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ABSTRACT

ZnFe,O, nanoparticles and ZnFe,O4reduced graphene oxide (ZnFe,O4-rGO) hybrid
nanostructures with rGO/ZnFe,0O, ratio of 0.05, and 0.10 were hydrothermally synthesized. The
microstrutrual and photocatalytic activities of nanoparticles and hybrids were studied in the
photodegradation of malachite green in the water. The ZnFe,O, nanoparticles and theirhybrids
showed uniform granular morphology and average particle sizes below ~16 nm. Because higher
valence band energy of the ZnFe,0O,, the photogenerated electrons can be transformed from the
ZnFe,O,4 to the rGO. Therefore, the sunlight-excited photocatalytic and Fenton-like photocatalytic
activities of hybrids in the dye degradation showed obviously greater than the nanoparticles and
increased with increasing rGO/ZnFe,O, ratio. Moreover, the photodegradation rate is larger at
higher initial solution pH=5 than at pH=7, whereas the photo-Fenton-like reaction is intenser at
higher H,O, concentration. The quasi-kinetic rate constants of the photocatalysis systems are in
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the range of ~0.412-0.96 h™" and increase to ~3.86-7.53 h™ by synthetically using H,O,. The
nanoparticles and hybrids also showed strong ferromagnetic property with the saturation
magnetization of ~25.15-26.28 emu/g, which provides a well magnetic separation performance of
the nanoparticles and hybrids from the degraded solution.

Keywords: Graphene;
separation.

hybrids;

1. INTRODUCTION

The graphene possesses the ability to accept the
electrons from semiconductor, so can prevent
recombination of photogenerated electrons and
holes. Anchoring well-structured photocatalysts
onto graphene-based materials can explore
novel composites with advanced photocatalytic
performances. Therefore, the introduction of
graphene-related materials (graphene, graphene
oxide, and reduced graphene oxide) as catalyst
supports into the various photocatalytic systems
has attracted great interest [1-3]. The hybrid
products were found to display outstanding
photocatalytic performances [4—15].

Zinc ferrite is magnetic semiconductor with
narrow optical bandgap, innocuity and low cost.
The strong magnetic property of this material can
provide a well magnetic separation performance
from the aqueous solution as used as a
photocatalyst. Thus, the ZnFe,O, should be
reasonable for structuring the semiconductor-
rGO  hetero- junctions with  excellent
photocatalytic activity.

In the current work, we focus on (i) the
hydrothermal synthesis and microstructures of
ZnFe,O4 nanoparticles and ZnFe,O4-rGO hybrids;
(i) Investigation of the effects of the
rGO/ZnFe,O, ratio on the photocatalytic and
Fenton-like photocatalytic activities of the
synthesized hybrids in photodegradation of
malachite green dye in the water.

2. EXPERIMENTAL

2.1 Materials

The starting materials used were all analytic
grade chemicals without any further processing.
Graphene oxide (GO, Jining LeaderNano Tech
L.L.C., China). Zinc nitrate (Zn(NOj),'6H,0,
Shenyang Hua Bai Tai Chemical Co. Ltd, China)
and iron nitrate (Fe(NO;);-9H,O, Beijing
Baishunchem. Co. Ltd., China) were used as
starting materials. Sodium hydroxide (NaOH,
Tianjing Zhiyuan chemical agent. Co. Ltd., China)

heterojuction; photocatalysis;

Fenton-like reaction; magnetic

was used to synthesize the photocatalysts. The
malachite green (C,3H,sCIN,, Tianjing Basifu
chemical L.L.C., China) and hydrogen peroxide
aqueous solution (H,O,, =30%, Tianjing
Beicheng chemical agent. Co. Ltd., China)) were
used in the photocatalysis experiments.

