

Pure Chemicals Company) with a nanoparticle diameter 

of approximately 900 nm were mixed with 100 mL of a 

0.75 mol/L oxalic acid solution in a 250-mL glass flask. 

This mixture was stirred in an ultrasonic oscillator for 

10 min and then deposited dropwise using a syringe on 

a substrate, which was then set on a specially fabricated 

quartz plate (height of 25 mm) at a distance of 5 mm 

from a magnet placed on the plate. The plate was then 

placed inside a quartz tube furnace (Olink, OT-060-30) 

and heated to 150 C over 5 min at a constant heating 

rate of 30 C/min to create a thin-film substrate. The 

substrate was heated to 200 C. Subsequently, the tube 

was vacuumed, and heating was continued for 1 h. 

Finally, the substrate was allowed to cool to room 

temperature to create an approximately 1 mg 

ZnO/Fe2O3/Fe3O4 NS-containing film on the substrate. 

In the aforementioned synthesis process, the magnet (50 

× 30× 20 mm3) had a magnetic flux density (B) of 430 

G.  

3. Results and Discussion 

3.1. Synthesis and characteristics of ZnO/Fe2O3/Fe3O4 

NSs 

In the adopted synthesis process, ZnC2O4‧2H2O and 

FeC2O4‧H2O compounds were formed when the 

temperature of the substrate fell below 190 C, above 

which the compounds gradually were transformed into 

ZnO and iron oxide layers [26], which became unstable 

as atoms diffused out from them as the temperature 

increased [27, 28]. The atoms obtained energy for 

outward diffusion from the thin-film layer being subject 

to heat treatment. The iron atoms simultaneously struck 

other atoms when diffusing outward to form NSs 

because of the applied magnetic field; thus, one-

dimensional ZnO/Fe2O3/Fe3O4 NSs were formed at 200 

C. The corresponding chemical reaction can be 

expressed as follows: 

2Zn + 4Fe + 3O2 + 6H2C2O4 → 2ZnC2O4 + 4FeC2O4 + 

6H2O                            (1) 

ZnC2O4 + 5FeC2O4 →ZnO + Fe2O3 + Fe3O4 + 8CO + 

4CO2                             (2) 

Fig. 2(a) displays the scanning electron microcopy 

(SEM) image of the nanofibers produced on the wafer 

substrate at a temperature of 200 C after 20 min of the 

reaction. The average length and diameter of these 

nanofibers were approximately 400 and 75 nm, 

respectively. Fig. 2(b) indicates that the number of 

nanofibers formed increased over 1 h, and the 

nanofibers formed a honeycomb shape. Fig. 2(c) depicts 

a magnified SEM image of the nanofibers shown in Fig. 

2(b). Fig. 2(d) presents the SEM image of nanorods 

alone. Fig. 3 illustrates the results of energy-dispersive 

X-ray spectroscopy (EDS) analysis. Fig 3(a) indicates 

that the O:Si atomic ratio was 51∶49 (close to 1∶1); thus, 

the substrate contained a SiO wafer. Fig. 3(b) indicates 

that the O:Si atomic ratio was 48:24 (the O∶Si:Zn atomic 

ratio was 48∶24:28); thus, the nanofibers grown on the 

substrate [in Fig. 2(c)] might have contained Zn and O. 

As displayed in Fig. 3(c), the O:Si atomic ratio of the 

nanorods was 52:31 (the O∶Si:Fe atomic ratio was 

52∶31:17); thus, the nanorods synthesized on the 

substrate [in Fig. 2(d)] might have been iron oxide 

products. The Fe3O4 nanorods formed a quadrangular 

pattern [29]. Thus, the nanorods [red circle in Fig. 2(b)] 

were potentially a Fe3O4 structure. Moreover, the Fe3O4 

nanomaterials aggregated under an external magnetic 

field [30]. SEM-EDS analysis indicated that the 

honeycomb-shaped NSs were ZnO crystals and that the 

nanorods comprised FeO, Fe3O4, or Fe2O3. 

 
Fig. 1. Experimental equipment used for growing ZnO/Fe2O3/Fe3O4 NSs. 
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Fig. 2. SEM image of the ZnO/Fe2O3/Fe3O4 NSs grown on a SiO substrate at 200 C for (a) 20 min and (b) 1 h, (c) magnified 

SEM image of the honeycomb shape in Fig. 3(b), and (d) SEM image of the prepared nanorods. 

