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Abstract A kind of cubic ZnFe2O4 with spinel structure was synthesized by an improved solution

combustion method via a facile and environmentally friendly pathway and their photocatalytic

activity under visible light radiation was investigated. The particle synthesized under the ignition

temperature of 573 K has a pure phase. While a small amount impurities, a-Fe2O3 and ZnO, were

formed in the sample during the combustion process at higher ignition temperature of 623 K. The

synthesized ZnFe2O4 has a sponge-like porous structure and wide absorption in the visible-light

region. The impurities a-Fe2O3 and ZnO formed in the sample probably enhance the reduction and

oxidation ability and promote the separation of photo-generated electrons and holes. Comparing

with ZnFe2O4 synthesized by the conventional solid state reaction, the ZnFe2O4 derived by solution

combustion method showed the better photocatalytic activity under visible light radiation.
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1. Introduction

Since Fujishima and Honda [1] demonstrated the feasibility of

photoelectrochemical splitting water and destruction of toxic

organic compounds over a single-crystal TiO2 photoanode

under UV light irradiation, extensive attempts have been made

for more efficient use of solar energy to get clean hydrogen

and solve the environmental pollution by using many potential

photocatalysts [2–4]. TiO2 is the most commonly used semi-

conductor in photocatalysis because of its high photocatalytic
sting by Elsevier Ltd. All rights reserved.
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activity, chemical stability, low cost and environmental friendli-

ness [4,5]. However, the major drawback of TiO2 photocatalyst is

that its high efficiency occurred only under UV light irradiation

due to its wide bandgap energy (3.0–3.2 eV). On the other hand,

because most TiO2 photocatalysts reactions to degrade waste-

water were carried out in a relatively interference-free environ-

ment in the laboratory, the filtration and collecting of used TiO2

after photodegradation in wastewater also should be considered.

Therefore, as investigators pointed out, more efforts have been

made not only to search for the efficient photocatalyst but also to

meet with the realistic industrial requirements [6].

Zinc ferrite (ZnFe2O4) nanoparticles have aroused much

interest owing to their potential applications in gas sensor,

magnetic behavior, electrical characteristics and photocatalysis

[7–11]. Spinel ZnFe2O4 offers an advantage of displaying the

desirable optical absorption for the narrow bandgap of �1.9 eV

and electronic structure for photocatalytic applications [10,11].

Moreover, according to its magnetic property, the used

ZnFe2O4 powders are easy to collect, which make ZnFe2O4

become one of the most promising photocatalysts in the field of

industrial photodegradation of organic pollutants [12]. How-

ever, due to the poor separation efficiency of photo-generated

electrons and holes, the photocatalytic activity of pure ZnFe2O4

is worse than that of anatase TiO2 [13]. Consequently, many

strategies, including the surface modification [14,15], metal ion

(e.g. Ag) doping [16], nonmetal ion (e.g. S) doping [17], coupling

with other semiconductors [18–21], etc. have been adopted to

synthesize ZnFe2O4-based photocatalysts. Besides that, surface

modification and fabrication of nanosized ZnFe2O4 have been

intensively investigated in recent years by using coprecipitation,

sonochemical emulsification, sol–gel, mechanical milling, hydro-

thermal synthesis and combustion method in order to promote

the charge-transfer process and increase the surface/volume

ratio, and finally promote the photocatalytic activity of

ZnFe2O4. Li et al. [14] reported the enhanced photocatalytic

activity for degradation of 4-chlorophenol under visible light

over the highly ordered ZnFe2O4 nanotube arrays synthesized

by a sol–gel method. Several groups found that the better

activities of the various special nanostructured ZnFe2O4 parti-

cles synthesized via the different hydrothermal process were

attributed to the quantum confinement effect and high surface

area structures, as compared to bulk ZnFe2O4 samples [22].

However, in most cases, large amounts of organic salts, surfac-

tants or templates are added in the reactions in order to control

the microstructures, causing the expensive costs as well as the

production of lots of acid–alkali wastewater containing refractory

organics. On the other hand, the harsh reaction conditions for the

nucleation and growth of nanoparticles homogenously are gen-

erally difficult to achieve. Therefore, a facile and environmentally

friendly pathway for the preparation of ZnFe2O4 nanoparticles is

expected. Furthermore, although the physical mechanism of

photodegradation over ZnFe2O4 is commonly explained by the

semiconductor photocatalytic theory and relatively well under-

stood, the relationships between morphology, structure and

activity still need further studies because the properties of

photocatalysts are highly sensitive to the composition, micro-

structure, processing conditions, etc.

