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Abstract

Methylene blue (MB) utilized in chemical industries and research laboratories, produces a considerable
amount of wastewater and causes water pollution even at low concentration. In the present work, novel
low bandgap MgFe>04-CuO/graphene oxide nanocomposite was used as a heterojunction magnetic
nanophotocatalyst to photodegrade MB in simulated wastewater. The photocatalyst was synthesized
via a microwave-ultrasonic route and characterized by a group of spectroscopic techniques. The
synthesized photocatalyst had a specific surface area of 96.12 m?.g”!, pore volume of 0.0521 cm?.g!,
and pore diameter of 2.90 nm. Batch photocatalytic degradation of MB dye was performed at 25°C
under ambient sunlight, and carefully optimized to obtain maximum photodegradation efficiency.
Under optimal conditions, the synthesized photocatalyst demonstrated superior degradation efficiency
reaching 98.8% within 27 minutes. Recyclability studies showed that the synthesized photocatalyst
had a very good stability and reusability up to four cycles.

Keywords: Semiconductor alloy; Heterojunction, Magnetic nanocomposite; Photocatalyst; MB
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1. Introduction

Organic dye industry effluents like methylene blue dye (MB) which has a non-biodegradable aromatic
structure and absorbs the majority of sunlight radiation, accumulates in wastewater and causes serious
damage to marine ecosystems and human life [1-5]. As a result, the elimination of such dyes from
wastewater has become a priority for many researchers worldwide [6-10]. To date, a number of
techniques have been developed to eliminate organic dyes from industrial effluents, including
adsorption [11, 12], membrane technology [ 13], photocatalysis [14] and more [15-18]. Among all these
approaches, photocatalysis has received huge interest in recent decades due to its low cost, nontoxic
nature, ease of execution, low energy consumption and ability to be reused [19-22]. Photocatalytic
water treatment is a well-known and eco-friendly advanced oxidation process (AOP) which involves

a photochemical reaction on the surface of a photocatalyst that produces electron-hole pairs when
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exposed to light. The electron-hole pairs facilitate the degradation of complex organic pollutants,
mainly to CO2, H2O and other innocuous inorganic materials [23, 5]. Semiconductor-mediated
photocatalysis has sparked a lot of interest due to its potency to photodegrade a vast range of organic
and inorganic pollutants under ambient conditions without toxic by-products [24]. Semiconductor
photocatalysts can be excited to an energy level higher than their bandgap, inducing the generation of
energy-rich photo-carriers, which can be involved in redox reactions to decompose organic dyes [25-
28]. The effectiveness of such processes is inextricably linked to the transport of the photogenerated
carriers which is influenced by the materials’ morphology, particle size, size distribution, dosage,
pollutant concentration and pH [29, 30].

Because of their excellent photocatalytic properties and ease of fabrication, narrow bandgap
semiconductors such as spinel ferrite nanoparticles with formula MFe2O4 (M: Mn, Zn, Co, Mg, Ni,
etc.) have been selected as versatile nominees for diverse applications, including pollution control [31-
36]. Another useful feature is their magnetic property which facilitates the process of separating them
from the polluted aqueous solution by applying an external magnetic field. They can also be reused,
which is a key feature of wastewater treatment technology [37-39]. A major drawback of spinel ferrite
nanoparticles is the formation of agglomerates during synthesis as a result of magnetic interaction,
which can reduce the active surface area and thus the degradation performance [40]. Moreover, fast
electron-hole recombination rates diminish their photo-degradation efficiency under visible light
irradiation. Therefore, many attempts were made to address these problems by metal doping [41-43].

In this work, we have engineered a novel heterojunction photocatalyst capable of overcoming the
above disadvantages and degrading persistent contaminants such as organic dyes, which are not
naturally degraded in the environment. Our heterojunction photocatalyst was manufactured using a
semiconductor alloy composed of magnesium ferrite MgFe2O4 (MFO) and copper oxide (CuO), on a
substrate of graphene oxide (GO) nano-sheets. GO-based composite materials have unique chemical,
mechanical and electrical properties as well as large specific surface area and good adsorption
capability, making them powerful competitor photocatalysts for visible light-driven photodegradation
of organic pollutants [44, 45]. MFO n-type semiconductor is a promising UV-visible absorber with a
narrow bandgap and a soft magnetic nature that aids its separation from aqueous systems [46-48].
Furthermore, MFO has good photostability in both alkaline and acidic solutions, rendering it an ideal
candidate for environmental remediation. Copper oxide CuO p-type, on the other hand, has superior
photoconductive as well as photochemical properties, narrow bandgap and low bulk density [49]. It
has a large surface area and porosity, and when exposed to solar radiation, it can exhibit strong
absorption in the visible region [50]. In this study, GO nano-sheets were incorporated into MgFe2Ou-

CuO semiconductor alloy as a support for the active materials and to hinder agglomeration during



synthesis, effectively promote charge separation and extend the lifetime of the charge carriers for
improved photocatalytic efficiency. Microwave-ultrasonic route is widely used technique to create the
conditions for rapid and intimate reaction in nanoscale and colloidal systems; the ultrasonication
produces excellent agitation and transient local heating, which is supported by the microwave energy
input. For the above features, a microwave-assisted approach was chosen to synthesize our MgFe2O4-
CuO decorated GO nano-sheets nanocomposite. The synthesized MFO-CuO@GO nanocomposite was
characterized using XRD, FTIR, Raman spectroscopy and energy dispersive X-ray analysis (EDX).
Field emission scanning electron microscopy (FE-SEM) was used to investigate surface morphology,
while particle sizes were inspected by transmission electron microscopy (TEM). The Brunauer-
Emmett-Teller (BET) method was used to determine the specific surface area and pore size distribution
of the prepared MgFe204-CuO/GO hetero-junction photocatalyst, as well as pore volumes using the
Barret-Joyner-Halenda (BJH) model. The photocatalytic properties were conducted in detail, and the
results demonstrated outstanding photodegradation efficiency under sunlight with 98.8% MB
degradation in just 27 minutes.