2.2 Methods

For the synthesis of ZnFe,O,4 nanoparticles, the
chemicals were dissolved in 15 ml deionized
water according to the required stoichiometric
proportions of ZnFe,O4,. The concentration of
Fe®* in the such solutions was all 0.2 mol I”.
NaOH with triple gram equivalents of all metal
cations was dissolved in small amount of
deionized water (~3 ml) and completely dropped
into the solutions with magnetic stirring. This
relative large amount of NaOH addition can
assures the solution pH>10 throughout and so
full precipitation of the all cations. The precursor
solutions were then transferred into autoclaves
(volume: 25 ml, degree of filling: ~80 vol.%). After
sealing, the hydrothermal reaction was then
carried out in a oven at 180°C for 24 h. After
natural cooling in the oven, the products were
washed repeatedly with distilled water until
washing water pH~7, and then dried at 100°C for
24 h. With same method, the ZnFe,0,-rGO
hybrids were synthesized by directly dissolving
the zinc nitrate and iron nitrate into the GO
aqueous solution according to the mass ratio of
GO/ZnFe,0,4 of 0.05 and 0.10. The GO aqueous
solution was prepared by ultrasonically
dispersing GO in deionized water.

2.3 Characterization

The crystalline structural phase of the
synthesized nanoparticles and hybrids was
identified at room temperature using an X-Ray
diffractometer (XRD, CuKgy, A=0.15406 nm,
Model No: D/Max--2200PC, Rigaku, Japan). The
morphology of the nanoparticles and hybrids was
analyzed using field emission scanning electron
microscope (SEM, Model No: S-4800, Hitachi,
Japan). Raman spectra of the samples were
collected using a spectrophotometer (Model no:



Renishaw-invia, U.K.) at a laser excitation
wavelength of 532 nm. Fourier transform Infrared
spectrum (FTIR) spectra were determined by
infrared spectroscopy (Model no: Vector-22,
Bruker, Germany).The hybrids were adhered on
the glass slides with thin transparent adhesive
agent, in order that the transmittance, reflectance
and absorbance spectra of the nanoparticles and
hybrids were determined with an ultraviolet-
visible spectrophotometer (Model No: UV2600,
SDPTOP, Shanghai, China). The magnetic
property was measured with a vibrating sample
magnetometer (VSM, Model No: Versa Lab,
Quantun Design, USA). The range of applied
field is from -30 kOe to 30 kOe. Magnetic
separation performance of the samples was
evaluated by attracting the photocatalyst from the
degraded solution with a permanent magnet.

To investigate the photocatalytic activity of the
synthesized photocatalysts. The malachite green
(Co3H25CIN,, Tianjing Basifu chemical L.L.C.,
China) is used as a substrate and dissolved in
deionized water to form aqueous solution with a
concentration of 5x10° M. One group of the
solution were additionally adjusted to initial pH=5
with diluted HCI aqueous solution. In each
experiment, 50 ml malachite green aqueous
solution and 50 mg synthesized photocatalysts
were added into a glass beaker. In two
other groups of the solutions with pH=7,
0.5 ml and 1.0 ml hydrogen peroxide aqueous
solution (30%) were added, respectively.
The photocatalysis experiment was carried
out under the sunlight with average intensities
of ~400 W/m?. After different irradiation times, ~3
ml solutions were taken out and measured for
their absorbances on a spectrophotometer
(Model No: 722N, Hengping, China). The
solutions after the test were returned to the
breakers to maintain the normal volume of the
solutions under test.

In first hour of the above process, the
oxidation-reduction potentials (ORP) of the
malachite green aqueous solutions in all
photocatalytic conditions were measured with
an oxidation-reduction potential tester (Model
no: ORP-286, China). The ORP of the
nanoparticles and hybrids surfaces were
evaluated by the differences of the oxidation-
reduction potentials of the malachite green

aqueous solutions with and without the
photocatalysts.
The quasi-kinetic rate constant (k) was

calculated with the kinetic relation between the
concentration (C) of the malachite green in the
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water and the photocatalytic reaction time (f)
given by:

—=¢ (1)

In which, C, is the initial concentration.

3. RESULTS AND DISCUSSION
3.1 XRD Analysis

Fig. 1a shows the XRD patterns of the
synthesized nanoparticles and hybrids. All
diffraction peaks match with the reported powder
diffraction data of hexogonal ZnFe,O, (JCPDS:
79-1150). Crystallites size (D) was estimated
from the full width (in radian) at half maximum (8)
of the diffraction peak at 26~35.5° according to
the Scherrer’s equation:

A
Pcosf

D=0.9 (2)

where A is the X-ray wavelength. Estimated sizes
are ~10.7 nm, ~11.1 nm, and ~11.9 nm for the
nanoparticles and hybrids with the rGO/ZnFe,0,
of 0.05 and 0.10, respectively. The strongest
(311) peak shifts from ~35.18° to higher ~35.38°
and ~35.42° as increasing rGO/ZnFe,O, ratio
form 0 to 0.05 and 0.10 (Fig. 1b). This indicates a
lattice shrink on basis of Bragg’s equation. The
increase in the average particle size and lattice
shrink could imply that the rGO favors the growth
and crystallization of the ZnFe,O, crystallites.

