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Abstract

Magnetic ZnFe,0,@MnO-graphene oxide and ZnFe,0,@MnO-reduced graphene
oxide nanocomposites were prepared via a facile co-precipitation and hydrothermal
methods and characterized by X-ray powder diffraction, diffuse reflectance UV-Vis
spectroscopy, photoluminescence (PL) spectra, Transmission electron microscopy,
field emission scanning electron microscopy, Fourier transform infrared spectros-
copy, vibrating sample magnetometry techniques and Bruner—Emmett—Teller
(BET). The ZnFe,0,@MnO, ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO
nanoparticles were found to have a size of 2040 nm and were spread out on the
graphene oxide nanosheets and reduced graphene oxide nanosheets. Magnetic stud-
ies demonstrated that the ZnFe,0,@MnO-graphene oxide and ZnFe,0,@MnO-
reduced graphene oxide nanocomposites can be easily separated from the solution
by an external magnetic field. The photocatalytic degradation of Congo red dye
(CR) was evaluated based on the removal of CR in aqueous solution in 35 min of
visible light irradiation. The photocatalytic activity was affected by the structural
and optical properties as well as the surface area of the samples. Compared with
pure ZnFe,0,@MnO and ZnFe,0,@MnO-reduced graphene oxide nanocomposite,
the ZnFe,0,@MnO-graphene oxide nanocomposite displayed a high photocatalytic
activity on the photodegradation of Congo red. The prepared ZnFe,O,@MnO-gra-
phene oxide nanocomposite can be potentially applied as a visible light responsive
catalyst and magnetically separable photocatalyst and thus as a powerful separation
tool for solving water pollution problems.

Keywords ZnFe,O,@MnO-graphene oxide nanocomposite - ZnFe,0,@MnO—

reduced graphene oxide nanocomposite - Co-precipitation and hydrothermal
methods - Photocatalytic activity - Degradation - Congo red
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Introduction

Recent developments in the field of science and technology, particularly nano-
technology, have emerged the need for improvement in the synthesizing of nano-
sized particles of desired size and shape [1]. Synthetic dyes have been extensively
employed in many manufactures such as paper, cloths, cosmetics, pharmaceuti-
cals and printing as a colorant owing to their easy availability [2]. Dyes pollutants
are transferred by adsorption onto the absorbent, and activated carbon is highly
efficient in the removal of dyes [3]. This is significant because the acid functional
group presence in azo and diazo dyes prevents them from being adsorbed by low-
cost absorbent. However, activated carbon is not encouraging due to its heavy
cost [4]. The conventional treatment is not a proper remedy for these environ-
mental subjects; therefore, attention has been transferred to photocatalysis as a
promising option to mineralized organic pollutants into CO,, H,O and mineral
acid [5-7]. Various semiconductor photocatalysts have been reported for the deg-
radation of organic pollutants. Among them, manganese oxide (MnO) is a semi-
conductor with a wide band gap width (3.9+0/4 eV) at room temperature [8].
Manganese oxides, including MnO, MnO,, and Mn;0,, are intriguing compos-
ites and have been employed in wastewater treatment, catalysis, sensors, super-
capacitors and alkaline and rechargeable batteries. Particularly, MnO and MnO,
nanomaterials have attracted great interest as anode materials in Li-ion batter-
ies (LIBs) for their high theoretical capacity, low cost, environmental benignity
and special properties [9]. Zinc Ferrite (ZnFe,0,) exhibits superparamagnetic
behavior, and it has potential application in many areas, such as photocatalysis,
magnetic resonance imagery (MRI), Li-ion batteries and gas sensors [10]. Iron
oxides are very common compounds and they are widespread in nature and read-
ily synthesized in the lab. Almost everywhere of the global system atmosphere,
biosphere, hydrosphere, and lithosphere, iron oxides present [11]. Graphene, an
atomic sheet of sp2 bonded carbon atoms, with remarkable electrical conductiv-
ity, high chemical and thermal stability, excellent adsorptivity, high transparency
and large specific surface area, constitutes an excellent cloth for the adsorption of
many pollutants [12]. Graphene oxide can be used as an ideal high-performance
candidate for the charge migration during the photocatalysis process. Layers of
graphene oxide consist of various oxidizing groups like hydroxyl, epoxides, car-
bonyl and carboxyl at the basal planes as good as at the edges. These groups can
be reduced with the help of proper reducing agents to generate highly reduced
graphene oxide sheets. In this study, we made an attempt to synthesize reduced
graphene oxide films by oxidation of graphite to form graphene oxide followed
by exfoliation and reduction in GO. The main difficulty of pure semiconductor
photocatalysts is that the photogenerated electron—hole pairs have faster recom-
bination rates, which will reduce the photocatalytic efficiency of the semiconduc-
tor photocatalysts [13, 14]. One of the effective ways to solve this problem is
to prepare semiconductor nanocomposites, which will make simple the charge
migration [15]. In recent years, metal oxide nanocomposites and nanocomposites
based on graphene and graphene derivatives have been widely investigated, and
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their photocatalytic properties have been reported such as GO-ZrO, nanocom-
posite (degrades rhodamine B 30 ppm in 105 min) [16], composite of CoFe,0,@
TiO,/rGO (decomposes chlorpyrifos 5 ppm in 60 min) [17], doping of Gd, C,
N, S-ZrO, (decomposes indigo carmine 20 ppm in 210 min) [18], compos-
ite of Nd-ZrO,—GO (degrades Eosin-Y 20 ppm in 180 min) [19], composite of
Nig 4Co ¢Fe,0, (decomposes Congo red 10 ppm in 120 min) [20], MgO-ZrO2
nanocomposite (degrades basic blue 9 dye 5 ppm in 60 min) [21]. Despite a large
number of articles published on nanocomposites photocatalytic activity, photo-
catalytic degradation of ZnFe,O,@MnO-graphene oxide and ZnFe,0,@MnO-
reduced graphene oxide nanocomposites for degradation of Congo red dye under
the visible light irradiation has not yet been reported. In this research, synthesis
of the ZnFe,0,@MnO nanoparticles decorated on the surface reduced graphene
oxide (RGO) and graphene oxide (GO). Therefore, nanocomposites (ZnFe,O,@
MnO/RGO) and (ZnFe,0,@MnO/GO) were performed. Magnetic nanocompos-
ites (ZnFe,0,@MnO/RGO) and (ZnFe,0,@MnO/GO) were synthesized by the
hydrothermal and co-precipitation methods. The microstructure, optical proper-
ties and magnetic properties of the synthesized samples were investigated. Fur-
thermore, percent degradation and degradation kinetics have been evaluated in
detail.

