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Abstract Perovskite-graphene nanocomposites of
rare-carth LaFeO;-rGO and LaFeO; nanoparticles
are synthesized and characterized. The preparation
was done by citrate sol-gel method. The structural
characterization has been performed using XRD
and FT-IR. Scanning electron microscope (SEM)
and atomic force microscope (AFM) were used to
analyze the morphology of the prepared nanocom-
posite. Vibrating sample magnetometer (VSM) was
used to study the magnetic properties of the inves-
tigated samples. Introducing graphene to the struc-
ture results increase in Mg. Also, the optical and
thermal properties have been measured and
discussed, and the effect of graphene is observed
where it decreases the band gap than reported for
pure LaFeOs nanoparticles.
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Introduction

Perovskite materials have drowned interest nowadays
due to its multifunctional applications. Otherwise, it is
hybrid perovskite (Abdel-Aal et al. 2019; Abdel-Aal
and Abdel-Rahman 2019; Mostafa et al. 2018; Abdel-
Aal etal. 2017a, b; Abdel-Aal and Abdel-Rahman 2017,
Mostafa et al. 2017a, b; Abdel-Aal 2017; Mondal et al.
2017; Mostafa et al. 2014) or oxide perovskite with the
general formula ABO3, where A and B are metal ions
with different sizes and valances. The rare-earth perov-
skite of LaFeOj; is one of the most perovskite widely
used for multifunctional applications such as catalysis,
magnetic materials, sensors, electrode materials in fuel
cells, and optoelectronic devices (Phokha et al. 2014,
Afifah and Saleh 2016; Tang et al. 2013; Peng et al.
2015; Abazari et al. 2014; Li et al. 2010; Yang et al.
2007; Thirumalairajan et al. 2012; Sathishkumar et al.
2016; De Vidales et al. 2014; Jyothi et al. 2014;
Milanova et al. 2014; Lee et al. 2014; Treves 1965;
Kaiwen et al. 2013; Cristobal et al. 2016; Wei et al.
2009). Many methods have been reported for synthesiz-
ing LaFeOj3 such as sol-gel, co-precipitation, bull mill-
ing, sonochemical, and hydrothermal (Phokha et al.
2014; Tang et al. 2013; Abazari et al. 2014; Wei et al.
2009).

Graphene is a 2D carbon sheet with one atom carbon
atom thickness. It is one of the thinnest materials in the
world. Recently the preparation and characterization of
graphene and graphene nanocomposites attract the at-
tention of scientists. These nanocomposites can process
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new properties that exhibit multiple functionalities
(Abdel-Aal et al. 2018; Abdel-Aal and Mohamed
2019; Jogender et al. 2020; Mandeep and Kakkar
2019; Mahmoudi et al. 2018; Selvakumar et al. 2018;
Amolloa et al. 2019; Molaei and Kazeminezhad 2019).
Where it has strong mechanical and chemical stability,
good electrical conductivity, high chemical stability,
and large specific surface area, therefore it has drawn a
great deal of research interest for various applications.

Perovskites have been widely used in the fields of
catalysis, sensing, optics, electronics, photovoltaics, and
magnetics. However, some inherent shortcomings, such
as low efficiency (external quantum efficiency, power
conversion, efficiency, etc.) and poor stability (against
ultraviolet light, water, oxygen, etc.), limit their practical
applications. Downsizing the materials into nanostruc-
tures and incorporating rare-carth ions are effective
means to improve their properties and broaden their
applications (Zeng et al. 2020).

For the synergetic effect of these two promising
materials, perovskite LaFeO; and graphene, we com-
bine the perovskite LaFeOj; into the graphene sheet;
some physical properties were measured and discussed.
In this work, the citrate sol-gel method (Chinie et al.
2005) was used to prepare perovskite LaFeO;—doped
reduced graphene oxide. The target of this work is to
present the structural, magnetic, and optical changes in
the properties of LaFeO; as loaded on reduced graphene
oxide. The synthesized nanocomposite was character-
ized by transmission electron microscopy (TEM), scan-
ning electron microscope (SEM), atomic force micros-
copy (AFM), and X-ray diffraction (XRD).

Experimental details
Synthesis

Chemicals used in this work are purchased from Merck
with purity exceeds 98%, solution of reagent grade.
Graphene oxide was produced from graphite powder
by using the Hummer’s method. The details of the
synthesis process were described in our previous work
(Abdel-Aal et al. 2018; Abdel-Aal and Mohamed 2019).

