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Abstract: Zinc ferrite (ZnFe,0,) photocatalysts with different morphologies (sizes
and shapes) were synthesized to explore the effect of morphology on their
photocatalytic efficiency. The results obtained using field emission scanning
electron microscopy (FESEM) revealed that the obtained samples had the
needle-, cube-, granule- and plate-like morphology, labeled as NZFO, CZFO,
GZFO and PZFO, respectively. X-ray diffraction (XRD) patterns showed that all
the samples had the spinel structure of ZnFe,O, without any other impurities. The
calculated average crystallite size followed the order NZFO<GZFO<CZFO<
<PZFO. The surface area was inversely proportional to the average crystallite
size and followed the order NZFO>GZFO>CZFO>PZFO. The photocatalytic
efficiency for the degradation of methyl orange also followed the order NZFO>
>GZFO>CZFO>PZFO. The morphology-dependent photocatalytic efficiency of
ZnFe,O, was closely related with its crystallite size and surface area. The smaller
the crystallite size was, the larger the surface area was, and the higher the photo-
catalytic efficiency was.
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INTRODUCTION

The rapid development of industrialization made various pollutants dis-
charged into water environments, which has become a serious problem world-
wide. Organic dyes have been widely used in the industries of textile, paper,
cosmetic and leather. Since they might bring potential risks to the ecological
environments and human health even at low concentration, more and more attent-
ion has been paid to the unconfined and untreated discharge of organic dyes into
waters.' For this reason, the removal of organic dyes from effluents is emerging
as an important and severe task that must be dealt with cautiously. Many methods
have been developed to approach this objective, including adsorption, coagulat-
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ion, chemical precipitation, membrane filtration, biological degradation and adv-
anced oxidation processes (AOPs).>™* As a sort of AOPs, the photocatalytic tech-
nology has been regarded as a superior method for the mineralization of organic
pollutants, attributed to its high efficiency, low cost and no secondary pollutants.’
Since Fujishima and Honda discovered the photolysis of H,O at titanium dioxide
(TiO,) electrode in 1972, the research and application of photocatalytic techno-
logy made a boom all over the world. In a typical photocatalytic process, photons
with energy contents higher than the band gap of semiconductor are absorbed and
the electrons from its valence band (VB) are transferred to the conduction band
(CB) leaving holes in the VB. The photogenerated electrons and holes can react
with O, and H,O (or OH") to produce superoxide radicals (O, *) and hydroxyl
radicals ("OH), respectively, which can nonselectively degrade the organic mole-
cules into H,O, CO, and other inorganic oxides (depending on parent organic
molecule).6 To date, many semiconductor materials, besides TiO,, have been
applied as effective photocatalysts for the degradation of organic pollutants under
UV or visible light irradiation, such as g—C3N4,7 Zn0,* BivVO,,’ BiOCL'® cds"
and so on. In addition, the spinel ferrites have been widely used as the photo-
catalysts because of their suitable band gaps and easy magnetic separation after
completion of reactions.'*"

Zinc ferrite (ZnFe,O4) has been regarded as an emerging semiconductor
photocatalyst for the degradation of various organic compounds and dyes in the
past decade, due to its appropriate band gap (~1.9 eV), photochemical stability
and low cost."*"> However, during the photocatalytic reactions, the photogener-
ated electron—hole pairs in ZnFe,O4 can be easily recombined, consequently
reducing its photocatalytic efficiency.'® Improving the photocatalytic efficiency
of a semiconductor usually implies the enhanced capability of light harvesting
and the efficient separation of photogenerated electron—hole pairs.'” For these
two purposes, many attempts have been made to decorate ZnFe,O, photocatalyst
such as making hybridized combination with TiO,," ZnO," g-C;N,* and gra-
phene.”’ Otherwise, the morphology of a material including size and shape also
has an important effect on its properties and applications.” It has been reported
that ZnFe,O, with various morphologies could be synthesized by many methods
such as mechanochemical method, co-precipitation method, polymer pyrolysis
method, sol-gel auto-combustion method, template method, electrospinning
method, hydrothermal method and spray drying method.”** Different morpho-
logies can endow ZnFe,O, with different particle dimensions and surface areas,
which could have significant influence on its photocatalytic efficiency. The par-
ticle dimension can be a key factor that affects the recombination pathway of
photogenerated electron—hole pairs and thereby determines its utilization effici-
ency on photons.” Furthermore, the surface area of a photocatalyst is closely rel-
ated with its adsorption ability, that plays a critical role in the photocatalytic pro-
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cess. Thus, it is of great importance to explore the effect of morphology on
photocatalytic efficiency of ZnFe,O,. However, to date, the scientific reports on
this research are scarcely published.