Materials and methods
Materials

In the present experiment, all of the used chemicals were reagent grade such as
graphite powder (99.99% purity), sulfuric acid (H,SO,, 98%), potassium perman-
ganate (KMnO,), hydrogen peroxide (H,0,, 30%), hydrochloric acid (HCl) and
sodium hydroxide (NaOH, 20%) that chemical materials were purchased from
Sigma-Aldrich Corporation (USA). Mn (NO3) ,, Zn (NO;) , and Fe (NO;) ; were
purchased from the Merck corporation (Germany).

Instrumentation

The crystalline structure of ZnFe,O,@MnO/GO and ZnFe,0,@MnO/RGO was
characterized by XRD (Philips PW 1730 Japan model) with CuK, radiation
(1.5406) A in 20 scan range of 10-80°. In order to examine the morphologies of
ZnFe,0,@MnO/GO and ZnFe,0,@MnO/RGO nanoparticles, TEM measure-
ments were performed on a Zeiss-EM10C-100 kV TEM instrument (Germany), and
FESEM measurements were done with a ZEISS DSM-960A analytic microscope
(Germany). PL emission spectra of the samples were analyzed at room temperature
using a JASCO Spectrofluorometer (FP-8200). The specific surface area, pore dis-
tribution and pore parameters were studied by Brunauer—-Emmet—Teller nitrogen
adsorption—desorption isotherm at 77 k using Belsorp mini II instrument. Then, a
diffuse reflectance spectrum (DRS) of the ZnFe,0,@MnO/GO and ZnFe,O,@
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MnO/RGO nanocomposites was recorded on a UV-2550 Shimadzu UV-Vis spectro-
photometer equipped with ISR-2200 DRS accessory (UV-2550 Shimadzu, Japan).
Finally, IR spectra were recorded on a Bruker FT-IR instrument using KBr plates.

Synthesis of the ZnFe,0,@Mn0O nanoparticles

ZnFe,0,@MnO nanoparticles are synthesized by a co-precipitation method [17]. In
this consideration, 3.75 g Zn (NO;) , and 4.87 g Fe (NO;) ; dissolved in 40 ml of
distilled water were mixed under magnetic stirring for 10 min. Then, 20% NaOH
was added dropwise into solution, and the pH level was maintained above 10 under
stirring for 15 min. Then, a dark brown suspension was obtained. In addition, 1 g
of MnO was calcined at 400 °C for 5 h. Then, the calcined MnO was added to 20%
NaOH solution and magnetically stirred for 10 min. After the Zn—Fe precursor solu-
tion was added to the suspension, the new mixture was stirred for 30 min in the dark
at 90 °C for 1 h. In the next stage, the obtained residue was filtered and washed with
ultrapure water for several times and dried at 70 °C overnight. Finally, the residue
was calcined at 500 °C for 3 h to form ZnFe,0,@MnO nanoparticles.

Synthesis of graphene oxide

Graphene oxide (GO) was synthesized from natural graphite flake via modified
Hummer’s method [22]. In a typical synthesis, 9 g of graphite flake was added in
25 ml of sulfuric acid (98%), and the mixture was sonicated to produce a fine dis-
persion. Then, this suspension was heated for 6 h at 80 °C under magnetic stirring.
30 g of potassium permanganate was added slowly to the mixture during the stirring
process. The mixture was cooled to below 10 °C. Further, the mixture was stirred
under ice water bath for two hours. This solution was diluted with distilled water and
treated with 20 ml of hydrogen peroxide (30%) and was kept undisturbed for 24 h
for precipitation. The resulting GO solution was washed several times with hydro-
chloric acid and distilled water using a centrifuge.

Synthesis of reduced graphene oxide

To obtain reduced graphene oxide, hydrazine hydrate was used as the reducing
agent. The as-prepared GO was dispersed into 200 ml water under mild ultrasound
yielding a yellow—brown suspension. Then, 4 ml of hydrazine hydrate (80 wt.%) was
added dropwise, and the solution was heated in a water bath for 24 h at 80 °C. After
the reaction, the prepared rGO product was washed with distilled water and col-
lected by vacuum filtration.

Synthesis of the ZnFe,0,@Mn0/GO nanoparticles
The hydrothermal method was employed to synthesize the ZnFe,0,@MnO-gra-

phene oxide nanocomposites [23]. 1000 mg of GO was dispersed in 50 ml of dis-
tilled water with sonication for 1 h, and then 200 mg ZnFe,0,@MnO suspension
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Fig.1 Chemical formula of CR

was added and the mixture stirred for 30 min at room temperature to produce a
ZnFe,0,@MnO-GO dispersion. The mixture was transferred to a 100 ml Teflon-
lined stainless steel autoclave and heated to 200 °C for 5 h under autogenous pres-
sure. The reaction mixture was allowed to cool to room temperature and the residue
was filtered, washed with distilled water and dried in a vacuum oven at 60 °C for
12 h.

