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Abstract

Combination of co-precipitation and hydrothermal methods is a promising route to synthesize various materials. Herein,
we synthesized reduced graphene oxide/manganese ferrite (rGO/MnFe,0,) nanocomposites through combining a co-pre-
cipitation reaction of Mn?* and Fe>* ions in GO solution with subsequent hydrothermal treatment at different temperatures
(80, 130, and 180 °C). The resulting rGO/MnFe,O, nanocomposites were characterized using X-ray diffractometry, Fourier-
transform infrared spectroscopy, scanning and transmission electron microscopy, and magnetic measurements at room
temperature. The influence of hydrothermal temperature on structural, morphological, magnetic and As(III) adsorption
properties of rGO/MnFe,0, nanocomposites was studied. Increasing hydrothermal temperature leads to better crystallin-
ity, magnetic properties, and As(IIl) adsorption capacity. At the hydrothermal temperature of 180 °C, the resulting rGO/
MnFe,0, nanocomposites exhibited a crystalline size of 37.2 nm, saturated magnetization of 22.7 emu/g, and As(III) removal

efficiency of 83% at neutral pH (pH ~ 7).

1 Introduction

In recent years, reduced graphene oxide/manganese fer-
rite (rGO/MnFe,0,) nanocomposites have been attracting
numerous research interests due to their potential applica-
tions such as microwave absorption [1], high-density energy
storage [2], sensing [3], antibacterial [4], lithium storage
[5-7], advanced hyperthermia and magnetic biomarker in
biosensing [8], magnetic resonance imaging, photothermal
therapy and drug delivery [9], and supercapacitor [2, 10].
rGO/MnFe,0, nanocomposites could be also used as adsor-
bent or catalyst thanks to their high specific surface area,
high stability towards oxidation, and large saturated mag-
netization [11-15]. Notably, tGO/MnFe,O, nanocomposites
exhibit a high adsorption capacity towards various pollutants
such as glyphosate [16], As(V) [17], and particularly As(III),
one of the most toxic contaminants in aqueous environment

>4 Tran V. Thu
thutv@mta.edu.vn

Institute of Research and Development, Duy Tan University,
K7/25 Quang Trung, Danang 550000, Vietnam

Department of Chemical Engineering, Le Quy Don Technical
University, 236 Hoang Quoc Viet, Hanoi 100000, Vietnam

[11]. It has been widely realized that various properties of
MnFe,0,-based materials are strongly correlated with their
physical dimensions and morphology [18]. Therefore, the
development of novel routes for the synthesis of such mate-
rials and understanding the synthesis—structure—property
relationship play critical roles in the progress of the field.
rGO/MnFe,0, nanocomposites have been synthesized by
a wide range of methods such as co-precipitation [5, 6, 8, 11,
17], hydrothermal [1, 2, 7], and thermal decomposition [9].
It has been known that co-precipitation and hydrothermal
routes are among the most common methods for the prepara-
tion of crystalline materials, particularly metal oxides [12].
Co-precipitation method has been widely adopted because
of its advantages including simplicity and the unnecessity
of high-temperature equipments. However, the obtained
materials have low crystallinity and saturated magnetization
[11, 19, 20], causing the separation and recycling of these
materials inconvenient. To improve magnetic properties, the
materials obtained from co-precipitation reaction are often
subjected to an annealing step. Nevertheless, high-tem-
perature annealing unavoidably causes aggregation, there-
fore, post-annealing materials have reduced surface area
and limited dispersibility. On the other side, hydrothermal
method is considered a promising route for the synthesis of
various crystalline materials at relatively low temperature
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(<200 °C). In hydrothermal synthesis, the crystallization of
desired materials is affected by many factors, including the
type and concentration of precursors, solvent, and/or mor-
phology-controlling agents. Therefore, a careful control over
chemical compositions of hydrothermal mixture is required
for ease of control over crystallinity and morphology. Based
on these considerations, a combined hydrothermal/co-pre-
cipitation route might offer many advantages compared to
that of individual ones. As far as the authors are aware, the
combination of co-precipitation and hydrothermal methods
for the synthesis of rGO/MnFe,O, nanocomposites has not
been reported. Moreover, the influence of hydrothermal tem-
perature on the structure, morphology, and magnetic proper-
ties of the resulting nanocomposites was not investigated.
Additionally, little work has been carried out to use rGO/
MnFe,0, for As(III) adsorption.