 
Fig. 3. EDS spectra of the (a) SiO wafer, (b) ZnO NSs grown at 200 C for 1 h, and (c) iron oxide NSs grown at 200 C for 1 h. 
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Fig. 4 displays the X-ray diffraction (XRD) patterns of 

the products synthesized at different temperatures. Fig. 

4(a) indicates that the mixed solution that was deposited 

on a glass substrate and dried at 150 C for 5 min in air 

contained ZnC2O4•2H2O (JCPDS: 14-0740), FeC2O4 

(JCPDS: 14-0807), Zn (JCPDS: 01-1244), Fe (JCPDS: 

01-1267), and Fe2O3 (JCPDS: 47-1409). Fig. 4(b) 

illustrates the XRD patterns of the products synthesized 

at 200 C for 1 h. The XRD peaks in Fig. 4(b) are 

different from those in Fig. 4(a), which indicates that 

the reaction products changed during the synthesis 

process. The peaks at 26.3°, 33.7°, and 62.7° indicate 

that the nanofibers comprised ZnO crystals (JCPDS: 21-

1486). The peaks at 30.1° and 62.6° suggest that the 

nanorods comprised Fe3O4 crystals (JCPDS: 11-0614), 

and the peaks at 14.9°, 27.7°, and 40.3° can be attributed 

to Fe2O3 crystals (JCPDS: 15-0615). Fe2O3 and Fe3O4 

were simultaneously synthesized through the thermal 

oxidation of FeC2O4 [29]. The aforementioned results 

indicate that the synthesized NSs comprised 

ZnO/Fe2O3/Fe3O4. One overlapping peak at 

approximately 67° was observed for ZnO and Fe3O4. 

This observation can be attributed to the similar ionic 

radii of Fe2+ and Zn2+ (0.076 nm) [31].  

Fig. 5(a) displays the photoluminescence (PL) spectrum 

of ZnO/Fe2O3/Fe3O4 NSs, which was obtained using a 

He-Cd laser (λ = 260 nm) for illumination at room 

temperature (25 C). First, the small full width at half 

maximum (FWHM) of the ultraviolet (UV) emission 

peak near 380 nm indicates that high-quality 

ZnO/Fe2O3/Fe3O4 NSs were synthesized at an operating 

temperature of 200 C for 1 h [32]. Second, the products 

synthesized at an operating temperature of 200 °C for 20 

min exhibited a large FWHM at the UV emission peak 

near 370 nm, which indicates that these products were 

poorly crystallized and that ZnC2O4‧2H2O and FeC2O4

‧H2O were not completely converted into 

ZnO/Fe2O3/Fe3O4 NSs. Furthermore, the wide emission 

band in the visible light area is ascribed to the overlap 

of green and yellow emissions [33, 34]. The green 

emission is typically associated with oxygen vacancies 

[35], whereas the yellow emission is associated with 

interstitial oxygen [36]. The results indicate that the 

ZnO/Fe2O3/Fe3O4 NSs grown at 200 C for 1 h exhibited 

high crystal quality as well as oxygen vacancies and 

interstitial oxygen on their surfaces. The separation rate 

of electron–hole pairs increases with the number of 

oxygen defects (i.e., oxygen vacancies and oxygen 

interstices) [37]. Therefore, an increase in the surface 

defects of the ZnO/Fe2O3/Fe3O4 NSs resulted in an 

increase in their photocatalytic efficiency [38–40]. Fig. 

5(b) depicts the hysteresis loops calculated for the 

ZnO/Fe2O3/Fe3O4 NSs through vibrating sample 

magnetometry, in which the magnetic field was applied 

perpendicular to the substrate. These loops exhibited a 

squareness (Mr/Ms) of approximately 0.27 and a 

coercive field (Hc) of approximately 217 Oe. These 

results reveal that the synthesized iron oxide NSs 

exhibited ferromagnetic behavior at room temperature.  

 
Fig. 4. (a) XRD pattern of the thin film obtained from the mixed solution deposited on a SiO substrate and dried at 150 C for 5 

min in air and (b) XRD patterns of the ZnO, Fe2O3, and Fe3O4 NSs grown at 200 C for 1 h.  
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Fig. 5. (a) Typical PL spectra of the ZnO/Fe2O3/Fe3O4 NSs grown at 200 C for 1 h and (b) hysteresis loop of the 

ZnO/Fe2O3/Fe3O4 NSs synthesized at 200 C for 1 h.  