2. Experimental and methods

2.1. Materials

All of the chemicals and reagents utilized for the preparation of heterojunction photocatalyst were of
analytical grade 99% purity, so they were not purified further. Milli-Q water (resistivity greater than
18.2 MQ.cm) was used during the synthesis of MgFe204/CuO/GO nanocomposite. Magnesium nitrate
Mg(NO3)2.6H20, copper acetate monohydrate Cu(CH3COO)2..H2O and iron (III) nitrate
Fe(NO3)3.9H20 were purchased from Fluka. Poly(vinylpyrrolidone) K30 (PVP) (MW= 40000) was
purchased from DIREVO Industrial Biotechnology Germany. Graphite powder, sodium hydroxide
(NaOH), sodium nitrate (NaNOs3) and sulfuric acid (H2SO4) were purchased from Sigma-Aldrich.
Hydrogen peroxide (H202) and glacial acetic acid (CH;COOH) were supplied by Scharlau. Potassium
permanganate (KMnO4) was purchased from AppliChem.

2.2. Synthesis of graphene oxide nano-sheets

Graphene oxide nano-sheets (GO) substrate was prepared via a modified Hummer’s method using
graphite powder as a precursor [51]. Typically, 2 g of graphite powder, 1.3 g of NaNO3 and 50 mL of
H2SO4 were charged into a 1000 mL glass beaker and stirred for 20 min at 580 rpm in an ice bath with
a temperature not exceeding 5°C. Thereafter, 10.5 g of KMnO4 were added stepwise to the mixture
while stirring for another 1h in the same conditions. Later, 95 mL of deionized water were carefully
added to the mixture and the reaction beaker was subsequently moved out of the ice bath. After that,

35 mL of H202 35 wt% were poured into the mixture and stirred for another 1h. The resulting



precipitate was treated with an aqueous solution of 1M HCI followed by washing with deionized water.
The obtained precipitate of GO nano-sheets was collected and dried for 24h at 70°C.

2.3. Synthesis of MgFe,O4 nanoparticles

Nano-crystalline magnesium ferrite (MgFe204) was synthesized via an auto combustion technique,
following a procedure described in our previous work [25].

2.4. Synthesis of CuO nanoparticles

Copper oxide nanoparticles (CuO NPs) was prepared via chemical precipitation approach [52]. In a
typical reaction apparatus, 1.199 g of Cu(CH3COO)2.H20 was dissolved in 300 mL of DI water and
agitated with 1 mL glacial acetic acid at temperature of 60°C. Sodium hydroxide (1M; 100 mL) was
gradually added to the mixture as a basifying medium to cause the precipitation of the heavy black
product. The precipitate was washed sequentially with DI water and ethanol several times, and finally
dried for 6h at 80°C.

2.5. Synthesis of MgFe;04-CuO/GO nanocomposite photocatalyst

Nanocomposite photocatalyst was successfully prepared via microwave-ultrasonic procedure (see
Figure 1). In a Muller furnace, equal amounts of MgFe204 and CuO were mixed, finely ground, and
thermally treated for 2h at 400°C. The resulting MgFe204-CuO nanocomposite (0.5 g) was dispersed
in 50 mL of DI water and added to another dispersion containing (0.3 g) GO nano-sheets and 50 mL
DI water. The mixture was sonicated for 2h at 40°C, then microwaved for 10 min. Finally, the resulting
MgFe204-CuO/GO nanocomposite was isolated, washed several times with DI water and ethanol and
dried for 6h at 60°C.

2.6. Materials characterization

Structural characterization of the newly-synthesized magnetic nanocomposite photocatalyst and the
starting materials was performed using Fourier-Transform Infrared Spectroscopy (FTIR) on a model
Shimadzu 8400 spectrophotometer in the 400-4000 cm™' range, and elemental analysis by energy-
dispersive X-ray spectroscopy (EDX) (ZEISS Sigma 300). Raman spectroscopy is a well-suited
technique for determination of the structural defects in the crystal structure of GO-based
nanocomposites. Raman spectra of as-synthesized GO nano-sheets and MgF.04-CuO@GO
nanocomposite were monitored in the spectral region of 100-3600 cm™'. The crystalline structures of
the synthesized materials were examined by X-ray powder diffractometry (XRD) (XRD-6000
Shimadzu) using Cu Ka radiation (A = 1.5406 A), 10°-80° 20, and 5 degrees/s scan rate. The crystallite
size (D) of the prepared materials was calculated from the width of the most intense peak using the
Debye-Scherrer equation (Eq. 1) [53].
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where K is a constant related to the crystallite shape (K = 0.9), 0 is the Bragg angle and S is the
contribution of the crystallite size to the full width at half maximum (FWHM) of the corresponding
diffraction peak in radians.

The lattice constant a was calculated by using the following relation (Eq. 2):

a:dhkl\/h2+k2+l2 (2)

where d the interplanar distance for the plane 4k/. The degree of crystallinity (Dx) was calculated using
the following formula (Eq. 3) [42]:

Dif fraction peak intensity

Crystallinity % =

x 100 3)

Total intensity

The crystalline phases were identified by comparison with the Joint Committee on Powder Diffraction

Standards (JCPDS) database.
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Fig. 1. Synthesis route of MgFe204-CuO/GO heterojunction magnetic nanophotocatalyst
Field Emission Scanning Electron Microscopy (FE-SEM) (Model: ZEISS Sigma 300) was used to
scan the surface morphology of the prepared nano-photocatalyst and the starting materials. The particle
size was also determined by Transmission Electron Microscopy (TEM) (JEOL, JEM-2100F, 200 kV).
The Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) model were used to

determine the specific surface area, pore size distribution, and pore volumes of the synthesized



materials. The optical absorption features of the nanocomposites were investigated via Diffuse
Reflectance Spectroscopy (UV-vis-DRS) JASCO-V650 with an integrating sphere (ILV-724) (A= 300-
800 nm). The magnetization measurements were made under ambient conditions using a vibrating
scanning magnetometer (VSM) (Cryogenic Limited PPMS) under an applied field of £1 T.