Herein we report the effect of morphology on the photocatalytic efficiency of
ZnFe,04. The ZnFe,O4 photocatalyst with needle-, cube-, granule- and plate-like
morphology was synthesized by hydrothermal method, egg-white complexing sol—
—gel method, oxalate co-precipitation method and self-propagating sol—gel method,
respectively. Degradation of an azo dye, methyl orange (MO, 10 mg L"), was
employed to evaluate the photocatalytic efficiency of ZnFe,O, with different mor-
phologies.

EXPERIMENTAL
Synthesis of ZnFe,0, with different morphologies

All the chemical reagents used in this study were of analytical grade without further
purification. In the hydrothermal procedure, 1.72 g of ZnCl,-2H,0 and 5.41 g of FeCl;-6H,0O
were dissolved into 50 mL deionized water under magnetic stirring. Then, the pH value of
mixed solution was adjusted to 12 by NaOH. The resulting suspension solution was trans-
ferred to a 100 mL teflon-lined stainless steel autoclave and kept at 100 °C for 24 h. After
filtering and washing with deionized water and absolute ethyl alcohol, ZnFe,O4 powder was
obtained and labelled as NZFO. In the egg-white complexing sol-gel procedure, the egg-white
was employed as the complexation agent. 15 mL deionized water and 30 mL fresh egg-white
were completely mixed under magnetic stirring for 30 min and then slowly added into the
mixed solution of Zn(NO;), 6H,0 (2.97 g) and Fe(NO;);-9H,0 (8.08 g). The yellow—brown
emulsion was obtained after magnetic stirring of the gel product for 2 h and evaporated in a
water-bath pot at 90 °C. Finally, the resulting red-brown powder was sintered at 800 °C for 3
h and the obtained ZnFe,04 was marked as CZFO. In the oxalate co-precipitation procedure,
2.97 g of Zn(NOs),-6H,0, 8.08 g of Fe(NO;);-9H,0 and 6.3 g H,C,0,4-2H,0 were fully mixed
and ground in an agate mortar until the yellow paste product was obtained. After filtering and
washing with absolute ethyl alcohol, the yellow precipitate was sintered at 900 °C for 2 h to
gain ZnFe,0,, tagged as GZFO. In the self-propagating sol-gel procedure, immediately after
dissolution of 2.97 g of Zn(NO;), 6H,O and 8.08 g of Fe(NOs);-9H,0 in deionized water,
citric acid was added under magnetic stirring in a stoichiometric ratio of 1.2-1.4. Then, the
mixed solution was heated to 50 °C, adjusted to pH 7 by NH;-H,O. The resulting colloid
product was dried at 90 °C in an oven until the shaggy dry gel was obtained. After grinding
and washing, the dry gel was sintered at 800 °C for 3 h to obtain ZnFe,0O,, marked as PZFO.

Characterization methods

The crystalline phase of ZnFe,O, was detected by X-ray diffraction (XRD) using a
PANalytical X’Pert X-ray diffractometer with CuK,, radiation (4 = 0.15418 nm) over 26 range
of 20-70°. The morphology of ZnFe,O, was observed by field emission scanning electron
microscopy (FESEM), operating on FEI Sirion 200 scanning electron microscope at the
working voltage of 20 kV. The elemental composition of ZnFe,O, was analyzed by energy
dispersive X-ray spectroscopy (EDS). Their surface areas were determined by a Sibata SA-
-1100 surface area analyzer, based on nitrogen adsorption—desorption data at liquid nitrogen
temperature. UV—Vis diffuse reflection spectra (UV—Vis DRS) were recorded to analyze the
optical property of the obtained samples using an USB4000 UV—Vis spectrometer (Ocean
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Optics) with an integral sphere. The reference sample (a standard template) was provided by
South Africa Optics. According to the XRD results, Scherrer’s equation (D = KA/fcos0), with
the constant of 0.9, was used to calculate the average crystallite size of ZnFe,O, from the full
width at half maximum of (311) diffraction peak in XRD pattern.