3.2 SEM Analysis

Fig. 2 shows typical SEM micrographs of the
nanoparticles and hybrids. The ZnFe,O,
nanoparticles show granular particle morphology.
As the graphene is introduced, the nanoparticles
show similar particle morphology. But the partial
nanoparticles are completely adhered on the
reduced graphene oxide, forming large platelike
morphology. The nanoparticles in three samples
have average particle size of ~16 nm, closed to
the result determined by XRD analysis.

3.3 Raman and FTIR Spectra Analyses

Raman spectroscopy, a nondestructive method,
is also a useful technique to explore the
crystalline or molecular changes  after
hydrogenation via molecular vibrations. Fig. 3a



shows the Raman spectrum of the nanoparticles
and hybrids. The Stokes phonon energy of
graphene shifts and the laser excitation creates
two main band structures. The band centered at
~1348 cm™' is a primary in-plane vibrational
mode (D-band) in the hexagonal graphitic layers.
The second-order overtone of a different in-plane
vibration of sp® hybridization of the carbon atom
in the graphene sheet is observed at ~1603 cm™"

700 @) ::: GO/ZnFe,0,=0.10
600 - )\ - &
= ¥
- = 8 1 g g8 I
Z 5004 = e f z g
el o L ~
S 400 A GO/ZnFe,0 ~0.05
£ I\ "
Z 300 . /
= 200 GO/ZnFe,0,=0
100
04
T T T T

T
20 30 40 50 60 70
20 ()

He et al.; JSRR, 10(2): 1-11, 2016; Article no.JSRR.23103

called the G-band. The D-band corresponds to
the edge disordered band structure of k-point
phonon of Ay symmetry carbon atoms and the
G-band corresponds to the E,g mode of order
band structure of sp’ hybridization of carbon
atoms. The disorder nature of graphene
increases as the Raman intensity increases. The
defects are related to the Ip/lg ratio, the intensity
of the peaks. The value of Ip/lg for the hybrids
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Fig. 1. (a) XRD patterns and (b) strongest (311) XRD peak patterns of the ZnFe,O, particles and
hybrids

Fig. 2. SEM micrographs of (a) the ZnFe,0, particles and the hybrids with rGO/ZnFe,0, mass
ratio of (b) 0.025, and (c) 0.050



with rGO/ZnFe,O,4 of 0.05 and 0.10 is 1.15 and
1.16, respectively, which is higher than that of
GO (0.86). The increased Ip/lg is attributed to the
formation of new and smaller sp? domains during
the reduction, giving evidence that the GO was
successfully reduced to graphene. The GO could
be mainly reduced in the hydrothermal process.
The peaks centered at ~317, ~470, ~593 and
~616 cm™' are related to the distinct vibrational
modes of the hexagonal ZnFe,O,4 nanoparticles.

The synthesized ZnFe,O, nanoparticles and
hybrids were further investigated by FT-IR
measurement. As shown in Fig. 3b, the strong
and overlapping band centered at ~3421 cm™is
assigned to the stretching vibration of structural
O-H and H-O-H in adsorbed water molecules.
The peaks at ~1591 cm™ are assigned to H-O—-H
bending vibration in water molecular or OH
deformation vibration due to surface hydroxyls.
The intensity of these two peaks of the hybrids
are more intense than that of the nanoparticles.
This implies that the hybrids are more
hydrophylic and so will have higher
photocatalytic activity. The absorption peak
centered at ~573 cm’ is assigned as the
vibration of ferrite groups [16], corresponding to
the tetrahedral sites of positive ions in the ferrite
[16]. This peak shifts to low wavenumber as the
increase in rGO/ZnFe204 ratio, indicating the
decrease in distance between Fe**—0?" in the
tetrahedral sites. This confirms the formation of
ZnFe,O, structure. Moreover, the stretching
vibrations of C-OH, C-O-C and C-0O, which is
centered at 1380, 1270, and 1050 cm™’ [17], are
not observed in the spectra. This further
indicates that GO has been reduced to rGO in
our reaction system. The results agree well with
the result of XRD and further confirm that the
ZnFe,0O4 nanoparticles and ZnFe,O4/rGO hybrids
can be obtained by our simple method.