2.7. Photocatalytic testing

The photocatalytic performance of the newly-synthesized MgFe:04-CuO/GO magnetic
nanophotocatalyst was assessed using a methylene blue batch photodegradation reaction under solar
illumination. Every run was performed on a dispersion of 0.03 g of photocatalyst in 50 mL of 10 mg
L ! methylene blue aqueous solution in a 250 mL glass reactor. The reactor contents (i.e. photocatalyst
and MB aqueous solution) were stirred in the dark for 30 min to achieve adsorption equilibrium
between MB, photocatalyst and water. Thereafter, the photodegradation reaction was initiated by
irradiating the reactor contents with visible light for 180 min. Photocatalytic evaluation was performed
during photocatalytic process by withdrawing 5 mL of the irradiated suspension every 5 min. All the
experiments were carried out under direct sunlight (measured as 100,000+£100 lux), without stirring,
over set periods of sunlight in the natural environment. The withdrawn samples were instantly filtered
and exposed to an applied magnetic field to separate the nanocomposite from the dye solution. The
samples were tested using a UV-visible spectrophotometer at Amax = 664 nm to determine the
concentration of methylene blue after the elapsed time interval (Cr). The following equation (Eq. 4)

was used to calculate dye degradation efficiency over time.

) . _ (Cl - Ct)
Y%oDegradation = — x 100 (4)
i

where C;is the initial concentration of the dye and Crthe concentration at a given reaction time.

3. Results and Discussion

3.1. FTIR, XRD and Raman measurements

FTIR spectra (Fig. 2a) were used to examine the characteristic groups belonging to MgFe2O4 and CuO
NPs, GO nano-sheets, MgFe204-CuO and the novel magnetic photocatalyst MgFe204-CuO/GO
nanocomposite. Distinctive peaks related to the magnesium ferrite and copper oxide NPs were
observed in the fingerprint region of the FTIR spectra. The FTIR spectrum of MgFe2O4 NPs revealed
two prominent absorption bands at 561 and 424 cm™!, which were attributed to the ionic bonds (Fe-O
and Mg-0), indicating the formation of MgFe204[53]. For CuO nanoparticles, broad bands located at
1436 cm™ and 3429 cm™ respectively were attributed to the stretching and bending vibrations of
hydroxyl groups, whereas bands located in the 424-611 cm™! range represented the Cu-O stretching
vibrations [54]. The following distinct bands were visible in the FTIR trace for GO nano-sheets: O-H
bond: 3421 cm’!, C=0 bond: 1718 cm™!, C=C aromatic bond: 1631 cm™, C-O-C ether linkages: 1226



cm™!, 1064 cm™ (C-O bond) [55]. For the MgFe204-CuO semiconductor alloy, there was a noticeable
shift in the positions of vibrational bands related to the starting materials i.e. MFO and CuO. For
instance, MFO peaks normally located at 424 cm™ and 561 cm™! were found at 415 cm™ and 574 cm®
!, while CuO peaks in the 424-611 cm™' range were found at 601, 497 and 439 cm™ with lower
intensities in the MgFe204-CuO semiconductor alloy. These apparent shifts may be partly due to
change in particle size [56],but are most likely to be due to interfacial interactions between the
components in the hybrid materials. However, the featured bands observed for the GO nano-sheets
were also found to be less intense upon decorating GO nano-sheets with MgFe204-CuO semiconductor
alloy. This reduction in GO bands intensities is evidence that anchoring of the MgFe204-CuO upon
GO nano-sheets had occurred.

The XRD patterns of the MgFe204-CuO/GO photocatalyst and the starting materials are shown in Fig.
2b. The XRD pattern of the prepared MgFe204 nanoparticles calcined at 900 °C revealed sharp, intense
crystalline diffraction peaks of the (111), (220), (311), (222), (400), (331), (422), (511), (440), (531),
(620), and (533) crystallographic planes that respectively corresponded to 20 values of 18.3°, 30.1°,
35.5%,37.1°,43.1°,49.5°, 53.4°, 57.0°, 62.6°, 64.0°, 70.9°, and 74.0". These dominant diffraction peaks
were indexed to those from the spinel magnesium ferrite (face-centred cubic phase Fd3m space group,
JCPDS card no. 01-071-1232) with no peaks associated with Mg and Fe oxides. Small peaks related
to lattice planes of a-Fe203 (JCPDS card no. 80-2377) were assigned as a minor second phase with
MFO.

The XRD peaks of CuO NPs appeared at 20 values of 32.50°, 35.40°, 38.60°, 45.50°, 47.40°, 53.38",
58.16°,62.49°, 66.16°, 67.85°, 67.88, 72.40" and 74.96  were respectively linked to 4kl values of (110),
(-111),(111),(-112),(-202), (020), (202), (-113), (022), (-311), (220), (311) and (004) crystallographic
planes of the monoclinic structure (C2/c space group) of the CuO NPs (JCPDS card No. 33-0664). The
diffraction peaks of the GO nano-sheets appeared at 20 values of 10.5"and 25.5° which corresponded
to the (001) and (002) planes of an ordered few-layer structure of graphene oxide [57]. The XRD
pattern for the prepared MgFe:04-CuO semiconductor alloy presented the same crystallographic
planes as the starting materials MFO and CuO NPs and no effect on the lattice of MgFe2O4 NPs was
observed upon CuO anchoring. The XRD pattern for the novel MgFe:04-CuO/GO magnetic
nanocomposite photocatalyst revealed -crystallographic planes with multi-phases (cubic and
monoclinic) correlated to the starting materials, with no shifted peaks that would indicate lattice
expansion or contraction. Moreover, the obvious increase in the intensities of the diffraction peaks
(400), (331), and (533) is evidence for the growth of the crystallographic planes of the prepared
photocatalyst. According to the Scherrer equation, it was found that the crystallite size for (400) (331),



and (533) planes was 36.71 nm for the pristine MFO while it was 41.75 nm for MFO in MFO-CuO/GO
photocatalyst. Furthermore, a clear reduction in the intensity of the CuO diffraction peaks, especially
for the (020), (202), (-113), (022), (-311), (220), (311) crystallographic planes was observed for the
MFO-CuO/GO nanocomposite, which might be attributable to the emergence of CuO amorphous
structures [58].

Metal-O

WI\_AFO-CUO/GO
5/4
™ MFO-CuO

3429 7

)
>
N
©
Q A
c
©
£
7}
c
©
e
'_

13421

— s 561

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™ )

Fig. 2a: FTIR spectra of GO nano-sheets, MgFe204, CuO NPs and MgFe204/CuO/GO nanocomposite
photocatalyst.