In this work, we describe the combination of co-pre-
cipitation and hydrothermal methods for the synthesis of
rGO/MnFe,0, nanocomposites. The nanocomposites are
formed by co-precipitation of Mn?* and Fe>* ions in an
alkaline environment containing GO, followed by hydro-
thermal treatment at different temperatures. The structural,
morphological, magnetic, and As(III) adsorption properties
of the resulting rGO/MnFe,0, nanocomposites were thor-
oughly investigated to understand the influence of hydro-
thermal temperature. The method described here is simple,
facile, and can be extended to a wider range of metal ferrites
MFe,0, (M =Co/Ni/Cu/Zn).

2 Materials and methods
2.1 Materials

Sodium hydroxide (NaOH), ethanol (C,H;OH 99.5%),
iron(III) chloride hexahydrate (FeCl;-6H,0, 99%) and man-
ganese chloride tetrahydrate (MnCl,-4H,0) were purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. All
the reagents were of analytical grade and used without fur-
ther purification.

2.2 Synthesis of rGO/MnFe,0, nanocomposites

GO was synthesized according to our previously published
works [21-23]. tGO/MnFe,0, nanocomposites were synthe-
sized using GO, Mn?*, and Fe®* salts as precursors (Fig. 1).
GO (0.45 g), Mn>* (0.01 mol), and Fe** (0.02 mol) were dis-
solved in 300 ml DI water and mechanically stirred for 2 h.
A 2 M NaOH solution was slowly dropped into the above
solution until pH ~ 11 (It is advised that the reversion of this
addition sequence might result in materials with different
properties [24, 25]). The co-precipitation reaction was main-
tained for 4 h under mechanical stirring at room temperature.
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Fig. 1 Synthesis flowchart of rGO/MnFe,0, nanocomposites by com-
bined hydrothermal/co-precipitation route

The as-obtained slurry was washed with DI water, trans-
ferred to a Teflon-lined autoclave and placed inside a con-
ventional heater. The hydrothermal treatment was performed
at designated temperatures (80, 130, and 180 °C) for 24 h.
The obtained precipitate was separated from the reaction
mixture using a permanent magnet, washed several times
with DI water and ethanol, and dried at 60 °C for 12 h. The
as-synthesized rGO/MnFe,0, was received in the blackish-
brown, powdery form.

2.3 Characterization

X-ray diffractometry (XRD) analysis was performed on
a Siemens D5000 X-ray diffractometer (30 kV/40 mA;
A=1.5406 A). Crystallite size of MnFe,0, was calculated
using Scherrer equation [26]:

d=k-1/(p-cosb) 6))
where 1 is the wavelength of Cu Ka irradiation,
A=1.5406 A, f is the full width at maximal half (FWHM),
0 is Bragg diffraction angle (peak position), k=0.9. Fou-
rier-transform infrared (FTIR) spectra were collected on a
Perkin-Elmer Spectrum Two spectrometer equipped with
a universal attenuated total reflectance (UATR) accessory.
Raman spectra were acquired on a Horiba Scientific T64000
Raman spectrometer. The thermal stability of the synthe-
sized materials was studied by thermogravimetric analysis
(Pyris 1 TGA, Perkin—Elmer). Scanning electron microscopy
(SEM) images and energy-dispersive X-ray (EDX) spectra
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were collected on a Jeol JSM-6510LV scanning electron
microscope equipped with an energy-dispersive X-ray ana-
lyzer. Transmission electron microscopy (TEM) images
were observed using a Jeol JEM-1010 transmission electron
microscope. The magnetization curves were collected on a
custom-built vibrating sample magnetometer.

2.4 As(lll) adsorption study

rGO/MnFe,0, nanocomposites synthesized at different tem-
peratures were used as adsorbent.

Batch adsorption experiments were carried out in 250-
mL conical flasks containing 40 mL of As(III) solution
(100 pg/1) each. 0.01 g rGO/MnFe,0, nanocomposites were
added to each of the above flask and mechanically stirred at
25 °C. Adsorption experiments were performed at different
pH values (4, 7, 10), maintained by adding either 0.1 M HCl
or 0.1 M NaOH solutions. To avoid the possible oxidation
of As(IIl), all adsorption experiments were conducted in the
dark. After an equilibrium time of 2 h, the solutions were
centrifuged and a magnet was used to collect tGO/MnFe,0,
nanocomposites. The remaining concentration of As(IIl) was
analyzed using inductively coupled plasma-optical emission
spectrometry (ICP-OES). The As(II) removal efficiency (H,
%) was calculated using the following equation:

H=(C,—C,)%x100/C, )

where C,, and C, are the initial and equilibrium concentra-
tions of As(IIl), correspondingly.