1800

(a) a-rGO/ZnFe,0 =0

2

G b-rGO/ZnFe 0 ~0.05
/” ¢-rGO/ZnFe 0 =0.10
ol

1600

1400
] 24

M /"‘, (WM b

\ i ¢ ! Tl
‘W’M

il ey
600-| f‘""’”ﬂww
400 Wf"w/
zoo{ } : a2

04
T T T

0 500 1000 1500
Raman shift (cm-1)

)
—
153
=
=]
1

1000

800+

Intensity (a.u.

T T
2000 2500

He et al.; JSRR, 10(2): 1-11, 2016; Article no.JSRR.23103

3.4 Optical Absorption Analysis

Figs. 4a and 4b shows the transmittance (T)
and reflectance (R) spectra of the nanoparticles
and hybrids.in the wavelength range of 330-850
nm. The optical bandgap can be determined
with absorption edge (A,) from absorbance
spectra (Fig, 4c) by the relation Eg=1240/A,,
which gives the smaller E; in the range of
~1.70-1.78 eV. The optical band gap (Ey) can
also be calculated with the following Tauc's
relationship [18]:

(ahv)" = C(hv - E,) 3)

Where hv is photon energy and C is a constant,
and a is absorption coefficient and can be
calculated by equation [19]:

1 1-R
=R 4
a=—ln— (4)

where d is the thin layer thickness. For the
allowed direct bandgap, the n equals 2. Fig. 4d
shows the plots of (ahv)? vs. photon energy hv.
The straight-line portion of the curve, when
extrapolated to zero, gives the optical direct
bandgap E;in the range of ~2.0-2.1 eV. These
Eg4 should be weighted average values of the
ZnFe,O, nanoparticles and rGO, and so are
narrowed as increasing rGO content.

3.5 Photocatalysis of the Nanoparticles
and Hybrids

Fig. 5 shows the concentration variations of the
malachite green aqueous solutions in the various
conditions on the nanoparticles and hybrids

in the sunlight. The graphs of In(Cy/C)
versus reactiontime t are show in Fig. 6.
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Fig. 3. (a) Raman spectra and (b) FT-IR spectra of the ZnFe,0, particles and Hybrids



These graphs are more abrupt in first 30 min
than following process, which could be related to
the adsorption of the dye on the nanoparticles
and hybrid. The plots are approximately linear in
60-180 min. Using the slopes of the plots in
60-180 min, the quasi-kinetic apparent rate
constants (k;) are obtained to be in the range of
~0.41-0.96 h™' (Table 1). The k; of the hybrids
show larger than that of the nanoparticles and
increased as the increase of rGO/ZnFe,QO, ratio.
The k, is also larger at initial pH=5 than at pH=7.
Moreover, the H,O, remarkably speeds up the
dye photodegradation, almost completely
decomposing the dye in 30 min (Fig. 7). This
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indicates a photo-Fenton-like reaction. The plots
of In(Cy/C) versus reaction time t are showed in
Fig. 8. These plots are more abrupt in initial
period of 5 min, which could also be mainly
related to the adsorption of the dye on the
nanoparticles and hybrid. With the approximate
slopes of the plots in 5-30 min, the quasi-kinetic
apparent rate constants (k) are estimated to be
in the range of ~3.86—7.53 h™' (Table 1). The k; of
the hybrids are larger than that of the
nanoaprticles and increased as the increase of
rGO/ZnFe,0, ratio and H,O, concentration. The
percentage removal efficiency of the dye solution
is listed in Table 2.
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Fig. 4. (a) Transmittance, (b) reflectance spectra, and (c) absorbance spectra and (d) plots of
(ahv)? versus hv and of the ZnFe,0, particles and hybrids