In this work, we reported the synthesis of a porous ZnFe2O4

by an improved solution combustion method, which has the

advantages such as simplicity, rapidness and environmentally

friendliness. The structure of the synthesized samples was

characterized and their photocatalytic activity under visible light
radiation was investigated and compared with bulk ZnFe2O4

synthesized by conventional solid state reaction.
2. Experimental

2.1. Preparation

ZnFe2O4 sample was synthesized at a relatively low temperature

by a solution combustion method using zinc nitrate and ferrite

nitrate as oxidizers and glycine as a fuel. The detailed procedure

is as follows: 1.49 g Zn(NO3)2 � 6H2O, 4.04 g Fe(NO3)3 � 9H2O,

and 7.81 g C2H5NO2 were dissolved in 65 ml deionized water. In

the first heating treatment, the mixed solution was kept at 423 K

for 30 min to evaporate the excess water. Secondly, it was heated

to a set temperature (573 K, 623 K) in 60 min to ignite the

solution combustion. During this period, the fluffy ZnFe2O4

powders were formed and referred to as ZnFe2O4-SC573K,

ZnFe2O4-SC623K hereafter. The solution combustion reaction

is a complex chemical process and can be affected by the type of

fuel, fuel/oxidizer ratio, reaction temperature, etc., therefore

these factors have been considered and tested beforehand. For

comparison, a ZnFe2O4 sample was synthesized by the conven-

tional solid-state-reaction (SSR) method and referred as to

ZnFe2O4-SSR [23].

2.2. Characterization

X-ray diffraction (XRD) was performed on a MacScience

MXPAHF diffractometer with CuKa radiation (l¼0.15418
nm). UV–visible diffuse reflectance spectra (DRS) were mea-

sured at room temperature with a Shimadzu DUV-3700 UV–

visible spectrophotometer using BaSO4 as the reference, and the

reflectance was converted into the absorbance by the Kubella–

Munk method to estimate the bandgap of the samples. The

solution combustion process was observed and recorded by the

Forward Looking Infrared thermal imaging system with a

THERMACAM P25 camera and the THERMACAM Repor-

ter 2000 software. Transmission electron microscopy (TEM)

images were taken on a HitachiH-800 TEM operating at

200 kV. Scanning electron microscopy (SEM) images were

characterized using a scanning electron microscope (JEOL

JSM-6700F) with an accelerating voltage of 20 kV.

Photocatalytic activity of the prepared ZnFe2O4 was eval-

uated by the degradation of Rhodamine B (RhB) in aqueous

solution with a concentration of 40 mmol L�1 under visible

light irradiation. A detailed account of the experimental setup

has been reported elsewhere [24,25].
3. Results and discussion

Compared with conventional solid state reaction, the solution

combustion reaction is a complex chemical process and can be

affected by the type of fuel, fuel/oxidizer ratio and especially

ignition temperature [25–27]. To achieve an optimal reaction

condition, the different ignition temperatures were attempted.

XRD patterns of the synthesized ZnFe2O4 samples are shown

in Fig. 1. All the samples are characterized by sharp and

symmetric peaks, indicating high degree of crystallization and

large particle size. The diffraction peaks at 2y values of 30.3,

35.5, 42.9, 53.2, 56.9 and 62.5 can be assigned to the reflection



Enhanced photocatalytic activity of sponge-like ZnFe2O4 synthesized by solution combustion method 641
of (220), (311), (400), (511) and (440) planes of the cubic

ZnFe2O4 with spinel structure (JCPDS Card no. 79-1150)

[28,29]. It can be seen that the ZnFe2O4 synthesized by SSR

method and SC method with a low ignition temperature of

573 K have a pure phase of spinel structure. While a

small amount of impurities, a-Fe2O3 and ZnO, are detected

in ZnFe2O4 synthesized by the SC method at the ignition

temperature of 623 K. The contents of a-Fe2O3 and ZnO were

estimated as 4.8 at% and 2.2 at% respectively using the semi-

quantitative analysis from XPS results (not shown). The

infrared thermal images of the solution during the combustion

reaction are shown in Fig. 2. The higher ignition temperature

results in a more uneven temperature distribution within the

solution. For the solution with a temperature of 623 K, the

large temperature difference may cause an uneven distribution

of components in the reaction container. As a result, some

impurities were formed during the combustion process.

The optical properties of the ZnFe2O4 samples were

investigated by UV–visible absorption spectroscopy. As

shown in Fig. 3, ZnFe2O4-SSR mainly absorbs the light with

wavelength below 740 nm, while ZnFe2O4-SC573K exhibits a

slight red-shift of spectral response up to approximately

755 nm. The absorption of ZnFe2O4 in the visible region can

be attributed to the photoexcited electron transition from O 2p
Fig. 1 XRD patterns of (a) ZnFe2O4 synthesized at the ignition

temperature 623 K and (b) 573 K by a solution combustion

method, and (c) ZnFe2O4 synthesized by the conventional solid

state reaction.

Fig. 2 FLIR images of the solution combustion reaction at (a) the

ignition stage with the furnace temperature of 573 K and (c) 623 K.
level into Fe 3d level since the energy band structures of

ZnFe2O4 are generally defined by considering the O 2p orbital

as the valence band and the Fe 3d orbital as the conduction

band [28]. A sudden enhancement of absorption in the region

from 620 to 730 nm is observed in ZnFe2O4-SC623K sample,

which may be caused by a small amount of isolated a-Fe2O3

and ZnO present in the samples [29]. This further reflects the

impurity detected in XRD results.