3 Results and discussion

Figure 2 shows XRD patterns of rGO/MnFe,0, nanocom-
posites synthesized at different hydrothermal tempera-
tures. In the XRD patterns of rGO/MnFe,O, synthesized
at 180 °C, all prominent peaks at 30.35° (2.94 A), 35.65°
(2.52 A), 43.35° (2.09 A), 53.55° (1.71 A), 57.25° (1.61 A),
and 62.65° (1.48 A) can be well indexed to (220), (311),
(400), (422), (511), and (440) lattice planes of face-centered
cubic structure of spinel-type, jacobsite manganese ferrite
(JCPDS no. 10-0319) [20]. The peak at 32.05° (2.79 A) is
possibly due to (104) lattice plane of a-Fe,O5 crystalline
phase [27]. Given the fact that metallic ions have been mixed
in proper stoichiometry (Mn?*:Fe** = 1:2 in molar ratio),
it is thought that the rGO/MnFe,0O, nanocomposites consist
of an Mn-deficient layer on the outer surface. Whereas the
typical diffraction peaks of rGO are not clearly observed,
indicating that the re-stacking of rGO sheets is efficiently
inhibited by the presence of MnFe,O, nanocrystals at high
density on their planar surface. For rGO/MnFe,O, nanocom-
posite samples synthesized at lower hydrothermal tempera-
tures (80 and 130 °C), the corresponding XRD patterns were

JCPDS 10-0319
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Normalized intensity

(311)

(220)
(111) |
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Fig.2 XRD patterns of rGO/MnFe,O, nanocomposites synthesized
at different hydrothermal temperatures

all observed but with lower intensity and broader FWHM,
indicating lower crystallinity and smaller crystallite size
[26]. The occurrence of wide bands around (220) and (400)
lattice planes indicate the possible presence of amorphous
phases. The crystalline size of MnFe,0, nanocrystals cal-
culated from peak broadening using Scherrer’s formula for
(311) planes are 11.4, 17.9, and 37.2 nm, corresponding to
rGO/MnFe,0, nanocomposites prepared at 80, 130, and
180 °C. This suggests that increasing hydrothermal tem-
perature leads to better crystallinity and higher crystalline
size of MnFe,0, nanoparticles on rGO sheets. The XRD
analysis confirmed that rGO/MnFe,0O, nanocomposites have
been successfully prepared at 80 and 130 °C.

The structure of rGO/MnFe,0, nanocomposites was
further studied by FTIR spectroscopy (Fig. 3a). In the
FTIR spectrum of GO, a strong and broad band centered at
3304 cm™ is attributed to the stretching vibration of ~OH
groups which are abundantly present in GO sheets and
physically adsorbed water molecules. The peak at 1720 cm™"
belongs to carbonyl (C=0) stretching vibration. The peaks
at 1628, 1408, 1178, and 1045 cm™! are attributed to O—-H
bending, carboxy (C-O) stretching, C—OH stretching, and
epoxy (C-0) stretching vibrations, respectively [10, 28,
29]. The peak at 874 cm™! can be ascribed to =C—H out-
of-plane vibrations. With the co-precipitation process and
subsequent hydrothermal treatment, the peaks associated
with the carbonyl (1720 cm™!) and epoxy (1045 cm™!) of
rGO/MnFe,0, nanocomposites almost disappeared, indicat-
ing the efficient reduction of GO (to rGO) and the possible
presence of MnFe,0, nanoparticles. Moreover, in the FTIR
spectra of all composite samples, the bands correspond-
ing to the —OH groups become weaker and shift to smaller
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Fig.3 a FT-IR spectra; b Raman spectra; and ¢ thermogravimetric curves of GO sheets and rGO/MnFe,0O, nanocomposites synthesized at dif-

ferent hydrothermal temperatures

wavenumbers (3191, 3077, and 3199 cm_l) as compared to
that of GO (3304 cm™!), suggesting a significant reduction
in the amount of —OH groups. The new peaks at 1583, 1582,
and 1567 cm™! in nanocomposite samples can be attributed
to vibrations of C=0 in intercalated water. The peaks at
1250, 1242, and 1228 cm™' in nanocomposite samples can
be attributed to the presence of epoxide group. The stronger
peaks at 896, 810, and 925 cm™! might be originated from
O-H and C-H groups, respectively. The peaks at 560,
600, 515 and 420 cm™! are assigned to the vibrations of
tetrahedral and octahedral sites in MnFe,O, [8, 22]. These
results confirmed the successful formation of rGO/MnFe,0,
nanocomposites.