Synthesis of the ZnFe,0,@Mn0/rGO nanoparticles

The hydrothermal method was used to synthesize the ZnFe204@MnO-reduced
graphene oxide nanocomposites [23]. 1000 mg of rGO was dispersed in 50 ml of
ultrapure water with ultrasonication for 1 h to form a stable rGO suspension, and
then 200 mg ZnFe,0,@MnO suspension was added and the mixture stirred for
30 min at room temperature to produce a ZnFe,0,@MnO-rGO dispersion. The
mixture was transferred to a 100 ml Teflon-lined stainless steel autoclave and heated
to 200 °C for 5 h under autogenous pressure. The reaction mixture was allowed to
cool to room temperature and the residue was filtered, washed with ultrapure water
and ethanol. Then, residues were dried in a vacuum oven at 60 °C for 12 h.

Photocatalytic degradation experiments

Photocatalytic activities of ZnFe,0,@MnO-graphene oxide and ZnFe,0,@MnO-
reduced graphene oxide nanocomposites were measured by monitoring the degra-
dation rate of CR solution. In order to provide desired visible light, a batch system
was employed to carry out the photocatalytic degradation of CR. (Figure 1 shows
the chemical formula of CR.) 0. 10 g I of ZnFe,0,@MnO-graphene oxide and
ZnFe,0,@MnO- reduced graphene oxide was investigated under irradiation of
5 W white LED lamp. The photocatalytic experiments were performed at 25 °C
with a concentration of 0. 10 g 17! catalysts and 10 mg 1! of CR solution with
time intervals of (5-35 min) at pH=4. In this experiment, 0.10 g 1! of ZnFe,0,@
MnO, ZnFe,0,@MnO-rGO and ZnFe,0,@MZnO-GO nanocomposites was added
to 100 ml of (10 mg 1~!) CR solution. Before the photocatalytic reaction, the sus-
pension was stirred in the dark for 30 min for adsorption—desorption equilibrium
between the photocatalyst and dye solution. Finally, it was irradiated. During irra-
diation, 5 ml of the suspension was sampled at an interval of 5 min and centrifuged
to eliminate the catalyst particles and it was measured by Shimadzu UV-1650PC
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Model UV-Vis spectrophotometer at 4,,,, =500 nm. The dye degradation percent-
age was obtained from the following equation:

R=(Cy—O)/Cy %100 (D
where C, represents the initial CR concentration (mg/l) and C indicates the CR con-
centration at a certain reaction time (min). The kinetic studies were performed at
25 °C with a concentration range of 0. 10 g 17!, 0.05 g 17! and 0.020 g 1! ZnFe,0,@
MnO-rGO and ZnFe,0,@MZnO-GO nanocomposites and 10 mg 17! of CR solu-
tion with times intervals of (5—35 min) at pH=4.

Results and discussion
Structural study

XRD patterns of the samples were recorded in ambient air by using a Philips
Xpert XRD. Figures 2 and 3 illustrate the X-ray diffraction patterns of the as-
prepared ZnFe,0,@MnO-GO, ZnFe,0,@MnO-rGO, GO, rGO and pure
ZnFe,0,@MnO in the 260 ranges from 5° to 80°. The average crystallite size
for ZnFe,0,@MnO-GO, ZnFe,0,@MnO-rGO and pure ZnFe,0,@MnO from
the range of 20-40 nm was calculated by using standard Debye—Scherrer equa-
tion D=0.9 1/(fcosh) [24], where D indicates the diameter of the nanoparticles,
A (Cu Ka)=1.5406 A and p represents the full-width at half maximum of the
diffraction lines. Figure 2 displays the X-ray diffraction pattern of the GO, pure
ZnFe,0,@MnO and ZnFe,0,@MnO-GO, respectively. As shown in Fig. 2a,
GO diffraction peaks at the angles of 11.89°, 26.61°, 44.39° and 77.24° indi-
cated (001), (002), (101) and (110), respectively, which confirmed the hexagonal
phase and were directly matched with standard (JCPDS No.00 -041-1487). The

GO ZnFe104@MnO/GO ZnFe,0,@MnO

\
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Fig.2 XRD patterns for (a) GO, (b) ZnFe,0,@MnO and (c) ZnFe,0,@Mn0O/GO
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Fig. 3 XRD patterns for (a) rGO, (b) ZnFe,0,@MnO and (c) ZnFe,0,@MnO/rGO

X-ray diffraction pattern of GO displays an intense and sharp peak centered at
11.89° which corresponds to an interplanar distance of 0.82 nm. The increase in
interplanar distance of GO is owing to the existence of oxygen functional groups
and some other structural flaws. The detectable (002) peak of graphite at 26.61°
has an interplanar distance of 0.334 nm. This indicates that graphite is a very
oriented carbon material. Also, two other peaks at 44.39° and 77.24° imply the
crystalline structure of graphite [25]. The X-ray diffraction pattern of ZnFe,O,@
MnO is shown in Fig. 2b. The peaks centered at the angles of 18.24°, 57.42° and
75.50° indicated (111), (511) and (171), respectively, correspond to ZnFe,O,@
MnO. Based on the results, the peaks centered at the angles of 35.34°, 56.79°,
62.36° and 73.76° indicated (311), (511), (400) and (533) concurred to the cubic
phase of ZnFe,0, which were directly indexed to JCPDS No. 98-003-0547. The
peaks centered at the angles of 29.96°, 33.52°, 37.88°, 42.19°, 57.84°, 64.43°
and 65.38° indicated (023), (113), (006), (220) and (212) agreed to the cubic
phase of MnO which were directly indexed to JCPDS No. 01-075-0257. Fig-
ure 2c displays the X-ray diffraction pattern of the ZnFe,0,@MnO-GO. The
peaks centered at the angles of 26.45°, 29.87° and 43.41° corresponded to GO,
ZnFe,0,@MnO-GO and ZnFe,0,@MnO, respectively. On the other hand, dur-
ing the hydrothermal reaction, crystal growth of ZnFe204@MnO between the
interplay of GO damaged the regular layer stacking, making to the exfoliation of
GO and the disappearance of the (001) diffraction peak [23]. Figure 3 displays
the X-ray diffraction pattern of the rGO, pure ZnFe,0,@MnO and ZnFe,O0,@
MnO-rGO, respectively. As shown in Fig. 3a, rGO diffraction peaks at the angles
of 26.60 and 54.79° attributed to (002) and (004), respectively, which confirmed
the hexagonal phase and were directly matched with standard (JCPDS No.00
-025-0284). On the other hand, a broad peak shown at 26 =26.60°, which can be
corresponded to an interplanar distance of 0.33 nm along the (002) orientation.
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Fig.5 EDAX analyses of ZnFe,0,@MnO-rGO nanocomposite