Fig. 2¢ shows the Raman spectra of the prepared GO nano-sheets and MgFe>04-Cu/GO magnetic
nanocomposite. The Raman trace featured two distinct bands, the diamond band and graphite band
respectively denoted as D-band and G-band. The D peak at 1348 cm™ and G peak at 1589 cm™ were
clearly observed, which was the typical sign of graphene. In the MgFe204-Cu/GO spectrum, small
intense peaks at 216, 336, 497, 578, 676 and 726 cm™! respectively belonging to Fag (1), Eg, F2g (2), F2g
(3) and Aig Raman-active vibration modes of MgFe204-CuO. The relative intensity ratio In/lc was
1.036 for GO nano-sheets, while it was 0.919 for the MgFe204-Cu/GO magnetic nanocomposite,
indicating the presence of graphitic character. However, both D and G bands of the as-prepared
MgFe204-Cu/GO were slightly shifted to the lower frequency region (1343 and 1582 cm™') when
compared to the D and G bands of GO nano-sheets, indicating slight reduction of GO to rGO upon

MgFe204-Cu during the microwave-ultrasonic process [27].



[
—— MFO-Cu0/GO *=GO0

—— MFO-CuO ®=MFO
—~Cu0 ==Cu0
—MFO m # = a-Fe,0,
—GO -
u
®
* * ®
. - om
0
Q.
S
2 W
2 = - & s <a
c == = 8 & & ° =8 . =

311
(511
(4403

(220)

WTRERPPON

’

(00f)

goo
¥

[Ty
A

3
;

(11)
£
(222)
=—(400)
L(331)
(422)
(531)
(620)
% (533)

T T T T T T T T T T
10 20 30 40 50 60 70 80
2theta (deg.)

Fig. 2b: XRD patterns of GO nano-sheets, pristine MgFe204, CuO NPs and MgFe204/CuO/GO

nanocomposite photocatalyst.

-— GO
DBand GBand ~ —— MgFe,0,-CuO/GO
1348 1589
| |
3
&
= 2D Band
2
9 2706 2920
= S Ip/ls = 1.036 -
° 8 §E"£§ 1343 ; .1582 | |
S 9 © i i I/l = 0.919 S
: : - Nttt
! ! ! !
MgFe204-CuO peaks 2700 2905
T T T T T T T T T T T
500 1000 1500 2000 2500 3000

Raman Shift (cm™)

Fig. 2¢: Raman spectra of GO nano-sheets and MgFe204/CuO/GO nanocomposite photocatalyst.



3.2. Surface studies and elemental compositions

Surface morphologies and elemental compositions of the prepared nanomaterials were obtained by
FESEM, TEM, high-resolution (HR)-TEM, selected-area electron diffraction (SAED) and EDX
techniques. Fig. 3a-f illustrates the SEM micrographs of the new photocatalyst as well as the starting
materials. The morphology of the pristine MgFe204 NPs calcined at 900 °C appeared as fairly uniform
spherical particles with narrow size distributions (22.45 nm average size) as seen in the SEM image

(Fig. 3a), and the existence of some aggregation due to the calcination process [59, 60].
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The surface morphology of the prepared CuO NPs (Fig. 3b) showed aggregates of cylindrical-like
shape with a narrow size distribution and an average particle size of 10.95 nm calculated from the
micrograph [61]. As can be seen in Fig. 3c, a significant change in the surface of the MFO-CuO
nanocomposite was observed relative to the starting materials. The SEM image for MFO-CuO
nanocomposite exhibited a high agglomeration of irregular plate-like particles with an average size of
32.4 nm. This change was caused by the interaction between the lattice planes of type Fd-3m and C2/c
related to MFO and CuO NPs, respectively. The SEM micrograph (Fig. 3d) of the prepared GO
presented a sheet-like morphology similar to that reported elsewhere [62, 63]. Fig. 3e,f presents SEM
micrographs of MFO-CuO/GO magnetic heterojunction photocatalyst under various magnifications.
Due to the high microwave energy used, it is clear to see the positively-charged MFO-CuO

nanoparticles attached to the surface of GO nano-sheets via electrostatic attraction [62].
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Fig. 4: SEM EDX spectra of a) MgFe204; b) CuO NPs; ¢) GO nano-sheets; d) MgFe204-CuO NCs; e)
MgFe204-CuO/GO NCs.

Fig. 4a-e depicts the elemental compositions and % purities measured by EDX for the individual
starting materials i.e. MFO and CuO NPs, GO nano-sheets and MFO-CuO nanocomposite, as well as
the prepared MFO-CuO/GO nanocomposite photocatalyst. All the EDX spectra confirmed the
presence of oxygen as a result of the metal oxides content. Also, the EDX spectra (Fig. 4¢) revealed a
peak related to carbon atoms in the synthesized MFO-CuO/GO photocatalyst.

For further elucidation, the morphologies and crystalline structures of the neat starting materials and
the synthesized photocatalyst were examined by TEM and HR-TEM with SAED patterns; the collected
photographs are presented in Fig. 5a-h. The TEM image (Fig. 5a) of pure MFO NPs shows cubic and
polyhedral-shaped crystals with diameters in the range 30-98 nm. The structure of MFO NPs was
further validated by high-resolution (HR)-TEM (Fig. 5b), which shows lattice fringes with estimated
interlayer spacings of 0.252 nm, correlated with the crystalline plane (311) belonging to MFO’s XRD
pattern. The polycrystalline character of MFO NPs was verified by SAED (see the inset of Fig. 5b).
The pattern exhibits rings made up of bright discrete spots corresponding to multiple crystal
orientations, indicating the polycrystalline nature of MFO. The TEM image for CuO NPs (Fig. 5¢)
shows a morphology similar to that seen in SEM (see Fig. 4b), having a high aspect ratio and a thin
layer with particle size ranging from 5-29 nm. On the other hand, the HR-TEM image (Fig. 5d) of CuO
NPs reveals lattice fringes with interlayer spacing values of 0.252 and 0.233 nm which, respectively
correspond to crystallographic planes (-111) and (111) of CuO. Additionally, the SAED patterns of
CuO NPs (see the inset of Fig. 5d) displays rings with a few discrete spots. The rings may be due to
polycrystalline nanoscale CuO particles, and the spots come from better-orientated crystal planes of a

monocrystalline phase.
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Fig. 5. TEM images of a) MFO NPs, c) CuO NPs, ¢) MFO-CuO nanocomposite, g and h) GO nano-
sheets and MFO-CuO/GO photocatalysts with their SAED patterns; (HR)-TEM images and SAED
patterns of MFO NPs, CuO NPs, and MFO-CuO nanocomposite labelled b, d, and f, respectively.