Figure 3b shows Raman spectra of GO and rGO/MnFe,0,
nanocomposites prepared at 80 and 130 °C. All these spectra
display two strong bands at ca. 1345 and 1598 cm™!, which
can be attributed to D and G bands of chemically-reduced
GO, correspondingly [30]. The D band is due to the sym-
metry breaking of sp® carbon rings, derived from the oxi-
dation of graphite during the Hummer’s process [30] and
reduction of GO (during hydrothermal treatment). The G
band is caused by the E,, vibrational mode of C-C bonds
in sp? graphitic systems. In addition, these Raman spectra
also exhibit second-order overtone (2D band) and combi-
nation Raman modes (D + G band), but with much weaker

@ Springer

intensities. The calculated I/I; ratios of rGO/MnFe,0,
nanocomposites prepared at 80 and 130 °C are all smaller
than that of GO, indicating that GO has been also reduced
during hydrothermal treatments.

Figure 3c shows TG curves of tGO/MnFe,0, nanocom-
posites prepared at 80 and 130 °C. For the sample prepared
at 130 °C, the first event of weight loss (up to ca. 220 °C) is
attributed to the removal of adsorbed water. The second one
(ca. 220-320 °C) is due to the decomposition of oxygen-
containing functional groups remained in rGO. The third one
(at ca. 320 nm) is obviously caused by the pyrolysis of car-
bon skeleton in rGO. The remaining weight of this sample
is 87.16%, corresponding to the weight of MnFe,O, phase.
The sample prepared at 80 °C exhibited similar events, but
the remaining weight of this sample is smaller (76.12%).
Therefore, it is concluded that the higher the hydrothermal
temperature, the better the reduction (of GO) and the higher
the crystallinity of MnFe,O,.

3.1 Morphology and chemical composition of rGO/
MnFe,0, nanocomposites

Figure 4a represents SEM image of GO. It is obviously
seen that GO sheets have been completely exfoliated from
graphite, and their lateral sizes range from few to tens of
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Fig.4 a SEM image of GO. TEM images of rGO/MnFe,0, nanocomposites synthesized at 80 °C (b), 130 °C (c), and 180 °C (d). e EDX spec-

trum of rGO/MnFe,0, nanocomposites prepared at 80 °C

micrometers. Figure 4b—d represent TEM images of rGO/
MnFe,0, nanocomposites, which clearly show the growth
and size development of MnFe,O, nanocrystals on GO
sheets. Upon increasing hydrothermal temperature, the size
of MnFe,0, nanocrystals increases and varies in the range of
5-40 nm. These values are slightly deviated from the crys-
talline size of MnFe,O, nanocrystals estimated from XRD,
which indicates MnFe,O, nanocrystals are not uniformly
monocrystalline. They are evenly distributed on rGO sur-
face, suggesting rGO is a good substrate for the nucleation
and growth of MnFe,0, nanocrystals. The aggregation of

bigger MnFe,0O, nanocrystals (Fig. 4c, d) can be attributed
to a natural tendency of colloidal systems to decrease their
surface energy and thus obtaining lower energy levels. In
addition, magnetic interactions among MnFe,O, nanocrys-
tals could also promote the aggregation. Figure 4e represents
a typical EDX spectrum of rGO/MnFe,O, nanocomposites.
The chemical composition of rtGO/MnFe,0, nanocompos-
ites reflects the presence of all elements (C, O, Mn, Fe).
For tGO/MnFe,0, nanocomposites prepared at 80 °C, the
average weight percentages of each element are 9.21%
(C), 39.28% (0O), 6.08% (Mn), and 45.43% (Fe). For rGO/

@ Springer
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MnFe,0, nanocomposites prepared at 130 °C, the average
weight percentages of each element are 7.44% (C), 35.59%
(0), 6.55% (Mn), and 50.43% (Fe). This indicates that rGO/
MnFe,0, nanocomposites have been successfully synthe-
sized, and that the filtration and washing processes have
efficiently removed excess precursors. It is thus proved that
MnFe,0, nanocrystals are occupied on the planar surface of
rGO and suppresses the re-stacking of rGO sheets (through
steric hindrance).