Photocatalytic evaluation

The photocatalytic performance of ZnFe,0, was evaluated using 10 mg L”' MO as the
target pollutant under UV-light irradiation. All the adsorption and photocatalytic experiments
were performed at room temperature. A 15W ZSZ15-40 UV lamp with UV-light wavelength
of 365 nm was located at 15 cm above the beaker reactor. 0.1 g of ZnFe,O, photocatalyst was
weighed and placed into 100 mL MO solution with the concentration of 10 mg L. Before
irradiation by UV light, the suspension was stirred in the dark for 30 min to reach the ads-
orption—desorption equilibrium. Then, the UV light was turned on and photocatalytic reaction
started under continuous stirring. At regular time interval of the reaction, a certain volume of
the suspension solution was taken out and filtered by a quantitative filter paper to obtain the
supernatant. The UV—Vis absorption spectra of the supernatant were recorded by an USB4000
UV-Vis spectrometer (Ocean Optics) in cells with 1 cm optical path length at room tempe-
rature.

RESULTS AND DISCUSSION
Characterization of ZnFe,O, with different morphologies
The morphologies of ZnFe,O,4 synthesized from different methods are illus-
trated in Fig. 1, where it can be seen that NZFO, CZFO, GZFO and PZFO dis-
play the needle-, cube-, granule- and plate-like shape, respectively. The particle
dimension of these samples is different as well. The needle-like NZFO is about
400-500 nm in length and 30—40 nm in diameter; cube-like CZFO has inhomo-

geneous particle dimensions ranging from 100 to 700 nm in the length of the
edge; granule-like GZFO has the diameters of approximately 200-300 nm; plate-
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-like PZFO presents the plate-stacking structures with the dimensions larger than
2 um. The particle sizes obtained using FESEM are listed in Table I. The EDS
pattern (Fig. 2) indicates that the elemental compositions of GZFO are Zn, Fe
and O, without any other elemental impurities. The quantitative analysis revealed
that the mole ratio of Zn, Fe and O was 1:1.5:4.18, which is close to the stoichio-
metric value of ZnFe,0O,4 and consistent with the previous study.26 Likewise, there
are no elemental impurities in NZFO sample, as shown in its EDS pattern (Fig.
S-1 of the Supplementary material to this paper).

TABLE 1. Particle sizes obtained using FESEM, average crystallite sizes calculated from
XRD and specific surface area of NZFO, CZFO, GZFO and PZFO

Sample Particle size measured using Average crystallite sizes Specific syrfallce
FESEM, nm calculated from XRD,nm area, m” g
NZFO 400-500 in length, 3040 in diameter 41 26.27
CZFO 100-700 125 5.38
GZFO 200-300 96 9.04
PZFO >2000 163 3.92
763

Element Wt% At%

OK 1251 62.39
611 Fe

Fe K 44.69 2258

458 - ZnK 2355 14.92

Zn

Intensity, cps

305 A

152 CO Fe
mew y
0
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Energy, keV

Fig. 2. EDS pattern of GZFO sample.

Fig. 3 displays the XRD patterns of ZnFe,O, with different morphologies. It
can be seen that all the samples have spinel structure with the characteristic dif-
fraction peaks at 260 29.8, 35.3, 36.9, 43.0, 53.1, 56.6 and 62.1°, corresponding to
(220), (311), (222), (400), (422), (511) and (440) crystal planes, respectively
(JCPDS 22-1012).%° No diffraction peaks of other phases can be found, indicating
the presence of a single phase of ZnFe,O, for all the samples. Based on the
Scherrer’s Equation, the average crystallite size of these samples was calculated
and the results are listed in Table I. These data clearly indicate that the average
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crystallite size of these samples follows the order NZFO<GZFO<CZFO<PZFO.
The calculated values are in the range of 41-163 nm, which is much greater than
those reported in other publications.***’

28 & o2 §
8 —-lQ 8 an I
8 I by
JL_J 54 PZFO A_JL_JL
& L GZFO
gl | omo, |
z
JL_JL ezo |
K y NZFO A
JCPDS 22-1012
| 1 1 ‘ 1 | ‘ 1 ’
20 30 40 30 60 70 Fig. 3. XRD patterns of NZFO, CZFO,

GZFO and PZFO.