Preparation of LaFeQOj; nanoparticles

La(NOs3);-6H,0, Fe(NO3);-9H,0, and citric acid
CqHgO7'H,O were used in the preparation. The
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equimolar ratios of the metal nitrates are weighed ac-
cording to the composition of LaFeO;, 4.33 g of
La(NO;)3'6H,0, and 4.04 g of Fe(NO;3);'9H,0 and
then dissolved in deionized water. 3.843 g of citric acid
is added to the nitrates. The solution is under constant
stirring at temperature 70-80 °C. The resulting is a dark
brown of LaFe-(C¢HgO7H,0) gel complex, which is
turned into a yellowish color upon the calcination pro-
cess. The perovskite-type LaFeO; was obtained by de-
composition of the dry gel complex at temperature
600 °C for 4 h at rate 4 °C/min.

Preparation of LaFeO3;-rGO nanocomposite

LaFeOs-rGO nanocomposite is prepared by the same
above steps but adding 500 mg graphene oxide by
micropipette drop by drop during the stirring process
at temperature 70-80 °C. The color of the LaFeO;-rGO
nanocomposite is light brown darker than the pure one.

Characterization

The morphology of LaFeOs-rGO nanocomposites is in-
vestigated using a scanning electron microscope (SEM)
model number JSM 6510 LV JEOL. The transmission
electron microscopy (TEM) was obtained on JEOL
JEM-1230 electron microscope. The atomic force micros-
copy (AFM) was obtained on AFM-Agilent Technologies.
The magnetic properties were measured by high-sensitive
vibrating sample magnetometer measurements (VSM)
model 7404 LAKESHORE at room temperature. The
XRD powder diffraction data are collected using X-ray
diffractometer SIEMENS D-5000 with CuK« radiation
A=1.54056 A, the measuring range (20) from 5° to 75°,
step 0.02°. Optical properties measured by using UV-Vis
absorption and diffuse reflectance spectrum (UV-Vis-NIR
spectrophotometer type Jasco-V-570 spectrophotometer,
Japan) were recorded at room temperature in the wave-
length range 2002000 nm.

Results and discussion

Structure characterization

Figure 1 shows the XRD of LaFeO; nanoparticles,
LaFeOs-rGO nanocomposite, graphene oxide GO, and

graphene G. The XRD diffraction pattern of LaFeOs is
marked by green, while the peaks of LaFeO5-rGO is
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Fig. 1 XRD pattern of LaFeO3, LaFeO3-rGO, graphene oxide, and graphene

marked by red. Both are well defined, and it indicates
that the synthesized nanocomposites are in a single
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phase. The XRD is indexed by an orthorhombic unit
cell of LaFeO5; without any impurity phases (reference
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Fig. 2 Williamson-Hall Eq. (3) and its linear fit for LaFeO; and LaFeO5-rGO nanocomposite
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Table 1 Comparison between average crystalline sizes obtained
from Dg Debye-Scherrer’s and Dy, Hall-Williamson’s equations
besides the lattice strain €

Dy (nm) Dy (nm) e
LaFeO; 49.87 59.81 0.03
LaFeO;-rGO 41.99 88.59 0.14

code 01-080-3120). The values of the lattice parameters
and the crystallite sizes are in good agreement with that

HV mag O | det | HFW [spot e— ' 111]
20.00 kV[120 000 x [LFD [2.49 ym| 4.5 [10.2 mm Quanta FEG (G

30.00 kV|80 000 x|LFD [3.73 ym| 4.5 [12.3 mm

of orthorhombic LaFeO; published elsewhere (Phokha
et al. 2014; Afifah and Saleh 2016; Tang et al. 2013).
Unlike the XRD powder diffraction pattern of graphene
oxide GO (blue line), the perovskite LaFeO53-rGO nano-
composite does not show any peak at 20 =10 in the
XRD pattern. These results prove that the oxygen-
containing groups of GO (COOH, OH, C=0) are re-
moved and that most of GO are reduced hydrothermally
into its reduced form rGO. Usually, the peak of rGO is
week and broad as shown in Fig. 1. The diffraction
pattern of LaFeO;-rGO nanocomposite does not