This can be described by the removal of oxygen functional groups, leading to a
decrease in d-spacing [26]. The X-ray diffraction pattern of ZnFe,O,@MnO is
shown in Fig. 3b. Figure 3c shows the X-ray diffraction pattern of the ZnFe,O0,@
MnO-rGO. The peaks centered at the angles of 26.63°, 35.64° and 56.91° attrib-
uted to rGO, ZnFe,0,@MnO and ZnFe,0,@MnO-rGO, respectively. As illus-
trated in Figs. 4 and 5, the EDAX data for the nanocatalyst ZnFe,0,@MnO-GO
and ZnFe,0,@MnO-rGO could confirm the presence of C, Zn, Fe, Mn and O
elements in synthesized photocatalysts, respectively. The amounts of elements
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Table 1 EDX quantification
El t C (0] M F zZ Total
elements of ZnFe,0,@MnO- emen ! c " o
GO nanocomposite W% 1254 3394 2560 1328 1465 100.00
Atom% 25.50 51.83 11.39 5.81 5.47 100.00
Table2 EDX quantification Element C 0 Mn Fe 7n Total
elements of ZnFe,0,@MnO-
rGO nanocomposite W% 5863 2824 342 744 227 100.00
Atom% 71.02 2568  0.76 1.94  0.60 100.00
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Fig.6 a FESEM image of GO sheets, b ZnFe,0,@MnO nanoparticles, ¢ and d ZnFe,0,@MnO-GO

nanocomposites

are reported for the nanocatalyst ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO
in Tables 1 and 2, respectively. Further, as shown in Figs. 6 and 7, the surface
morphology and its chemical composition of the synthesized photocatalysts
were analyzed by FESEM image. Figure 6a confirms the formation of a mul-
tilayered of GO nanosheet, while Figs. 6b and 7b display the agglomerated
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Fig.7 a FESEM image of rGO sheets, b ZnFe,0,@MnO nanoparticles, ¢ and d ZnFe,0,@MnO-rGO
nanocomposites

spherical shape of ZnFe,0,@MnO nanoparticles with an average particle size
of “100 nm. Furthermore, it can be shown that the spherical shape of ZnFe,0,@
MnO nanoparticles was unequally decorated on the surface of the GO sheet with
an average particle size of <100 nm in Fig. 6¢, d. Figure 7a confirms reduced
graphene oxide wrinkled structure that induced sheet folding [26]. Furthermore,
Fig. 7c, d displays that the surface of the rGO sheet was well-decorated with
ZnFe,0,@MnO nanoparticles with the formation of spherical shape and with an
average particle size of “100 nm. The TEM images of the ZnFe,0,@MnO-GO
and ZnFe,0,@MnO-rGO nanocomposites are shown in Figs. 8 and 9. It can be
clearly shown that the microstructure of ZnFe,0,@MnO-GO samples display
the agglomerated spherical ZnFe,0,@MnO nanoparticles, which are randomly
dispersed over the surface of GO nanosheets as shown in Fig. 8. Also, Fig. 9 dis-
plays the spherical shape microstructure of ZnFe,0,@MnO-rGO nanomaterials,
which are randomly dispersed over the surface of rGO sheets. Additionally, the
dark gray nanoparticles (ZnFe,0,) were dispersed on the surface of light gray
nanoparticles (MnO) as shown in Figs. 8 and 9.
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Fig.8 TEM images of the ZnFe,0,@MnO-GO nanocomposites
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Fig.9 TEM images of the ZnFe,0,@MnO-rGO nanocomposites

Infrared spectral study

FT-IR analysis was applied to investigate the surface chemical composi-
tions of the obtained samples in the synthesized GO, ZnFe,0,@MnO-GO and
ZnFe204@MnO as shown in Fig. 10. As shown, the solid-state FT-IR spectra
of the nanocomposites indicating a low intensity bands in the range of 480 and
507 cm~! were assigned to Zn-O and Mn-O stretching vibrations, respectively.
In addition, another peak appeared at the 650-540 cm™!, which could be attrib-
uted to the Fe—O stretching. The absorption band around 1707 cm™! assigned to
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Fig. 10 FT-IR spectra of prepared GO, ZnFe,0,@MnO and ZnFe,0,@MnO-GO nanocomposites

