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Abstract

Natural hematite ore is used as a novel material for visible photocatalyst. The hematite was composited with needle-shaped
Zn0O via a hydrothermal approach. This hematite-based system exhibits excellent photodegradation for rhodamine (RhB)
within 30 min when the hematite is hybridized with wurtzite -structured ZnO under visible light irradiation. The formation of
a hybrid hetero-junction was shown by transmission electron microscope. The photocatalytic activity of the hetero-junction
was evaluated by the photodegradation of RhB dye. The high photocatalytic activity observed under visible light is discussed
on basis of the coupling of the hybrid hetero-junction band structure. Copyright © 2017 VBRI Press.
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Introduction

In recent years, nanocomposite semiconductors have been
largely investigated because of their important
applications in environment and energy fields [1-3]. Their
multifunctional properties can be expressed in terms of
their size, composite, and structural orders. However, the
high-cost of synthesized materials in  current
photocatalysts and greater recognition of the need for
environmental protection have driven efforts to find
ecologically friendly, natural minerals for use in low-cost
photocatalyst. a-Fe;O3 (hematite) is a semiconductor with
a band gap of 1.9-2.2 eV. It possesses of a wide
absorption in the solar light spectra [4, 5]. The natural
hematite is an abundant and inexpensive mineral, of
which the current market price is about 80 dollars per ton
and its current world reservation is more than 370 billion
tons. It has recently been studied as a promising oxygen
carrier and electrolyte material for water splitting and fuel
cells [6-8]. Some wide band gap metal oxide
semiconductors, e.g. TiO2, ZnO and WOj3 have attracted
increasing attention due to its steady photocatalytic
properties, non-toxic, highly photoactive and  good
ultraviolet (UV) light absorption [9, 10]. But its band gap
is wide (such as ZnO was 3.37 eV) with a absorption peak
lower than 400 nm, it can only absorb a small fraction of
the whole solar spectra [11, 12]. Thus, a critical challenge
is faced due to low efficiency and high manufacture cost.
The new trend is to develop narrow band gap
semiconductors in two strategies. One is to employ doped
or hybridized technologies to widen the absorbing spectra
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[13]; The other is to develop various new narrow bandgap
materials [14, 15].

Recently iron oxides exhibit high photocatalytic
performances as a promising candidate for development
of visible light photocatalyst due to its adequate
absorption of visible light up to 560 nm [8, 16], very
positive valence band energy, and good stability. To
develop next-generation visible light photocatalyst, we
focus on economically viable iron ore materials. Hereby
we develop a radically new and simple natural ore
composited with ZnO nanomaterials that exhibits both
high photodegradation of organic molecules and good
recycling properties. The natural hematite-ZnO
composites were fabricated and investigated as visible
light photocatalysts.

Experimental
Material

Materials: All the reagents were analytical grade, and the
raw hematite powder was originated from Laiwu (LW)
zone of Shandong province of China.

Synthesis of ZnO and LW-ZnO composite

ZnO nanomaterials: 15 mL of sodium hydroxide
(4.0 mol-L?) was added drop-wise into 20 mL of zinc
acetate dehydrate (Zn(CHsCOO),-2H20) (1 mol-Lt) with
vigorous stirring, until drops out and keeping stirring for
15 min to obtain the homogeneous solution. This solution
was placed into a three-necked flask, while it was heating
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and refluxed at 105 °C for 3 h. After the solution cooled
to room temperature, the wet product was filtrated and
dried in a vacuum oven at 70 °C for about 10 h. More
details could be referred to the earlier report [4].

Natural hematite with ZnO composite: different weight
ratio of as-obtained ZnO nanopowders and raw hematite
ore (5%, 10%, 15%, and 20%) were put into a
50 ml breaker then mixed 4 ml double-distilled water,
ultrasonicated for about 20 min. Sequentially, transfer the
mixed liquor to a Teflon reactor at 120 °C for 12 h. The
as-precipitation was washed and then heated in an oven at
70 °C for 5 h, for use. The samples are labeled
respectively as 5% ZnO-LW, 10% ZnO-LW, 15% ZnO-
LW, and 20% ZnO-LW.