3.2. Photocatalytic behavior of ZnO/Fe2O3/Fe3O4 NSs  

3.2.1 MO removal 

In this study, the photocatalytic effect of the synthesized 

ZnO/Fe2O3/Fe3O4 NSs was evaluated using the NSs as a 

photocatalyst in the decomposition of MO under UV 

illumination. Tests were conducted in a 50-mL glass 

measuring flask vacuumed to a closed structure under 

nitrogen. The concentration of the prepared MO 

solution was 5 mg/L (pH = 8.1). This solution was 

constantly mixed using a magnetic blender and 

irradiated using a 160-W mercury lamp for 100 min. 

The MO solution was maintained at 25 C by using 

cooling equipment. The MO degradation efficiency was 

calculated as follows [41]: 

Degradation (%) = [(A0 － At)/A0] × 100                (3) 

where A0 represents the initial absorbance of the 

solution and At denotes the absorbance of the solution 

after t min of illumination.  

Test 1 was performed on an MO solution that contained 

a 3 contained a ZnO/Fe2O3/Fe3O4 NS-containing film 

with a concentration of approximately 33 mg/mL  

(concentration of MO = 5 mg/L, pH of the solution = 

8.1) synthesized on a glass substrate in the dark for 100 

min. The reusability of the ZnO/Fe2O3/Fe3O4 NS-

containing film was determined through the 

photocatalytic degradation of MO for three continuous 

cycles. After each cycle, the catalyst film was washed 

with deionized water through overnight drying in an 

oven at 60 °C. Figs. 6(a)–6(c) illustrate the absorption 

spectra of the MO solution for the first, second, and third 

degradation cycles, respectively. The absorption 

intensity of the MO solution decreased with the 

illumination duration, and the maximum absorbance 

occurred at a wavelength of approximately 461 nm. The 

MO degradation rates of the film containing 

ZnO/Fe2O3/Fe3O4 NSs were 37.1%, 32.5%, and 31.7% 

during the first, second, and third degradation cycles, 

respectively. The experimental results indicated that the 

aforementioned film could reduce the MO concentration 

by 37.1% in 100 min and that the film could be reused 

for MO degradation. However, the MO degradation rate 

decreased with repeated film use. A glass substrate with 

the same size as a magnet (50 × 30 mm2) can only be 

used to synthesize an approximately 1 mg 

ZnO/Fe2O3/Fe3O4 NS-containing film. This film can 

only degrade 37.1% of 30 mL of MO solution. In Test 

1, the MO degradation rate decreased from 37.1% to 

31.7% over three degradation cycles. This result can be 

attributed to the loss of NSs during the experiment. The 

wafer may be turned over by the magnetic blender, 

which results in the NSs not being irradiated by UV 

light. Thus, the ZnO/Fe2O3/Fe3O4 NS-containing film 

was synthesized on a glass substrate in Test 1. 

Test 2 was performed on six MO solutions 

(concentration = 5 mg/L, pH = 8.1), namely one MO 

solution without ZnO/Fe2O3/Fe3O4 NS-containing 

powder  and five MO solutions containing 0.1 g/L 

ZnO/Fe2O3/Fe3O4 NS-containing powder (NSs were 

grown on a wafer and separated from it), in the dark for 

100 min. Fig. 6(d) shows the absorption spectrum of the 

MO solution containing 0.1 g/L ZnO/Fe2O3/Fe3O4 NS-

containing powder under 100-min UV illumination. The 

absorption intensity of the MO solution decreased with 

the illumination duration, and the maximum absorbance 

occurred at a wavelength of approximately 461 nm. Fig. 

6(e) displays the MO degradation of five MO solutions 

containing 0.1 g/L ZnO/Fe2O3/Fe3O4 NSs. The MO 

degradation of these solutions was 89% ± 1%. Errors 

occurred in the measurement of the quantity of 

ZnO/Fe2O3/Fe2O3 NS-containing powder, the quantity  
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Fig. 6. (a)–(c) Absorption spectra obtained in reusability tests conducted using the ZnO/Fe2O3/Fe3O4 NS-containing film grown 

on glass for degrading MO solutions, (d) absorption spectrum of the MO solution containing 0.1 g/L of ZnO/Fe2O3/Fe3O4 NS-

containing powder under 100-min UV illumination (MO concentration = 5 mg/L), (e) MO degradation of five MO solutions 

containing ZnO/Fe2O3/Fe3O4 NS-containing powder and an MO solution without this powder, (f) plot of A/Ao values versus 

radiation time for the spectrum displayed in (d), and (g) typical Langmuir–Hinshelwood plots obtained on the basis of the results 

shown in (f).  
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of MO solutions, and the UV irradiation time in Test 2; 

however, these errors were within an allowable range.  