stretching vibration of carbonyl group C-O. The stretching vibration of the car-
boxylate group C=0 is shown around 1459 cm~. Also, the bending vibration of
H—O-H group appeared at 1625 cm™'. The band at 35003200 cm™! is attributed
to the stretching and bending modes of free and absorbed water on the surface
of the synthesized ZnFe,0,@MnO nanocomposites [23]. The FT-IR spectra con-
firm the presence of organic impurities in sample owing to the preparation condi-
tions. For the graphene oxide spectrum, the peak at 1038 cm™! which is assigned
to the C-O bond, confirming the presence of oxide functional groups after the
oxidation process. The peaks in the range of 1625-1650 cm™' display that the
C=C bond yet stayed before and after the oxidation process. The peaks around
1200-1380 cm™! were related to various C—H stretching vibrations. Another peak
around 650-850 cm™! is related to C—C out of plane bending. The broad peak at
3417-3715 cm™! is assigned to the O—H stretch of H,O molecules. This supports
the principle that GO is a highly absorptive material, as confirmed by its ability
to become a solution similar to gel. The spectrum of ZnFe,04@MnO-GO nano-
composites shows the distinctive peaks owing to ZnFe,0,@MnO and graphene
oxide at 430-600 cm~! and 3400 cm™’, respectively, and also, the bands around
1380 cm™! and 1038 cm™!, which could be attributed to the oxygen functional
groups on the graphene oxide sheet [25]. Figure 11 shows the FT-IR spectra of
rGO, ZnFe,0,@MnO-rGO and ZnFe,0,@MnO nanocomposites. The FT-IR
spectrum of rGO displayed no sharp peaks attributing to the oxygen function-
alities which confirm the efficient reduction in GO into rGO. Stretching vibra-
tions of O—H groups at 3400 cm™' were missing due to deoxygenation, though
stretching vibration around 2600-2800 cm™' was assigned to the presence of
C-H groups, even after the reduction process and stretching vibrations around
1600 cm™!, which can be related to the graphitic domains certifying the formation
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Fig. 11 FT-IR spectra of prepared rGO, ZnFe,0,@MnO and ZnFe,0,@MnO-rGO nanocomposites
of sp? carbon structure of rGO. The peak in the range of 14501583 cm™! appears

that may be attributed to the skeletal vibration of the reduced graphite oxide
[27]. The FT-IR bands of ZnFe204@MnO-rGO are observed in the ranges
1200-1380 cm™~! and 1625 cm™!, which can be corresponded to C—H groups and
C=C bond stretching vibrations, respectively. In addition, another peak appeared
at the 445 cm™" 588 cm™' and 650 cm™" which could be attributed to Zn-O,
Mn-0O and Fe—O stretching vibrations, respectively.

Magnetic properties of ZnFe,0,@Mn0-GO and ZnFe,0,@Mn0-rGO

The magnetization measurement for the prepared ZnFe,O,@MnO, ZnFe,0,@
MnO-GO and ZnFe,0,@MnO-rGO nanocomposites was recorded by employing
the vibrating sample magnetometer (VSM) at room temperature. The magnetic
hysteresis loops of the synthesized ZnFe,0,@MnO and ZnFe,0,@MnO-GO
nanocomposites are shown in Fig. 12, which demonstrates that the resulting sam-
ples revealed a characteristic of the superparamagnetic behavior with the satura-
tion magnetization of 1.26 and 0.91 emu g~' of ZnFe,0,@MnO and ZnFe,0,@
MnO-GO nanocomposites, respectively. Figure 13 illustrates the hysteresis
loops of the ZnFe,0,@MnO and ZnFe,0,@MnO-rGO nanocomposites. The
results demonstrated the superparamagnetic behavior of the prepared samples
with the saturation magnetization of 1.26 and 1.43 emu g~' of ZnFe,0,@MnO
and ZnFe,0,@MnO-rGO nanocomposites, respectively. Finally, the results con-
firmed the superparamagnetic behavior of the prepared samples because of a
decrease in the crystallite size below a critical value (lower than 100 nm). There-
fore, the size of the crystalline nature influences the magnetic properties of the
nanoparticles [28].
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Fig. 13 Hysteresis curves of ZnFe,0,@MnO and ZnFe,0,@MnO-rGO nanocomposites

Optical analysis of ZnFe,0,@Mn0-GO and ZnFe,0,@Mn0O-rGO

The optical absorption property related to the electronic structure formation is iden-
tified as a key factor in demonstrating the photocatalytic activity [29]. The optical
properties of the synthesized ZnFe,O,@MnO, ZnFe,0,@MnO-GO and ZnFe,0,@
MnO-rGO samples were studied by the diffused reflectance UV-Vis spectra (DRS)
of the prepared samples, as shown in Figs. 14 and 15. According to the spectra, all
synthesized samples displayed photoabsorption from UV light to visible light region,
which shows the possibility of high photocatalytic activity of these nanocomposites
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Fig. 15 Optical Absorption Spectrum of a ZnFe,0,@MnO and b ZnFe,0,@MnO-rGO

under visible light. The band gap of the synthesized materials calculated from the
plot of the transformed Kubelka-Munck function versus the energy of light [30] is
shown in Figs. 16 and 17. The band gap energies of the synthesized ZnFe,0,@MnO,
ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO nanocomposites are 3.78, 3.29 eV
and 5 eV, respectively. As mentioned above, the addition of GO causes the band gap
narrowing of ZnFe,0,@MnO to 3.29 eV for ZnFe,0,@MnO-GO. However, this
band gap is yet so large that visible light irradiation (4 >420 nm) cannot photoexcite
electrons in the valence band (VB) to the conduction band (CB) of ZnFe,0,@MnO.
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From the old photocatalysts of semiconductor_Cg, and semiconductor_carbon nano-
tube (CNT) [31, 32], we could conclude the feasible indications to infer that GO
acts as a visible light photosensitizer to ZnFe,0,@MnO in the nanocomposite of
ZnFe,0,@MnO-GO. In other words, under visible light irradiation, photoexcited
electrons are generated from GO and then transferred to the CB of ZnFe,0,@MnO,
which hence transforms wide band gap ZnFe,0,@MnO to a visible light photocata-
lyst. Such a similar photocatalytic reaction mechanism has been proposed in previ-
ous semiconductor_ Cg, or _CNT visible light photocatalysts [31-34]. For example,
Kamat et al. have found that for the Cg,_TiO, photocatalyst, C4, can be photoex-
cited under visible light laser beam irradiation, and the photoinduced electrons can
be transferred to the CB of TiO, [33]. However, these chemical models promote us
to imagine that for ZnFe,0,@MnO/GO photocatalyst, the role of GO could act as
a macromolecular “photosensitizer” for ZnFe,O,@MnO, hence making it display
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visible light photoactivity [35]. Additionally, the addition of rGO causes increase in
the band gap width of ZnFe,0,@MnO to 5 eV for ZnFe,0,@MnO-rGO. Thus, this
band gap is so large that visible light irradiation (1>420 nm) cannot photoexcite
electrons in the valence band (VB) to the conduction band (CB) of ZnFe,0,@MnO.
On the other hand, ZnFe,0,@MnO shows strong bonding interaction with GO moi-
ety rather than rGO due to the presence of a large number of oxygen containing the
functional group. This is supported by the improved photocatalytic properties of the
synthesized ZnFe,0,@MnO/GO nanocomposite compared to the ZnFe,O,@MnO/
rGO nanocomposite under the under the visible light [36].