Table 1. The quasi-kinetic constants k; (h™') under irradiation of the sunlight in various initial
pH and H,0, aqueous solution amounts

rGO/ZnFe,0, pH=5 pH=7 pH=7 pH=7
H,0,: 0 ml H,0,: 0 ml H,0,: 0.5 ml H,0,: 1.0 ml
Blank 0.25 0.23 1.51 1.60
0 0.43 0.41 3.86 4.68
0.05 0.72 0.68 4.67 6.51
0.10 0.96 0.73 6.50 7.53
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Table 2. The percentage removal efficiency of the dye solution in various initial pH and H,0,
aqueous solution amounts under irradiation of the sunlight

rGO/ZnFe,0, pH=5 pH=7 pH=7 pH=7
HzOz: 0 ml H202: 0ml HzOz: 0.5 ml H202: 1.0 ml
Blank 52.2 49.9 53.1 55.2
0 80.1 76.9 91.9 95.1
0.05 92.7 90.3 95.2 98.3
0.10 96.3 93.8 97.8 98.9
1.0 (@) —=— Free of catalyst (Blank) 1.0+ (b)r —=a— Free of catalyst (Blank)
0.9 ®— rGO/ZnFe,0 =0 0.9 —e— rGO/ZnFe,0,=0
A rGO/ZnFe O =0.05 ] —4—rGO/ZnFe,0 =0.05
37 S e \. rGO/znFe 0 =0.10
0.7 the’ 0.7
|06 0.6 AN —
Q05 O 0.5 TT—a
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Fig. 5. Variations of the malachite green concentrations in the water with initial pH= (a) 5 and
(b) 7 with the irradiation time of the sunlight
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Fig. 6. Plots of In(C,/C) vs. irradiation time (t) for the photodegradation of the malachite green
in the water with initial pH=(a) 5 and (b) 7 with the irradiation time of the sunlight

With the calculation methods applied by Butler et
al. [20] and Pineda et al. [21], the absolute work
function (x) of intrinsic ZnFe,O,4 and rGO can be
calculated to be 591 eV and 6.43 eV,
respectively The energy levels of absolute
conduction and valence bands (E. and E,) of
ZnFe,O, can be calculated by the following
relation [20]:

Cc

Eg
E =Z+7 (%)

v

Eg
E Ay (6)

In term of average band gap of ~1.94 eV of pure
ZnFe,0,, as estimated from the optical spectra,
the E. and E, of the ZnFe,O, equals to 6.88 eV
and 4.94 eV. The schematic diagram of energy

levels and initial redox process of the
rGO/ZnFe,O, heterostructure under sunlight
excitation can be proposed in Fig. 9. The

conduction band energy level of the ZnFe,O, is
higher than that of rGO, leading to that the
electrons in the ZnFe,O,4 can be transferred to
the rGO. In the diagram, the increased number of
electrons in the rGO can be used as reducing
agents to directly reduce the dye or produce OH ,
or result in the formation of reactive oxygen-



The O* upon
radicals

based radicals, such as 0%.
protonatlon produces hydroperoxy
(HO ) and eventually hydroxyl radicals
(OH) are formed [22,23]. The remaining
electrons in the ZnFe,O, conduction band
(CB) can also either directly reduce the dye
or react with adsorbed water molecules and
surface OH groups, producing OH [23,24]. The
holes in the ZnFe,O, valence band (VB) can be
used as oxidizing agents directly oxidize the dye,
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or react with adsorbed water molecules and
surface OH groups, producing "OH [23,24]. Thus,
the recombination of photo-generated electrons
and holes can be prevent, and so the
photocatalytic activity of the nanoparticles and
hybrids can be enhanced. With the increase
of photo-generated electrons and holes
as increasing rGO/ZnFe,O, ratio, the
photocatalytic activity of the hybrids can be
further enhanced.
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Fig. 7. Variations of the malachite green concentrations in the water with initial pH=7 and
different H,0, aqueous solution amounts of (a) 0.5 ml and (b) 1.0 ml as function of the
irradiation time of the sunlight
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Fig. 8. Plots of In(C,/C) vs. irradiation time (t) for the photodegradation of the malachite green
in the water with initial pH=7 and different H,0, aqueous solution amounts of (a) 0.5 ml and
(b) 1.0 ml
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The H,0, is considered to have two functions in
the photocatalytic process [25]. It accepts a
photogenerated electron to form "OH radical
(Reaction (7)). In addition, it forms 'OH radicals
according to Reaction (8)

H202 +e - OH+OH (7)
H,0, + 'O , — "OH+ OH + O, (8)

The 'OH and OH radicals play oxidation and
reduction roles in the photodegradation process,
respectively. The concentration increases _of
photo-generated electrons/holes and "OH/OH as
the increase of rGO/ZnFe,O, ratio and H,0,
concentration leads to the enhanced Fenton-like
reaction in the dye photodegradation.