The morphology of the produced MFO-CuO semiconductor alloy (see Fig. Se and the inset of Fig. Se)
clearly shows large numbers of MFO NPs surrounding CuO NPs, forming larger aggregates. This
could indicate that high aspect-ratio CuO NPs are covered with low aspect-ratio MFO NPs.
Furthermore, a few random spots appeared in the SAED pattern (see the inset of Fig. 5f), illustrating
that combining high diffraction MFO NPs with low diffraction CuO NPs reduces the crystallinity of
the produced MFO-CuO semiconductor alloy. The number of active sites of MFO-CuO crystals will
surely decrease in the presence of such aggregation, which will impact the heterogeneous activation
process [64].

The HR-TEM image of the prepared MFO-CuO alloy (see Fig. 5f and the inset of Fig. 5f) displays the
lattice fringes with interlayer spacing values of 0.252 (311) nm and 0.233 nm (111), which respectively
correspond to MFO and CuO NPs in the MFO-CuO alloy. The TEM observations for the prepared GO
nano-sheets (Fig. 5g) reveal a thin layer including some sinuous structures with relatively smooth
surfaces. Additionally, the SAED patterns of the prepared GO nano-sheets (see the inset of Fig. 5g)
did not display conspicuous rings despite the existence of certain diffraction spots, indicating that the
GO retained crystalline order. Fig. 5h is a TEM image of the MFO-CuO/GO nanocomposite
photocatalyst. It can be seen that MFO-CuO semiconductor hybrid is partially anchored on the GO
nano-sheets. This partial anchoring may improve access to the active sites, resulting in higher
photocatalytic efficiency. Moreover, the SAED patterns of the photocatalyst (Fig. 5h inset) indicates
low crystallinity, while keeping the diffraction signatures of the starting materials. All the foregoing
properties support the incorporation of the MFO-CuO alloy onto GO nano-sheets and hence, we have
engineered a novel heterojunction photocatalyst made up of metal oxides and a carbon-based
nanomaterial that may prove to circumvent some of the limitations of other photocatalysts.

3.3. Nz adsorption-desorption analysis

Fig. 6a-h shows the N2 adsorption-desorption isotherms and pore size distribution curves of the
prepared nanomaterials. All the prepared nanomaterials revealed type IV isotherms according to the
TUPAC classification. The isotherms also show H3-type hysteresis loops at relatively high P/P° (0.30-
0.95), indicating the existence of mesoporosity in the studied samples. This sort of loop, however, is
indicative of agglomerates of plate-shaped particles that generate slit-shaped pores [65]. The
disappearance of a hysteresis loop for MFO in MFO-CuO sample (see Fig. 6¢) may be due to the
blocking of MFO pores by CuO deposition. The specific surface area Sper for the studied



nanomaterials was calculated from the N2 adsorption-desorption branch according to the multipoint
BET method, and the pore volume and pore size were calculated from the nitrogen desorption branch
based on the Barrett-Joyner-Halenda (BJH) model. According to the data presented in Table 1, the
obtained Sger values were 1.463, 58.8, 31.94, 8.25, and 96.12 m?.g!, respectively for MgFe204 NPs,
CuO NPs, GO nano-sheets, MgFe204-CuO nanocomposite and MgFe204-CuO/GO nano-catalyst. The
results showed that the new MgFe204-CuO/GO photocatalyst had a higher specific surface area (96.12
m?.g!) than MgFe204-CuO nanocomposite and GO nano-sheets, indicating efficient distribution of
MgFe204-CuO on the GO surface. The nanocatalyst displayed narrow-range mesoporous domains
extending from 2.1 to 27 nm, with an effective pore size of 2.9 nm and pore volume of 0.0521 cm®.g"
!, Combining different nanoparticles (MgFe204, CuO and GO) of different porosities, crystallinities,
and mineral phases, which are the main factors influencing the specific surface area SSA of
nanomaterials, could explain why the MgFe204-CuO/GO nanocatalyst had greater SSA than pristine
MgFe204, despite the increase in the particle size on the incorporation of CuO and GO. In addition,
the gentle heating makes the nano-crystals slightly larger but more well-defined, so the active surfaces

are more easily available.
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Fig. 6. N2 adsorption-desorption isotherms: (a) MgFe204 NPs, (¢) CuO NPs, (e) MgFe204-CuO NCs
and (g) MgFe204-CuO/GO photocatalyst, with their BET surface area and pore size distribution plots
labelled (b), (d), (f), and (h), respectively.



3.4. Magnetic study

One of the most valuable characteristics of magnetic photocatalysts is their strong magnetism. In
certain chemical and/or petrochemical industries, this can be used to separate the catalyst swiftly from
an aqueous mixture. Therefore, in this work, the magnetic features of the prepared MgFe>O4 NPs,
MgFe204-CuO NCs, and MgFe204-CuO/GO nanocatalyst were evaluated with a vibrating sample
magnetometer (VSM) at room temperature. The magnetic hysteresis loops of the studied nanomaterials
are shown in Fig. 7a,b and the obtained magnetic parameters are listed in Table 1. The magnetization
curves reveal that all MFO, MFO-CuO and MFO-CuO/GO are soft superparamagnetic nanomaterials
having minimal remanence M: and coercivity Hc, with saturation magnetization Ms values of 28.91
emu.g!, 18.11 emu.g!, and 16.72 emu.g!, respectively. The low Ms value for MFO-CuO
semiconductor alloy in comparison with MFO NPs could be due to a dilution effect. MgFe2O4 NPs
would have two Fe(IIl) ions, and hence 10 unpaired electrons, per formula unit, hereas CuO NPs
should have 1 unpaired electron and graphene oxide have none (diamagnetic). So MFO is much more
strongly magnetic than CuO or GO, and when they are combined together, the saturation magnetization
should be lower. The decrease in the saturation magnetization of the MFO-CuO/GO nanocatalyst may
be due to the diamagnetic nature of GO nano-sheets in the nanocomposite and/or to the presence of a
magnetically dead or antiferromagnetic layer on the nanocomposite surface [66]. Although the
existence of such a non-magnetic region on the catalyst surface reduces its apparent magnetic moment,
it has been reported that a saturation magnetization of 16.3 emu.g™! is sufficient for magnetic separation
[67], so our novel photocatalyst with saturation magnetization (16.72 emu.g') is sufficient for

magnetic separation from an aqueous mixture when an external magnetic field is applied.
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Fig. 7. Magnetic hysteresis curves of the studied nanomaterials at room temperature.