Porosity and Surface Chemistry of ZnFe,0,@Mn0-GO and ZnFe,0,@MnO-rGO

The nitrogen adsorption—desorption isotherms were performed in order to carry
out an analysis relevant to the porosity properties of ZnFe,0,@MnO-GO and
ZnFe,0,@MnO-rGO, and the further interpretation was performed by using
Brunauer—Emmett-Teller (BET) method. Total pore volume, average pore diame-
ters and surface area of synthesized samples, for evaluation of porosity and surface
chemistry are listed in Table 2. Figures 18 and 19 display the N, adsorption isotherm
and pore size distribution curve of synthesized ZnFe,0,@MnO-GO and ZnFe,0,@
MnO-rGO nanocomposites. The isotherms show the features of type IV isotherms
according to IUPAC classification, indicating the presence of mesopores structures
in the samples. The specific surface area of ZnFe,0,@MnO-GO and ZnFe,O,@
MnO-rGO nanocomposites are 26.77 m?/g and 14.08 m?/g with an average pore size
diameter of 18.03 nm and 18.83 nm, respectively, which significantly determines
the mesoporous nature, while the surface area of ZnFe,0,@MnO nanoparticles, GO
and rGO are found to be 75.54 m%g, 5.86 m%/g and 11.01 m?/g with an average pore
size of 10.74 nm, 25.37 nm and 19.24 nm, respectively, as given in Table 3. The
lower surface area of ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO nanocompos-
ites compared to the ZnFe,0,@MnO may be owing to blocking of a few sites by
GO and rGO in the ZnFe,0,@MnO structure [16]. On the other hand, the surface
area of the catalyst is one of the most important factors in photodegradation pro-
cesses; higher surface area of the catalyst causes the generation of more active spe-
cies and improvement of the photocatalytic performance [37]. The higher surface
area of synthesized ZnFe,0,@MnO-GO compared to the ZnFe,0,@MnO-rGO
causes the generation improvement of the photocatalytic activity of the synthesized
ZnFe,0,@MnO-GO nanocomposite compared to the ZnFe,0,@MnO-rGO nano-
composite under the visible light.

Photoluminescence

The recombination rate of the photogenerated electron—hole pair in the semi-
conductor materials was studied through photoluminescence (PL) spectroscopic
analysis as shown in Figs. 20 and 21. The PL emission spectra of ZnFe,O,@
MnO-GO and ZnFe,0,@MnO-rGO nanocomposites and ZnFe,0,@MnO
were recorded in excitation wavelength of 358 nm at room temperature and the
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Fig. 18 N, adsorption isotherms of GO, ZnFe,0,@MnO and ZnFe,0,@MnO-GO nanocomposites
along with pore size distribution curve

emission spectra emerged at 558 nm, 554 nm and 560 nm, showing a small blue
shift, which reveals a good interaction between the metal oxide and GO. These
findings explained the existence of efficient separation of photogenerated charge
carrier owing to the decreasing intensity of synthesized ZnFe,O,@MnO-GO
nanocomposite in PL spectra, which repressed the recombination rate of e/
h™ pairs and increase the photocatalytic degradation rate of organic pollutants.
The mechanism involved is when ZnFe,O,@MnO nanomaterials are decorated
on the surface of GO; the photogenerated electrons on the conduction band
(CB) of ZnFe,0,@MnO transfer to the GO sheet. The presence of a conjugated
n-system in GO delocalized the electrons on the surface of the GO sheet. This
findings in enhanced separation of e /h™ pairs lead to enhance the photocatalytic
performance in the case of synthesized ZnFe,0,@MnO-GO nanocomposite as
compared to their naked counterparts (ZnFe,O,@MnO and GO). Additionally,
ZnFe,0,@MnO also shows strong bonding interaction with GO moiety rather
than rGO owing to the presence of a large number of oxygen containing the
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along with pore size distribution curve

Table 3 BET analysis

Samples Surface Total pore Average pore
Kirf}oogrﬁ:?’gngialgé) (?GO P areza Volu%mpe diame%erlan)
and Z’nFe2024 @A)‘MnoerO (m7e) (cm’/e)
nanocomposites GO 5.86 0.03722 25.37
GO 11.01 0.05296 19.24
ZnFe,0,@MnO 75.54 0.203 10.74
ZnFe,0,@MnO-GO  26.77 0.1207 18.03
ZnFe,0,@MnO-rGO  14.08 0.06631 18.83

functional group. This is supported by the improved photocatalytic efficiency of
the synthesized ZnFe,0,@MnO-GO nanocomposite compared to ZnFe,O,@
MnO-rGO nanocomposite under the visible light [36].
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Fig. 21 Photoluminescence spectra of ZnFe,0,@MnO and ZnFe,0,@MnO-rGO nanocomposites