The oxidation-reduction characteristics of the
photocatalyst surface and its evident variation
have considerable influence on the activities of
the catalysts and photocatalysts [26-29]. The
oxidation-reduction  characteristics of the
photocatalyst surface is associated with its
intrinsic behavior and environment, and usually
evaluated by oxidation-reduction potential (ORP)
[24-26]. The ORP of the nanoparticles and
hybrids surfaces are showed in Fig. 10. The ORP
of the hybrids is overall smaller than that of the
nanoparticles and decreases as increasing
rGO/ZnFe,0, ratio. This could implies that more
photogenerated electrons take effect and/or the
photogenerated electrons play dominant role in
the process of the dye photodegradation due to
rGO introduction. Moreover, the ORP is larger at
initial pH=5 than pH=7 in the absence of H,O,,
which could be ascribed to the more reducing
characteristics of the photogenerated electron at
high pH [28]. Furthermore, the H,O, leads to the
slowdown decrease of the ORP with the
rGO/ZnFe,0,. Although the ORP is higher at low
H,O, concentration.
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Fig. 10. ORP of the ZnFe,0, particles and
hybrids in the photocatalysis systems
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3.6 Magnetic and Magnetic Separation
Properties of the Nanoparticles and
Hybrids

Fig. 11 shows the room temperature hysteresis
loops of the ZnFe,O, and hybrids. The samples
are all ferromagnetic. With increasing applied
field, the magnetization of the ZnFe,O,
nanoparticles increases, and nearly reaches
saturation state under highest magnetic fields of
30 KOe. Maximum magnetization of the
nanoparticles at applied field of 30 KOe
(identified as a saturation magnetization M) is in
the range of ~25.15-26.28 emu/g. The Ms
slightly decreases with the increase of rGO
content, which is ascribed to the increase of rGO
content. The coercivity (H;) of the nonaparticles
and hybrids is ~28.1 Oe. Large saturation
magnetization makes the nanoparticle and

hybrids show good magnetic separation
performance from the degraded solutions
(Fig. 12).
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Fig. 11. Room temperature hysteresis loop of
the ZnFe,0, particles and hybrids

Fig. 12. The image of magnetic separation of
the ZnFe,0, particles and hybrids from the
degraded aqueous solution
(a) before (b) after magnet attraction



4. CONCLUSIONS

The ZnFe,O, nanoparticles and ZnFe,04-rGO
hybrids with rGO/ZnFe,O, mass ratio of 0.05 and

0.10 were synthesized by a hydrothermal method.

The effects of the rGO/ZnFe,0O, mass ratio on
the photocatalytic activity were studied for the
first time. Room temperature XRD, Raman and
FTIR analyses confirmed the formation of
crystalline ZnFe,O,. Raman and FTIR analyses
also revealed that the graphene oxide was
reduced. The SEM analysis showed that
nanoparticles had a uniform granular morphology
and nanoscale size of ~16 nm. Under sunlight
excitation, the high photocatalytic and Fenton-
like photocatalytic activities of the nanoparticles
and hybrids was  observed in the

photodegradation of malachite green in the water.

The degradation rates on the hybrids are higher
than that on the nanoparticles and increased with
the increase of rGO/ZnFe,0, ratio and decrease
of initial pH. Whereas, the photo-Fenton-like
reaction is intenser at higher H,O, concentration.
The quasi-kinetic rate constants were in the
range of ~0.414-0.96 h" and remarkably
increased to ~3.86-7.53 h™ as using H,O,. The
synthesized nanoparticles and hybrids showed
large saturation magnetization of ~25.15-26.28
emu/g, which provided a well magnetic
separation performance from the photodegraded
solution.
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