3.2 Magnetic properties

Magnetization curves of rGO/MnFe,0, nanocompos-
ites prepared at different hydrothermal temperatures are
shown in Fig. 5. All nanocomposite samples exhibited
superparamagnetic-like behavior, indicating small size of
MnFe,0, nanocrystals [18, 31]. Interestingly, their mag-
netic property is strongly correlated with hydrothermal
temperature. Particularly, the saturated magnetization (M)
of rGO/MnFe,0, nanocomposites prepared at 80, 130,
and 180 °C are 8.3, 15.4, and 22.7 emu/g, respectively.
The M, of the resulting nanocomposites is proportional
to the temperature of hydrothermal treatment, indicat-
ing that increasing hydrothermal temperature leads to the
improvement of magnetic properties. This property can be
attributed to the fact that, upon increasing hydrothermal
temperature, the crystallinity of MnFe,O, nanocrystals is
enhanced, as shown in XRD analysis. In addition, when
the hydrothermal temperature increases, more GO sheets
are reduced and thus the weight percentage of MnFe,0,
nanocrystals in the nanocomposites increases. As a result,
the M, of nanocomposites obtained at higher hydrothermal

30

204

10 -

-10-

Magnetization (emu/g)

-20 4

10000 -5000 0 5000 10000

Magnetic field (Oe)

Fig.5 Magnetization curves of rGO/MnFe,0O, nanocomposites pre-
pared at different hydrothermal temperatures. Inset: An aqueous sus-
pension of rGO/MnFe,0, after placing near a permanent magnet
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temperatures is improved. Higher M enables easy sepa-
ration and recycle of the magnetic rGO/MnFe,0, nano-
composites using external magnetic field, opening the
possibility of using them in catalytic and environmental
applications.

Graphene-based adsorbents have been widely stud-
ied for the removal of toxic pollutants including As(III)
[32-35]. It was found that GO is better than rGO towards
As(III) adsorption, and the As(III) adsorption mechanism
is strongly related to surface complexation [33]. Previ-
ous studies showed that rGO/MnFe,0, nanocomposites
are efficient systems for As(IIl) adsorption because they
possess various functional groups which are highly affini-
tive towards As(III). The mechanism and kinetics of the
adsorption process have also been investigated [11, 20].
Herein, we performed the As(III) adsorption experiments
on as-synthesized rGO/MnFe,0, nanocomposites with
the aim of evaluating their removal efficiency. The As(III)
removal efficiency as a function of pH is shown in Fig. 6.
It can be clearly seen that, at all pH values, the sample
synthesized at higher temperature exhibits higher As(III)
adsorption capacity. The rGO/MnFe,0O, nanocomposites
synthesized at 180 °C exhibited highest As(IIl) removal
efficiency of 83% at neutral pH (pH =~ 7), which is nearly
comparable with that of previous works [11, 20]. These
results show that rtGO/MnFe,0, nanocomposites synthe-
sized by combined hydrothermal/co-precipitation route
could potentially be used as a magnetically recoverable
adsorbents for environmental remediation.

100
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>
g 60-
0
©
=
2 404
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>
[e]
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Fig.6 Influence of pH on As(Ill) removal efficiency of rGO/
MnFe,0, nanocomposites synthesized at different hydrothermal tem-
peratures
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4 Conclusions

In summary, we successfully synthesized rGO/MnFe,0,
nanocomposites by a combined hydrothermal/co-precipi-
tation route. MnFe,O, nanocrystals were evenly grown on
rGO sheets at high coverage. The results showed that when
hydrothermal temperature increases from 80 to 180 °C, the
size of MnFe,0, crystallites increases from 11.4 to 37.2 nm,
whereas M, increases from 8.3 to 22.7 emu/g. Phase-pure
rGO/MnFe,0, nanocomposites were obtained at lower
hydrothermal temperatures (80 and 130 °C). At higher
hydrothermal temperature (180 °C), the presence of Fe,0;
phase was detected in rGO/MnFe,0O, nanocomposites. The
nanocomposites synthesized at 180 °C exhibited highest
performance towards As(IIl) adsorption. The current work
provides a promising alternative for the synthesis of rGO/
MnFe,O, nanocomposites for environmental applications.
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