Photocatalytic degradation activities and kinetics of CR

The ZnFe,0,@MnO, ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO nanocompos-
ites are used for the photocatalytic degradation of CR under visible light irradiation,
as shown in Figs. 22, 23 and 24. In this regard, 100 ml of 10 mg/l CR solution with
time intervals of (5-35 min) at pH=4 in the presence of 0.10 g ZnFe204@MnO,
ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO nanocomposites was exposed to
the visible light. The results demonstrated that the percentage of maximum dye
degradation in the presence of 0.10 g ZnFe204@MnO, ZnFe,0,@MnO-GO and
ZnFe,0,@MnO-rGO nanocomposites was 96.21%, 98.73% and 95.98%, respec-
tively. To investigate the effect of pH, several tests were performed on photocatalyst.
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Fig. 23 Photocatalytic degradation of Congo red under visible light in the presence of ZnFe,0,@MnO—
GO. (Color figure online)

The pH of 10 mg/l CR dye solution is about 7 in the presence of nanocomposite.
Evaluation of the effect of pH was carried out in the range of 1-14 by using sodium
hydroxide and hydrochloric acid. In the case studies, it was demonstrated that in
the pH=4, all photocatalysts can only degrade the Congo red, but it does not have
the degradation ability, and the least photocatalytic activity was observed in the pH
regions 5-12 and 1-3, respectively. The experiments of photocatalysis were carried
out at pH=4; due to this; pH is optimized, and nanocomposites gave the best effi-
ciency in the photocatalytic degradation of Congo red. The effect of initial dye (CR),
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Fig. 24 Photocatalytic degradation of Congo red under visible light in the presence of ZnFe,0,@MnO—
rGO. (Color figure online)

concentration on its photodegradation was investigated from 10 to 70 ppm at pH=4
and nanocomposites dosage of 0.10 g/l. It is demonstrated that the photodegradation
decreases with increase in initial CR concentration. At high dye concentrations, the
formation reactive oxygen species on the photocatalyst surface is reduced because
the photons are interrupted by the dye molecules before they can reach the catalyst
surface. Further, nanocomposites dosage is also same for all initial CR concentra-
tion, and therefore the formation of OH' remains constant [38]. In the case studies, at
high dye concentrations, it does not have the degradation ability, and the least pho-
tocatalytic activity was observed; we do not mention in this study. The experiments
of photocatalysis were carried out in 10 mg/l CR solution; due to this, concentration
is optimized and nanocomposites gave the best performance in the photocatalytic
degradation of Congo red.

Further, the reaction kinetics of the photocatalysis improved by using the first-
order kinetic model as follows:

InC,=InC, — kt )
where C, and C, represent the initial CR concentration and CR concentration at ¢
time, respectively. The plot of In (C,/C,) versus ¢ can be approached as straight lines,
as shown in Fig. 25a and b, which means that the photodegradation of CR is fit-
ted as pseudo-first-order kinetics. Table 4 indicates the evaluated rate constant and
the correlation coefficient under different conditions. The effect of the reaction rate
of 0.10 g/l ZnFe,0,@MnO-GO was 0.063 min~"!, which was slightly higher, com-
pared to 0.05 g/l and 0.02 g/l ZnFe,0,@MnO-GO nanocomposite. Furthermore,
the effect of the reaction rate of 0.10 g/l ZnFe,0,@MnO-rGO was 0.059 min~!,
which was some higher, compared to 0.05 g/l and 0.02 g/l the prepared ZnFe,O,@
MnO-rGO sample. The photocatalytic degradation of Congo red as a function of
time by employing the synthesized ZnFe204@MnO, ZnFe,0,@MnO-GO and
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Fig. 25 a The effect of ZnFe,0,@MnO-GO catalyst amount on the photocatalytic degradation of Congo
red. b The effect of ZnFe,0,@MnO-rGO catalyst amount on the photocatalytic degradation of Congo
red. (Color figure online)

ZnFe,0,@MnO-rGO nanocomposites was studied under visible light irradiation,
as shown in Fig. 26. It can be demonstrated that the ZnFe,0,@MnO-GO nano-
composites compared to ZnFe,0,@MnO nanocomposites gave the best efficiency
in the photocatalytic degradation of Congo red. Also, it can be indicated that the
ZnFe,0,@MnO nanocomposites compared to ZnFe204@MnO-rGO nanocom-
posites gave the best efficiency in the photocatalytic degradation of Congo red. The
ZnFe,0,@MnO-GO nanocomposite gave the highest photocatalytic efficiency due
to the well optical absorptions in the UV—Vis region with a lower band gap energy
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Table 4 Rate constant of reaction kinetic for ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO photocata-
lytic degradation by Congo red in different concentrations

Photocatalyst Initial CR solution con- Photocatalyst k (min~") R?
centration (mg/1) loading (g)
ZnFe,0,@MnO-GO 10 0.10 0.063 0.9951
ZnFe,0,@MnO-GO 10 0.05 0.041 0.9912
ZnFe,0,@MnO-GO 10 0.02 0.029 0.9894
ZnFe,0,@MnO-rGO 10 0.10 0.059 0.9925
ZnFe,0,@MnO-rGO 10 0.05 0.033 0.9744
ZnFe,0,@MnO-rGO 10 0.02 0.030 0.9833
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Fig.26 Comparison of the photodegradation efficiencies of Congo red for ZnFe,O0,@MnO, ZnFe,0,@
MnO-GO and ZnFe,0,@MnO-rGO nanocomposites under visible light irradiation for 35 min. (Color
figure online)

and a larger surface area giving a rise to a higher photocatalytic activity. Addition-
ally, the graphene oxide in the nanocomposite can act as an electron transfer chan-
nel to reduce the recombination of the photogenerated electron holes, leading to
improved photoconversion efficiency [39, 40]. Also, in reduced graphene oxide, a
large part of the oxygen functionalities are eliminated, which can be caused to an
undesirable effect on the electrical conductivity and other physical properties of it
and so, its photocatalytic efficiency has been reduced in the adsorption metal ions
and finally leading to decreasing photocatalytic efficiency. The reasonable photo-
degradation mechanism by using prepared ZnFe,0,@MnO-GO nanocomposite is
displayed in Fig. 27. The ZnFe,0,@MnO nanomaterials decorated on the surface of
GO sheet of the composite maybe excited and induced photogenerated e /h* pairs
under the visible light irradiation as shown in Eq. (3). The photogenerated electron
gets migrate from the conduction band (CB) of ZnFe,0,@MnO nanoparticles to
the surface of GO (Eq. 4), and reduced oxygen molecule results in the formation of
superoxide radicals O, (Eq. 5). Further, the electron insufficiency (hole) on valence
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Fig. 27 Photocatalytic mechanism of ZnFe,0,@MnO-GO nanocomposite

band (VB) is accountable for the formation of hydroxyl radical (OH’) as given in
Eq. (6). The key reactive species created during the photodegradation investigations
specifically superoxide radicals (O;) and hydroxyl radicals (OH') are mostly liable
for the degradation of organic pollutants into eco-friendly degradation product CO,
and H,0 molecules (Eq. 8).