The morphological characteristics of ZnFe2O4 synthesized by

the SC method were characterized by SEM and shown in Fig. 4.

SEM photographs show that ZnFe2O4-SC573K is anomalous

sponge-like shape with the pore size about 0.1–4 mm. It can be

attributed to the sustained release of gas during the combustion

process that promotes formation of the porous structure and

rough surface, which is a remarkable characteristic of samples

synthesized by the SC method [26,30]. The N2 adsorption–

desorption isotherm of the ZnFe2O4 (not shown) also shows the

mesoporous structure with good homogeneity and fairly small

pore sizes of synthesized ZnFe2O4.

The photocatalytic activities of the ZnFe2O4 samples were

investigated and the results were illustrated in Fig. 5. A blank

experiment was carried out first and almost no degradation of

RhB was observed, indicating that ZnFe2O4 photocatalysts

are active for RhB photocatalytic degradation under visible

light irradiation. The degradation rate reached 74.7% over

ZnFe2O4-SSR, while it was enhanced to 90.1% when

ZnFe2O4-SC573K was used. In this study, the solutions before
heating stage with the furnace temperature of 423 K, and (b) the

Fig. 3 UV–visible diffuse reflectance spectra of ZnFe2O4-SSR,

ZnFe2O4-SC573K and ZnFe2O4-SC623K.



Fig. 4 SEM images of ZnFe2O4-SC573K, (b) is obtained from the inset square in (a).

Fig. 5 Photocatalytic degradation of RhB as the normalized

concentration change vs. irradiation time using series samples

under visible light irradiation.
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and after the photocatalytic reaction over ZnFe2O4 were also

analyzed using the ion chromatography in order to determine

that the bleaching of RhB is actually due to the photocatalytic

mineralization. The concentration of NO3
� anion, one of

the main mineralization products of RhB degradation, was

detected to be 70.4 mmol/L (88.0%) and 76.0 mmol/L (95.0%)

over ZnFe2O4-SC573K and ZnFe2O4-SC623K respectively

after the reaction, which is in good agreement with the result

in Fig. 5. Generally, the photocatalytic efficiency of a photo-

catalyst depends on the adsorption ability [31,32], quantum

efficiency of the photo-generation of the electron–hole pair, and

the diffusion and separation ability of the electron–hole pairs

[33], etc. The wide spectral responsibility of ZnFe2O4 promotes

the formation of electron–hole pairs significantly. Besides that,

the rough surface and sponge-like morphology may tend to grab

the RhB molecules and thus enhance the efficient surface area.

Moreover, the special porous structure may decrease the

recombination probability of photo-generated electron–hole

pairs. The same explanation can be made for the enhanced

activity of ZnFe2O4 synthesized by solution combustion com-

pared with that synthesized by the conventional solid state

method. It is noted that ZnFe2O4-SC623K containing impure

phase shows the better activity (95.3%) than ZnFe2O4-SC573K,

which exhibits pure cubic phase with spinel structure. According

to the investigations of coupled photocatalysts such as ZnFe2O4/

TiO2, ZnO/TiO2 and zinc–iron mixed oxides in literatures [18,34],

it is safely deduced that the coupling between ZnFe2O4, Fe2O3
and ZnO is responsible for the enhanced activity of ZnFe2O4-

SC623K. ZnFe2O4 with narrow band-gap could be easily excited

by visible light and induce the generation of electrons from the

valence band to the conduction band with simultaneously leaving

the holes in the valence band. The photo-generated electrons and

holes can recombine or migrate toward the photocatalyst surface

where they can react with electron donor or acceptor species

adsorbed on the surface of the photocatalyst. Furthermore, due

to that the reformed conduction band edge potential of ZnFe2O4

is more active than that of Fe2O3, the photo-generated electrons

on the surface of ZnFe2O4 would easily transfer to the surface of

Fe2O3. With the consumption of electrons on the surface of

Fe2O3 in the photocatalytic process, Fe2O3 should allow for

further transport of photo-generated electrons from ZnFe2O4.

Hence, the photo-generated electrons and holes could be more

effectively separated. On the other hand, the energy level at the

bottom of the conduction band and the energy level at the top of

the valence band determine the reduction ability of electrons and

the oxidation ability of holes respectively [4,35]. Therefore, the

impurity levels introduced by Fe2O3 and ZnO probably enhance

the reduction and oxidation ability of ZnFe2O4-SC623K samples.
4. Conclusions

Through an improved solution combustion method, a kind of

pure cubic ZnFe2O4 with spinel structure was synthesized

under the ignition temperature of 573 K. The synthesized

ZnFe2O4 has a sponge-like porous structure and wide absorp-

tion in the visible-light region. At higher ignition temperature

of 623 K, a small amount of a-Fe2O3 and ZnO were formed in

the sample during the combustion process, which probably

enhance the reduction and oxidation ability and promote the

separation of photo-generated electrons. Comparing ZnFe2O4

synthesized by the conventional solid state reaction, the

ZnFe2O4 synthesized by the solution combustion method

showed higher photocatalytic activity for the degradation of

RhB under visible light irradiation.
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