Table 1. Physical parameters of the studied nanomaterials.



Parameters GO MgFe:04 | CuO MFO-CuO | MFO-CuO/GO
Crystallite size (Dsgm) nm - 22.45 10.9 324 -
Crystallite size (Drgm) nm 30-98 5-29 - -
Crystallite size (Dxrp) nm 36.696 | 11.105 27.807 41.75
Crystallinity (%) - 82.87 69.60 60.47 5145
Specific surface area (Sgpr) m?.g”! 31.94 1.463 58.83 8.258 96.12
Pore volume, (V,) cm’.g’! 0.0738 | 0.0134 0.282 0.0378 0.0521
Pore diameter (D,) nm 22.98 2.40 32.42 31.77 2.90
Saturation magnetization, (Mg) emu. g’! - 2891 - 18.11 16.72
Remanence (Mg) emu. g’ 5.548 - 2.97 4.44
Coercive field (Hc) Oe - 117 - 97 121.9
Bandgap energy (eV) 33 1.87 1.99 1.76 1.69

3.5. Optical bandgap analysis

Nanomaterials with photocatalytic characteristics and a low optical bandgap energy can easily collect
photons in the visible light range. UV-visible diffuse reflectance (DRS) spectroscopy was used to
assess the optical bandgap energy of as-prepared MFO NPs, CuO NPs, GO nano-sheets, MFO-CuO
nanocomposite and MFO-CuO/GO nanocatalyst. Tauc’s equation was utilized to calculate the optical

bandgap energy (Eg) of the studied samples [68].

(ahv)® = A(hv — Eg) (5)

where a is the absorption coefficient, /4 is Planck’s constant, v is the photon frequency, Eg is the optical
bandgap energy, 4 is a constant and # has a value of 2 for a direct bandgap and 'z for an indirect
bandgap [54].

The DRS spectra (see Fig. 8a), reveals absorbance features at 385, 365, 383, 289 and (291 & 388) nm,
respectively attributed to MFO NPs, CuO NPs, MFO-CuO NCs, GO nano-sheets and MFO-CuO/GO
nano-catalyst. The DRS spectra for our nanocatalyst was red-shifted as compared to the starting
materials, essentially extending the light response range into the visible region. This implies that the
optical characteristics of our nanocatalyst have improved in the visible light area. Plotting (ahv)?
versus hv (Fig. 8b) and extrapolating the tangent line intercept with the /v axis gives the direct bandgap
energy values of 1.87, 1.99, 1.76, 3.30 and 1.69 eV, respectively corresponding to MFO NPs, CuO
NPs, MFO-CuO NCs, GO nano-sheets and MFO-CuO/GO nanocatalyst. The prepared MFO-CuO NCs
possess a bandgap energy of 1.76 eV, which is smaller than those of the individual metal oxides MFO
and CuO, whereas MFO-CuO NCs decorated graphene oxide exhibited a bandgap energy of 1.69 eV,
which is lower than those of the starting materials. The bandgaps for the individual MgFe2O4 and CuO
nanoparticles are larger than the corresponding bulk values, due to the quantum size effects that are
observed in small particles. When the nanoparticles are combined or anchored onto the surface of GO
sheets, their effective particle size increases, so the quantum effect is less, and the bandgap becomes

smaller. The bandgap of GO itself is not relevant because most of the corresponding C-C bonds would



not be directly affected by the coordination of nanoparticles to COOH groups on the GO sheets.
However, this reduction in the bandgap energy may cause the emergence of new active heterojunctions
between valence and conduction bands, thus producing a new electronic state in the MgFe2Os-
CuO/GO nano-photocatalyst. In comparison to the individual nanomaterials under investigation,
MgFe204-CuO/GO nanocatalyst with this new electronic state is more favourable for photocatalytic

activity [69,70].
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Fig. 8. (a): UV-visible diffuse reflectance spectra of the prepared nanomaterials; (b): Tauc plots

3.6. Photocatalytic activity of MFO-CuO/GO nanocatalyst

The photocatalytic performance of the MgFe204-CuO/GO nanocomposite was evaluated via a batch
photodegradation reaction of methylene blue (MB) in aqueous solution under direct sunlight. UV-
visible absorbance spectroscopy was used to determine the remaining concentration of MB after the
elapsed time intervals (see Fig. 9a-f). The photocatalytic efficiencies of MgFe20O4 NPs and MgFe20a-
CuO semiconductor alloy were also investigated for comparison purposes. To examine the self-
degradation of MB, an MB aqueous solution was exposed to direct sunlight for 180 min without

photocatalyst, and the UV-visible results revealed that MB was sunlight-stable.
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It is obvious from Fig. 9a-d that the pristine MgFe204 NPs and MgFe204-CuO semiconductor alloy
exhibited photodegradation efficiencies of 92.7 and 95.3% after 180 and 90 min of sunlight exposure,
respectively. However, the novel MgFe204-CuO/GO photocatalyst showed a notable increase up to
98.8% photodegradation efficiency (Fig. 9e,f) after only 27 min of sunlight exposure. The adhesion of
the MgFe204-CuO semiconductor alloy to 2D GO nano-sheet via the large specific area and extended n-
n conjugation would help to prevent aggregation and would provide excellent access of the dye to the
photoactive material. Thus, dramatically improving the photocatalytic activity toward MB degradation,
which was attributed to the fast separation of charge carriers across the MgFe2O4-CuO@GO
heterojunction. The electrical insulating property of (un-reduced) GO may also be helpful, because it
provides an inert matrix that does not create a short-circuit between the p- and n-type regions. Hence
the separated charges can be efficiently used for catalytic purposes [71].