Characterization of samples

The phase structure was analyzed using a D8-FOCUS
X-ray diffractometer. Transmission electron microscope
(TEM) images were obtained by a CMI12/STEM
transmission electron microscopy with an accelerating
voltage of 120 V. The Brunauer-Emmett-Teller (BET)
surface area of the samples were measured at liquid
nitrogen temperature (77.4 K) using a nitrogen adsorption
apparatus (ASAP-2020, Micromeritic, USA). Ultraviolet-
visible (UV-vis) spectra of solid powders were performed
on a Lambda 35, double beam UV-vis absorption
spectrometer equipped with a deuterium lamp and a
tungsten-halogen lamp. Room temperature
photoluminescence (PL) of the samples were recorded on
a FP-6500 fluorescence spectrophotometer with a xenon
arc lamp as the excitation source. The evaluation of the
photocatalytic properties was refereed to our earlier
method [7]. The simulated solar light irradiation was
provided by a 300 W simulated solar light and a 420 nm
light filter was put on the beaker to cut off the UV light
below 420 nm. The absorption value of rhodamine (RhB)
was taken at the peak absorption upon 554 nm. The
magnetic properties of the composites were characterized
via a vibrating sample magnetometer (VSM, Model 155
EG&G Princeton Applied Research) with a maximum
applied field of £ 1 Tesla.

Results and discussion
Phase structure and morphology

Fig. 1 depicts the X-ray diffraction (XRD) patterns of
LW hematite ore, ZnO, and LW hematite—ZnO
composite materials and the morphology of 15% ZnO—
LW. The main phase structures of raw LW ore are
hematite (Fe.Os), quartz (SiO;) and calcite (CaCO3).
There are characteristic peaks of pure ZnO, which are
identified as the standard hexagonal ZnO (JCPDS
card No. 361451) [17]. The XRD results of the
composites show only hematite and ZnO structures,
and there are no other new phases occur. The 15%
ZnO-LW composite morphology shows large contacts
and interfaces between the mineral hematite and ZnO;
these contacts and interfaces substantially affect the
electron transport properties.
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Fig. 1. (a) X-ray diffraction patterns of the raw LW ore, ZnO, and the
hematite-ZnO composites. (b) TEM image of 15 % ZnO-LW sample.

Optical and BET analysis

The UV-vis absorption in the wavelength range of
250-850 nm of the prepared samples were investigated
and the he band gap (Eg eV) is determined by the
equation of ahv =K (hv—E,)" referring to Table 1, where

a, h, v, Eg, and K are absorption coefficient, Plank
constant, light frequency, band gap, and a constant,
respectively [18].

Table 1. Calculated bandgap of samples ZnO, LW and different mass
ratio ZnO composite with LW hematite.

Sample LW 10%2Zn0O- 15%2Zn0O- 20%2Zn ZnO
LW LW O-LW

(E) 224 274 2.99 303 321
(eVv)

The band gap of ZnO is about 3.21 eV, 10% ZnO-LW
is 2.74 eV, 15% ZnO is 2.99 eV and 20% ZnO is 3.03 eV,
while the LW hematite is about 2.24 eV, which is
consistent with the fabricated hematite [19]. Compared
with ZnO, the Eg value of ZnO-LW composite decreases
with the higher content of LW, which is consistent with
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the bandgap values of Fe,03/ZnO composites [20].
Besides, the E4 value of ZnO-LW composite is slightly
increase with the amount of ZnO ratio, which is attribute
to the UV absorption of ZnO itself. All these changes play
great effect on their photocatalytic activity.
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Fig. 2. (a) PL spectra and (b) N, adsorption—desorption isotherms of
LW, ZnO, and various mass ratios of ZnO—-LW composites.

Fig. 2a shows the room temperature PL emission
spectra of pure ZnO, hematite, and the samples with
different mass ratio ZnO composite to hematite. There are
two-type significant emissions: violet emission centered
at 428 nm and visible emissions at 460-598 nm, which
are attributed to the structural defects, such as oxygen
vacancies and hetero-junction structure of the catalysts
[21]. The PL intensity of the visible emission band of the
pure ZnO sample is weaker than those composite
samples. the N, adsorption—desorption isotherms of the
samples ZnO, LW and various ZnO-LW were conducted
at room temperature. The results are shown in Fig. 2b.
It can be seen that the adsorption—desorption isotherms
may be classified as type IV isotherm which shows a H»
hysteresis loop of the mesoporous materials [22, 23]. This
indicates the samples as typical mesoporous structure
materials according to the conventional classification. The
mesopores allow light to scatter inside their pore channel,
thus enhance the harvesting of the light [24]. The N
adsorption capacity of ZnO was higher than other
samples, and when ZnO composite with LW, the
adsorption capacity was changing. After the composite,
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the adsorption capacity of LW increase at first, but when
ZnO mass ratio up to 20%, the surface area of the sample

decrease.
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Fig. 3. Photocatalytic activity of RhB solution as a function of
irradiation time in the presence of different samples under the solar
irradiation (a) without and (b) with a 420 nm visible light filter.