According to our previous research, 0.1 g/L of ZnO 

powder containing dandelion-like NSs can be produced 

at a temperature 700 °C through a two-step thermal 

oxidation approach. These NSs can reduce the MO 

concentration by almost 90% (concentration = 5 mg/L, 

pH = 8.1) in 120 min. [42]. The aforementioned NSs and 

the NSs prepared in this study exhibit a similar catalytic 

performance for MO; however, the synthesis 

temperature for ZnO dandelion-like NSs is 700 °C, 

whereas the synthesis temperature of the NSs prepared 

in this study was only 200 °C. Moreover, studies have 

indicated that ZnO/Fe2O3 NSs exhibit superior 

photocatalytic characteristics to bare ZnO nanorods. 

The enhanced photocatalytic performance of 

ZnO/Fe2O3 NSs can be attributed to the synergistic 

effect of ZnO and Fe2O3 semiconductors [43] and the 

effective electron–hole separation of these NSs (as 

indicated by the PL spectra in this study). The prepared 

ZnO/Fe3O4 NSs also exhibited magnetic properties and 

suitable reusability [44]. Thus, the ZnO/Fe2O3/Fe3O4 

NSs synthesized in this study exhibited suitable 

photocatalytic performance. 

3.2.2. Kinetic aspects of the photodegradation process 

The linear imitation of dye concentration can be 

represented by a virtual first-order Langmuir–

Hinshelwood model for heterogeneous photocatalysis, 

which is expressed as follows: r =－dA/dt or ln (A/A0) 

= －kt + k' (At－A0), where k' is the specific reaction 

rate constant in mg/L min and k is the apparent first-

order rate constant [45–48]. For the quantitative 

investigation of MO degradation, the reduction in the 

MO concentration (A/A0) with irradiation time was 

determined for MO solutions containing 

ZnO/Fe2O3/Fe2O3 NS-containing powder [Fig. 6(f)]. 

Typical Langmuir–Hinshelwood plots were obtained 

from the results of 6(g) corresponding to 6(f). The 

diagram of ln (A/A0) versus irradiation time was plotted, 

and the slope of this plot was 0.021 min−1, which 

corresponds to a t1/2 value of 30.4 min (t1/2 = 0.693/k). 

The obtained rate constants confirmed that the prepared 

ZnO/Fe2O3/Fe2O3 NS-containing powder is highly 

suitable for the mineralization of MO in polluted water. 

The aforementioned results indicate that the prepared 

ZnO/Fe2O3/Fe2O3 NSs have an excellent and stable 

photocatalytic effect on the degradation of MO dye. 

4. Conclusions 

In this study, ZnO/Fe2O3/Fe3O4 NSs were successfully 

synthesized on a substrate by performing a heat 

treatment process in a vacuum-assisted magnetic field at 

200 °C for 1 h. This method enables the rapid, simple, 

and low-temperature synthesis of ZnO/Fe2O3/Fe3O4 

NSs on a substrate. The photocatalytic efficiency of the 

prepared NSs was tested by using them as a 

photocatalyst in the decomposition of MO dye under 

UV illumination. The experimental results indicated 

that a 33-mg/L ZnO/Fe2O3/Fe3O4 NS-containing film on 

a SiO substrate reduced the MO concentration by 37% 

(concentration = 5 mg/L, pH = 8.1) in 100 min, and the 

prepared ZnO/Fe2O3/Fe3O4 NS-containing film could be 

reused for MO degradation. Moreover, the experimental 

results indicated that 0.1 g/L of ZnO/Fe2O3/Fe3O4 NS-

containing powder exhibited an excellent photocatalytic 

efficiency and reduced the MO concentration 

(concentration = 5 mg/L, pH = 8.1) by almost 90% in 

100 min. Thus, ZnO/Fe2O3/Fe3O4 NSs exhibit excellent 

photocatalytic performance and have the potential to be 

used in the manufacturing of high-efficiency 

photocatalysts. 
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