3.7. Kinetic studies

The kinetics of the photo-decomposition of MB dye via the photocatalytic reaction over as-synthesized
MgFe204-CuO/GO as well as MgFe204 NPs and MgFe2O4-CuO NCs was studied by calculating the
decomposition rate constant with a pseudo-first order rate equation (Eq. 6) [72, 73].

In (Ci/Cy) =kt (6)

where k is the rate constant of the photodegradation reaction measured in (min''), ¢ is the irradiation
time in minutes, Ci is the initial concentration of MB pollutant and C: is the concentration after the
elapsed time intervals. Plotting (C¢/Ci) and In(Ci/Ct) against the time of irradiation was respectively
used to track the progress of the photocatalytic reaction and to calculate the pseudo first-order rate
constant. The results shown in Fig.10a-f indicate that MgFe>04-CuO/GO nanocatalyst has a rate
constant value of 0.1668 min™!, hence photodegrading the MB dye an order of magnitude faster in
comparison to MgFe204 NPs and MgFe204-CuO NCs, which have rate constant values of 0.01641 and
0.00719 min’!, respectively. It is also observed that the regression value R’ is very close to unity (>
0.99) for all the tested materials. As a result, it may be inferred that the experimental data well fitted
with a pseudo-first order model. The superior photocatalytic efficiency of our MgFe204-CuO/GO
nanocatalyst may be attributed to its ability to create superoxide and hydroxyl radicals, which are
responsible for the degradation process. The presence of GO nano-sheets which provide large surface
area, as well as the effective separation of photo-induced electron-hole pairs and the formation of

heterojunctions at the interfaces render MFO-CuO/GO nanocomposite a more efficient photocatalyst.
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3.7. Mechanism of MB photodegradation over MFO-CuO/GO nanocatalyst

The photocatalytic reaction on a photocatalyst consists of at least five major steps: 1) light absorption
by the photocatalyst, ii) production of photogenerated electron-hole pairs, iii) migration and
recombination of the photogenerated electron-hole pairs, iv) adsorption of reactants and occurrence of
redox reactions on the photocatalyst surface, v) desorption of products. In photocatalytic reactions, the
photogenerated electron-hole pairs can either travel to the photocatalyst surface and initiate redox
reactions, or they can recombine and generate waste heat (i.e. electron-hole pair recombination is
detrimental) [71]. However, the efficient electron-hole separation in the newly-synthesized MgFe>O4-
CuO/GO nanocatalyst can be further understood by calculating the conduction band (CB) and valence
band (VB) edge positions of the individual MgFe204 and CuO NPs. The following empirical equations
were utilized to determine the potentials of the VB and CB [74].

Ecg =X — E® —0.5E, (7)

Eyg =Ecp + Eg4 (8)

where Evg and Ecs are respectively the VB and CB potentials, £° is the energy of free electrons vs. the
hydrogen scale (4.5 eV), and X is the electronegativity of the semiconductor compound, which is
calculated using the following equation:

X = [x(A)*x(B)Px(C)]V/ @0+ (9)

where a, b and c are the numbers of atoms in the semiconductor compounds. Using the above formulas,
the (CB) and (VB) potentials of MgFe2O4 were calculated to be 0.175 and 2.105 eV/NHE, while the
(CB) and (VB) potentials of CuO NPs were 0.315 and 2.305 eV/NHE, respectively.

It is well reported that *O2" and *OH radicals are the reactive species responsible for the initiating photo-
oxidative degradation reaction of MB in the catalytic system [1,25,75]. Based on that, a possible
mechanism (Fig. 11) has been postulated to explain the photocatalytic activity of the MgFe2O4-
CuO/GO nanocomposite. When photons of sunlight strike the MFO-CuO/GO photocatalyst, electrons
(¢") are excited from the filled valence band to the empty conduction band of MFO leaving holes (h")
in the valence band; thus photogenerated electron-hole pairs are produced. The holes in the VB of
MFO can oxidize OH ™ ions to give "OH radicals because the VB potential of OH™ is higher than the
redox potential of OH/"OH (1.89 eV vs. NHE) [76]. On the other hand, electrons in the CB of
MgFe204 are unable to induce the generation of *O2™ radicals because of the lack of energy required to
reduce ambient O2 to "0z, i.e. the CB edge position of MgFe2O4 is more positive than the redox
potential of O2/°0O2 (-0.33 eV vs. NHE) [71]. Incorporation of CuO nanoparticles within the

nanocatalyst can result in band realignments and therefore reduce electron-hole recombination. Fig.



11 shows that both the (CB) and (VB) levels of MFO are higher than the corresponding levels of CuO
NPs. Thus, during light irradiation, photogenerated electrons will migrate to the CB level of CuO,
whereas photogenerated holes will travel to the VB level of MFO, resulting in spatial separation of the
electron-hole pairs. When MgFe204-CuO is incorporated into GO nano-sheet by the microwave-
assisted route, a reduction of graphitic carbon occurs from sp* to sp? hybridization which means the
GO is locally reduced to rGO. The rGO is an excellent acceptor and transporter with a low Fermi level
compared to that of MgFe204 and CuO NPs. This unique electrical properties of the new MFO-
CuO/GO nanocomposite allow the electron transport from the CB level of CuO to the surface of GO
nano-sheets, further enhancing the electron-hole separation. Moreover, the redox potential of
graphene/graphene™ (-0.08 V vs SHE) is lower than the photocatalyst CB potential, enabling fast
electron migration from the photocatalyst to the GO sheet [77]. Subsequently, the electrons on the
graphene surface can react with dissolved molecular oxygen releasing superoxide radicals ("O2") which
act as an MB oxidizer [78,79]. The photocatalytic mechanisms involved in MB degradation are

outlined below:
h
MgFe,0, 5 MgFe,0, (hyp + ecp)

cuo S CuO(hyg + ecp)

MgFe,0,(ecg) + CuO — MgFe,0, + CuO(ecg)

CuO(ecg) + GO = GO(e™) + CuO

CuO(hyg) + MgFe,0, —» MgFe,0,(h{g) + CuO

GO(e™) + 0, > GO + 03

‘03 + H,0 - '00H + OH™ - H,0,

‘03 + H,0, > OH™ + OH"®

MgFe,0,(h{g) + OH™ - MgFe,0, + OH*

‘03 + OH* + MB — degradation products

The formation of highly reactive and non-selective reagent hydroxyl radicals (OH") by the catalytic
breakdown of hydrogen peroxide (H202) is encourages the destruction and degradation of non-

biodegradable MB dye in aqueous solution, resulting in carbon dioxide, water, and other chemicals.
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Fig. 11. Plausible mechanism of MB photodegradation over MgFe204/CuO/GO heterojunction
magnetic photocatalyst under sunlight irradiation.