Photocatalytic activity

The photocatalytic performance of the as-prepared
samples was evaluated by monitoring the degradation
behavior of RhB, as shown in Fig. 3. No dye degradation
in solution of RhB can be observed in the absence of the
photocatalyst, and at the same conditions from a blank
experiment. But in a continual fading of the coloration in
RhB solution with reaction time in presence of the
samples was observed, implying a steady and continuous
degradation of the organic dye. We can see also that the
sample ZnO-LW and LW hematite have no adsorption
with the RhB molecules. And also there was very low
photodegradation of RhB solution in the presence of
hematite and 5% ZnO-LW under solar light irradiation in
Fig. 3a. By increasing the content of ZnO nanorods up to
15%, the photodegradation rate rapidly increases.
However, further increasing the ZnO content, the
photodegradation rate tends to slightly decrease. While
after using a 420 nm visible light filter, as shown in
Fig. 3b, there was also very low photodegradation of RhB
solution both in the presence of LW and 5% ZnO-LW.
But for the 15% ZnO-LW sample, the photodegradation
value only reduces about 11% within 40 min, which
indicates that the 15% ZnO-LW sample expand the
absorption of visible light up 400 nm. The results prove
that in the 15% ZnO-LW sample the formation of hetero-
junction structure between ZnO and hematite is formative
[25, 26].
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Fig. 4. Degradation kinetics rates K, of RhB solution in the presence of
ZnO-LW catalysts under the solar and visible light irradiation,
respectively.

The degradation Kkinetics rate (Kj) is determined
through the Langmuir-Hinshelwood kinetic model. The
obtained result from the linear regressions for degradation
of RhB is summarized and presented in Fig. 4. For pure
natural LW hematite, the photodegradation rate K, for
degradation of RhB is neglectable due to its dominant
absorption of dye molecules. It starts to rapidly increase
with the content of ZnO nanorods up to 15%, and then
slightly decreases with overloading of ZnO.
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Fig. 5. (a) The stability of 15% ZnO-LW photodegradation of RhB
solution and (b) Magnetic hysteresis data of the samples for ZnO-LW
catalysts.
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Decolorization efficiency of the dye solution, which
determines the adsorption of the organic compound on the
surface of ZnO-LW and represents an important reaction
step in the overall mechanism of dye oxidation.
Adsorption and RhB degradation seem to be favored at
pH around the zero point charge pH (pHzy), i.e. around
neutral for the ZnO-LW, which is close to the reported
PHzc Of 7-8 for Fe,O3 nanoparticles [27].

In addition to photocatalytic efficiency, the usability of
photocatalyst is also a key issue for practical application.
Therefore, recycling tests with repeated use of ZnO-LW
hetero-structure photocatalyst in six consecutive reactions
were carried out under the same conditions. As shown in
Fig. 5a, after six recycles of RhB degradation, the 15%
ZnO-LW composite still shows comparatively high
photocatalytic activity. Moreover, magnetic property for
various ZnO-LW samples is close to that of the LW,
shown in Fig. 5b. It exhibits the saturation magnetization
values of various ZnO-LW composites are close to the
pristine LW sample, which indicates that the hybrid
catalysts possess a good magnetic separation for this
system.

Conclusion

We have successfully synthesized efficient ZnO
nanoparticles with two shapes needle-like and nanosheet
shapes. And ZnO/hematite heterogeneous structures have
been prepared by hydrothermal method. These samples
have been extended the absorption of light from UV light
to visible light and enhanced the efficiency of absorbing
of solar light. These results can impact on the design and
utilize of new photocatalytic hetero-junctions based on
semiconductor nanomaterials and morphology. We
believe that using of the natural materials with
widespread, abundant and cheap resources is a very
inexpensive and efficient way to remove the organic dye
from water.
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