The possible reason suggested for this phenomenon might be that no surf-
actants were added in the four synthesis routes in this study. It has been generally
accepted that the formation of nanoparticles goes through two stages, i.e., the
generation of a large crystal nucleus and the growth of the nucleus. When a surf-
actant was introduced into the synthesis route, it might be adsorbed on the crystal
nucleus surface, consequently restraining the nucleus growth and stabilizing the
nanoparticles.”® In this study, no surfactants were used, so the average crystallite
size was greater than that of the samples synthesized in the presence of a surf-
actant. Furthermore, the observed size of ZnFe,O, particles in FESEM images
was much larger than that calculated from XRD results. This might be attributed
to the fact that the calculated size was the average value of a single crystallite and
the observed particle was the agglomerate of many ZnFe,O, crystallites, and
amorphous parts as well.”’ As expected, the surface areas of these samples were
inversely proportional to their average particle sizes and, as listed in Table I, they
follow the order NZFO>GZFO>CZFO>PZFO. UV—Vis DRS spectra (Fig. S-2 of
the Supplementary material) indicate that NZFO, CZFO, GZFO and PZFO have
similar optical absorption thresholds, suggesting no obvious difference in their
optical structures. Based on UV—Vis DRS, the band gap (E,) of these obtained
samples can be determined by the extrapolation of the linear portion of
(F(R)-hW)™ curve versus photon energy hvto [F(R)-h1]*° = 0.° As shown in Fig.
S-3 of the Supplementary material, the E, values of NZFO, CZFO, GZFO and
PZFO are 1.81, 1.84, 1.83 and 1.84 eV, respectively. This also indicates they
have similar band gaps.
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Photocatalytic performance of ZnFe,O, with different morphologies

Under UV light irradiation, as can be seen in Fig. 4 and S-4, MO can be
effectively decomposed with all applied samples. UV—Vis absorption spectra of
MO during photodegradation over NZFO are presented in Fig. 4 and it shows
that the UV—Vis absorption peak of MO solution around 480 nm gradually
weakens and disappears after 180 min reaction time, suggesting that almost all
the MO molecules were mineralized into carbon dioxide, water and small-mole-
cular-weight substances.

12+
1.0F 0 min
30 min

5 08r 60 min
< 90 min
& 06F 120 min
£ 150 min
£ 04 180 min

02

0.0

' . . : ' Fig. 4. UV-Vis absorption spectra of
350400 450 500 550 600 650 N solution after different reaction
Wavelength, nm periods over NZFO.

The kinetic curves presented in Fig. 5a clearly indicates that the photocatalytic
efficiency of ZnFe,O, for MO degradation follows the order NZFO>GZFO>
>CZFO>PZFO. In regard to NZFO, nearly 87 % MO could be removed after 180
min reaction, exhibiting the highest photocatalytic activity. However, only 53 %
MO could be removed when PZFO was used as the photocatalyst. It has been
demonstrated that the photocatalytic efficiency of ZnFe,O, photocatalysts rised
with the increase in their specific surface area, resulting from its decreased particle
size."” Furthermore, it should be noted that, at the adsorption-desorption equilib-
rium, the saturated adsorption capacity of MO onto different samples also follows
the order NZFO>GZFO>CZFO>PZFO. This strongly implied that the morpho-
logy-dependent photocatalytic efficiency of ZnFe,O, was closely related to its spe-
cific surface area. ZnFe,O, with different morphologies had different particle sizes
and specific surface areas. The smaller the particle size was, the larger the specific
surface area was, and the higher the photocatalytic efficiency was. The specific sur-
face area played an important role in the photocatalytic process for the degradation
of organic dyes. Higher specific surface area could result in higher adsorption of a
dye molecule onto the surface of photocatalyst and consequently improve the
photocatalytic efficiency.’’
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Fig. 5. a) Kinetic curves and b) pseudo-first-order kinetic analysis on the photocatalytic
degradation of MO over ZnFe,O,4 with different morphologies.