3.8. MB photodegradation performance over MFO-CuQO/GO nano-catalyst

The effects of parameters such as catalyst dose, pH at which MB photodegradation occurred, and MB
concentration were examined to improve the photocatalytic degradation efficiency of the new
nanocatalyst. Fig. 12a shows the effect of pH on the degradation efficiency of MB over MFO-CuO/GO.
Aqueous solutions of 0.1 M HCl and 0.1 M NaOH were used to maintain the pH of the dye solution.
The graphical data demonstrate that the nanocatalyst had weak photocatalytic activity under acidic
conditions (pH=2-4), whereas the MB dye degradation efficiency improved dramatically under mild
alkaline conditions (pH=6-8). However, due to the amphoteric characteristics of our photocatalyst, the
adsorption of H2O molecules and dissociation of OH™ groups at metal surface are responsible for the
production of metal hydroxyl groups (M-OH) [80]. Consequently, the photocatalyst obtains a net
positive charge at acidic pH values, which prevents the cationic MB dye from adsorbing on its surface
and slows down photodegradation. The strongest adsorption between the cationic MB dye and the net
negatively charged photocatalyst occurs under alkaline conditions. The amphoteric features of metal
hydroxides under acidic and alkaline conditions are represented as follows:

M-OH +H" — M-OH-H" — M-H:0"

M-OH + OH™ — M-O + H20

Fig. 12b depicts the effect of different doses of MFO-CuO/GO magnetic nanocatalyst on MB
photodegradation. 0.03 g/l nanocatalyst was the optimum concentration for photocatalytic
degradation of around 98.8 percent of MB after 27 min of sunlight exposure. Higher catalyst dose

increases the number of photons absorbed by the catalyst surface, resulting in higher concentrations of



electron-hole pairs and adsorbed radicals. However, a dosage above 0.035 g/L. was shown to favour
photocatalyst particle aggregation, thus diminishing photon penetration into the active sites and

reducing photodegradation efficiency.
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Fig. 12. Effects on MB degradation efficiency of (a) pH (T=25°C, dye concentration = 10 mgL"!,
catalyst dose: 0.03 g, and 27 min contact time), (b) catalyst dose (g/L) (T=25°C, dye concentration =
10 mgL!, pH= 6, and 27 min contact time), and (c) MB concentration (mg/L) ) (T=25°C catalyst dose:
0.03 g, pH= 6, and 27 min contact time).

The dye's initial concentration in the wastewater on photocatalytic degradation is a significant factor
to consider when assessing the photocatalytic efficiency, so experiments were conducted to investigate
the photocatalytic degradation of MB at 10, 15 and 20 mg/L concentrations irradiated with sunlight
for 27 min at constant room temperature, with a catalyst dose of 0.03 g/L and a pH value of 6. Fig. 12¢
demonstrates that as the MB concentration is increased from 10 to 20 ppm, the degradation efficiency

decreases from 98.8% to 76.6%. However, higher MB concentrations can scatter or absorb light,



resulting in fewer photons reaching the particle surface, so there are fewer electron-hole pairs
generated, resulting in a low photodegradation efficiency. The literature reports analogous trends for
organic dye degradation on CuO/SmFeQO3 nanocomposite and magnetic MgFe>04-MgTiO3 perovskite
nanocomposite [81,82].

3.9. Reusability of MFO-CuO/GO nanophotocatalyst

The photocatalyst's reusability and stability are essential factors in determining a photocatalyst's
usefulness and industrial validation. Therefore, recyclability experiments for studying the
photocatalytic degradation of MB in the presence of MFO-CuO/GO photocatalyst under sunlight were
performed while maintaining the other reaction conditions. After the first MB degradation run, the
spent MFO-CuO/GO catalyst was collected using an external magnet, washed thoroughly with ethanol
and purified water, vacuum dried and utilized for the next measurement. Fig. 13 shows four successive
recycling results. After each run, the MB dye degradation efficiency slightly decreased. The slight
decline in photocatalyst efficiency may be attributed to adsorption of degradation products on the
catalyst surface, blocking some reaction sites and reducing the photocatalytic efficiency. It might also
be due to catalyst waste during washing. However, after four cycles, the spent MFO-CuO/GO catalyst
still revealed 94.6% degradation efficiency, which indicates excellent stability and reusability;
therefore MFO-CuO/GO photocatalyst is a very good candidate for wastewater treatment via

photocatalytic degradation process.
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Fig. 13. Reusability of MFO-CuO/GO photocatalyst for MB dye degradation under sunlight irradiation

4. Conclusion



An effective MFO-CuO/GO heterojunction superparamagnetic nanophotocatalyst working under
natural sunlight, was successfully synthesized via a microwave-ultrasonic procedure. The
characterization by FESEM, TEM, HR-TEM, SAED and XRD techniques confirmed the decoration
of graphene nano-sheets with MFO-CuO hybrid semiconductor. The surface investigations indicated
that the photocatalyst had a mesoporous structure with a pore volume of 0.0521 cm>.g™!, pore diameter
of 2.90 nm and Sset of 96.12 m?.g”!. A batch photocatalytic degradation process was carried out in a
glass reactor and optimized in terms of pH, catalyst dose, MB concentration and catalyst reusability.
The evaluations revealed greater degradation efficiency (98.8% in 27 min) at pH=6-8, 10 ppm MB
concentration, 0.03 g/L catalyst dose, and at least fourfold recyclability. The kinetic studies illustrated
a very good rate of photocatalytic degradation of MB dye. The favourable band alignment in our newly
engineered heterojunction photocatalyst resulted in effective electron-hole separation, a significant
reduction in electron-hole recombination rate, and a large increase in degradation efficiency.
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