ZnFe,0,@MnO + hv — ZnFe,0,@MnO(h*) + ZnFe,0,@MnO(e”)  (3)

ZnFe,0,@MnO (¢7)cg + GO — GO (e7) + ZnFe,0,@MnO 4)
GO(e7)+ 0, - GO+ 05, 3)
ZnFe,0,@MnO (h")yp + OH™ — ZnFe,0,@MnO + OH' (6)
Oy +2H,0 +e~ — 30H™ + OH’ @)

O;. + OH + CR — CO, + H,0 8)

Effect of catalysts dosage

The photodegradation of CR dye onto ZnFe,0,@MnO-GO and ZnFe,O,@
MnO-rGO nanocomposites was performed by verifying the amount of catalyst
(0.1 g/1, 0.05 g/1, 0.02 g/1). The influence of catalyst concentration on the photodeg-
radation ability is shown in Figs. 28 and 29. The photodegradation efficiency of CR
is 98.73%, 83.51%, 73.31%, at 0.1 g/1, 0.05 g/, 0.02 g/l of ZnFe,0,@MnO-GO,
respectively. Additionally, the photodegradation efficiency of CR is 95.98%, 82.35%,
72.43%, at 0.1 g/l, 0.05 g/, 0.02 g/l of ZnFe,0,@MnO-rGO, respectively. The
enhanced photocatalytic activity of ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO
nanocomposites is owing to the incorporation of ZnFe,0,@MnO on the GO and
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Fig. 29 Effect of loading ZnFe,0,@MnO-rGO nanocomposite on the CR solutions degradation (Sam-
ple: 0.10 g ZnFe,0,@MnO-rGO, initial concentration of CR solution: 10 mg/l, pH of CR solution: 4,
Volume: 100 ml)

rGO sheets which amplifies separation of e /h™ pairs and also, when the weight
ratio of GO and rGO to [ZnFe,0,@MnO] increased, the degradation efficiency
increased. This phenomenon is due to the efficient separation of the electron—hole
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pairs, which prevented the recombination rate of e /h* pairs and enhances the pho-
tocatalytic degradation rate of pollutants. The comparative photocatalytic study of
as-synthesized ZnFe204@MnO, ZnFe,0,@MnO-GO and ZnFe,0,@MnO-rGO
nanocomposites by using CR dye solution under ambient reaction condition is given
in Table 5. The optimized concentration of 0.10 g synthesized catalysts was elected
for further photodegradation studies.

Conclusion

In conclusion, we synthesized magnetically separable ZnFe,O,@MnO-GO and
ZnFe,0,@MnO-rGO photocatalysts via facile hydrothermal method at room tem-
perature. The photocatalysts were studied by TEM, FESEM, EDAX, XRD, UV-
DRS, BET, PL and VSM. FESEM, EDAX and TEM results demonstrated that gra-
phene oxide sheets and reduced graphene oxide sheets were fully decorated with
ZnFe,0,@MnO nanoparticles. Product photocatalytic activity was investigated in
detail by photocatalytic degradation of Congo red dye under visible light irradiation.
The photocatalytic experimental results indicated that ZnFe,0,@MnO, ZnFe,0,@
MnO-GO and ZnFe,0,@MnO-rGO degrade Congo red dye in the same reac-
tion condition by 96.21%, 98.73% and 95.98%, respectively. Based on our inves-
tigations and attained experimental results, we demonstrated that the combination
of ZnFe204@MnO nanoparticles with the graphene oxide sheets revealed highly
active catalyst for the degradation of Congo red under visible light irradiation.
Highest photocatalytic activity was observed for the ZnFe,0,@MnO-GO (cata-
lyst-0.10 g/1, dye concentration 10 mg/l and pH=4). The decreasing PL emission
intensity of ZnFe,0,@MnO-GO nanocomposite proposed the good interaction
between ZnFe,0,@MnO and GO, which improved the electron-hole separation,
leading to enhanced photocatalytic activity. The combination of the adsorption prop-
erty of the graphene oxide nanosheet and the magnetic and photocatalytic property
of ZnFe,0,@MnO-GO nanocomposite compared to ZnFe,0,@MnO-rGO nano-
composite makes the photocatalyst promising candidates for the solution of a variety
of environmental problems. We hope that this article provides a path for researchers

Table 5 Comparative study of photocatalytic degradation by using optimized concentration of Congo red
dye solution (50 mg/l)

Photocatalyst Initial CR solution Photocatalyst Time (min) % Degradation
concentration (mg/1) loading (g)
ZnFe,0,@MnO 10 0.10 35 96.21
ZnFe,0,@MnO-GO 10 0.10 35 98.73
ZnFe,0,@MnO-GO 10 0.05 40 83.51
ZnFe,0,@MnO-GO 10 0.02 40 73.31
ZnFe,0,@MnO-rGO 10 0.10 35 95.98
ZnFe,0,@MnO-rGO 10 0.05 40 82.35
ZnFe,0,@MnO-rGO 10 0.02 40 72.43
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into the improvement of nanocomposites photocatalytic activity in a shorter time
with less cost.
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