Fig. 5b indicates that the photocatalytic degradation of MO over different
samples follows the pseudo-first-order kinetic model: In (C/Cy) = kt, where Cj is
the initial MO concentration, C is the residual MO concentration at time ¢, and
the slope £ is the reaction rate constant. Their apparent reaction rate constants
were obtained from the slope of fitted line and are shown in Fig. 6, where it can
be seen that the reaction rate constants of MO degradation over NZFO and
GZFO are larger than those over CZFO and PZFO. This might also be attributed
to their larger specific surface areas, which would make more MO molecules
adsorbed onto photocatalyst surface and enhance its photocatalytic efficiency.
Moreover, the stability of a photocatalyst is another important parameter that can
influence its photocatalytic activity. The recyclability of ZnFe,O, with different
morphologies was evaluated as well. Fig. 7 indicates that, even after 4 cycles,
ZnFe,O4 samples with different morphologies still maintain almost unchanged

8
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= [ 62
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S I
i
5 L
2 4 3.49
S
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E 3 _ 2.56
g 2
g L
g 1r
0 / Fig. 6. Reaction rate constants of MO
hr2ss 458 ALY PZFO photocatalytic degradation over dif-
Samples ferent ZnFe,O, samples.
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adsorption capacity and photocatalytic activity, showing high photocatalytic sta-
bility.

100
/7] photocatalysis [ZZZZ] adsorption

80—77 ] v

60%7 7 Z _
.7 éé

7
3rd

7 77

N

MO removal , %

NNRZRONRNNINY

Ist 2nd 4th Fig. 7. Cycle tests for different samples
Cycles to remove MO.
CONCLUSION

ZnFe,04 with needle-, cube-, granule- and plate-like morphology were syn-
thesized in this work. The average particle sizes of these samples followed the
order NZFO<GZFO<CZFO<PZFO. Their specific surface arecas were inversely
proportional to the average particle sizes and followed the order NZFO>GZFO>
>CZFO>PZFO. The photocatalytic efficiency of ZnFe,O, for MO degradation
also followed the order NZFO>GZFO>CZFO>PZFO, as well as their saturated
adsorption capacity of MO. Hence, the morphology-dependent photocatalytic

efficiency of ZnFe,O4 was closely related with its particle sizes and specific sur-
face areas.

SUPPLEMENTARY MATERIAL

Additional experimental data are available electronically at the pages of the journal
website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOJ
SOTOKATAJIMTUYKA E@UKACHOCT HMHK-®EPUTA PA3JTMYUTE MOPOOJIOTHIE
Y ITPOLECY PA3TPAIILE METH/I-OPAHXA

HUAN-YAN XU, BO LI u PING LI

School of Materials Science and Engineering, Harbin University of Science and Technology, Harbin 150040,
P.R. China

CuHTeTHCaHu cy UUHK-depuTHH (ZnFe:04) poTOKaTanru3aTopu pasnuuure mopdonoryje
Ia b1 ce UcruTao yTunaj Mopdororyje Ha BUXOBY (DOTOKATATUTUYKY edHUKacHOCT. PesynraTu
nodujeHH ckeHUpajyhom eNeKTpOHCKOM MHMKPOCKONMjOM Cy TOKa3aad Jja CHUHTETHCAHU
ysopuu NZFO, CZFO, GZFO u PZFO cappxe HIIuyacTe, KOLKacTe, CPepUYHE U MI04acTe
yecTulle, pefoM. Pennrencka fudpakiyioHa aHaausa je nokasana ia CBU Y30pLU cafpiKe YHCT
ZnFe;04 clMHEeNHE CTPYKType, 0e3 mpumeca. BellMmunHa KPUCTIMTA CHHTETHUCAHUX y30pakKa
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ce nmosehaBa y Hu3y NZFO<GZFO<CZFO<PZFO. CrneunduryHa NOBpIIHHA je 0OpHYTO MpO-
MOPLUOHAIIHA BEIWYUHU KpUcTanuTa U omajga y Huzy NZFO>GZFO>CZFO>PZFO, xao u
(oroxaranuTHyka e(UKACHOCT y ITPOLieCy pasrpalbe MeTHI-OpaHskKa. 3aK/bydeHo je na ¢oro-
KaTaJIMTUYKa e(UKaCHOCT UMHK-(epuTa pasnuyuTe Mop@onoryje 3aBUCH Off BEIMYMHE KPUC-
TalWTa U crend@HUYHe MOBPIIMHE: WITO Cy KPUCTAIWTH MamH, crenudHyHa MOBPIIMHA je
Beha, a TuMe U poTOKaTATUTUYKA e(PUKACHOCT.
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