HV mag O | det | HFW [spot| WD 1um
Quanta FEG

Intensity (a.u.)
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Fig. 3 a Scanning electron microscope image of LaFeO; nanoparticles. b Scanning electron microscope image of LaFeO;-rGO nanocom-
posite. ¢, d EDX analysis of LaFeOs nanoparticles and LaFeO3-rGO nanocomposite
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Table 2 Elements composition of the LaFeO3-rGO according to
EDX data

Element Weight (%) Atomic (%)
CK 42 20.92

OK 8.94 33.41

FeL 12.96 13.87

LaL 73.9 31.8

contain the broad peak characteristic to rGO
(20~25°) due to high-intensity peaks of the crys-
talline LaFeO; as seen in Fig. 1.

The crystallite size can be calculated using the fa-
mous Debye-Scherrer’s equation (Abdel-Aal et al.
2018; Abdel-Aal and Mohamed 2019):

W = 0.9\/Dcostp (1)

where A is the wavelength of the used X-ray radiation
(Acu=1.54056 A), W, is the width at half maximum
intensity of the Bragg reflection excluding instrumental
broadening, 6, is the Bragg angle, and D is the average
crystallize size.

The crystallites size and the average lattice strain ¢
can be estimated from the Williamson-Hall equation
(Slimani et al. 2019; Almessiere et al. 2019; Abdel-
Aal et al. 2020):

K\

= Wiprain = 4etanf 2
w irain + Wy ctan D+Dcos90 (2)

where W is the full-width half maximum of the XRD
peaks, Wqain is the strain broadening which is uniform
in all crystallographic directions, and K=0.94 is

the shape factor. When multiplying Eq. (2) by
cosBp, it gives:

K\
Wecoslp = 4esinfp + H (3)

Then, the relation between Wcos8p and 4sinfp, will
be a straight line (Fig. 2); the strain ¢ of the
LaFeO; and LaFeO;-rGO is deduced from the
slope of linear fitting data, whereas the D is de-
termined from the Y-intercept (KA/D).

The estimated values of D and ¢ deduced by
using the Williamson-Hall equation are presented
in Table 1. It is clear that the D value as calculated
using the Williamson-Hall method is higher than
that obtained using the Scherrer equation where the
Williamson-Hall equation takes into consideration
all diffraction peaks and assumes the brooding of
it. That is related to the crystalline size as well as the
lattice strain, which is not considered in the Scherrer
equation (Slimani et al. 2019; Almessiere et al.
2019; Abdel-Aal et al. 2020). The large value of D
from Williamson-Hall for LaFeO;-rGO may be at-
tributed to large lattice strain due to the addition of
graphene.

Morphological characterization
Field emission scanning electron microscope FESEM

Figure 3 a and b show the SEM images of the
LaFeO;-rGO nanoparticles and LaFeO; nanocom-
posites, respectively. According to SEM images of
LaFeO5-rGO nanocomposites, spherical-shaped
LaFeO; nanoparticles appear in a uniform

Fig. 4 a and b Transmission electron microscopy image of LaFeO;-rGO perovskite nanocomposite
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Fig. 5 AFM photo of LaFeO;-
rGO perovskite nanocomposite

distribution on the graphene sheets. The particle
size is found from 45 to 37 nm with an average
value of 41 nm which is in good agreement with
the value obtained by Scherrer’s equation. Figure 3
¢ and d show the energy dispersive X-ray analyses
(EDX) of LaFeO; nanoparticles and LaFeO;-rGO

0.00

nanocomposites, respectively. The elemental com-
position of the LaFeO;-rGO is shown in Table 2.

According to the atomic percentages of Fe and La in
LaFeO5-rGO, the EDX results show that a ratio of one
Fe atom to one La atom, this is in good agreement with
the structure of the LaFeO5-rGO.
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Fig. 6 The ultraviolet-visible spectra of LaFeO; and LaFeO3-rGO. The inset figure is the band gap energy figure
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Fig. 7 VSM of LaFeO;-rGO nanocomposites
Transmission electron microscopy TEM

Figure 4 a and b show the TEM images of the LaFeO;-
rGO nanoparticles at different magnifications. Accord-
ing to TEM images, the structure consists of a spherical
shape of LaFeQj distributed on the graphene sheet. The
particle size ranges from 33 to 48 nm.

Atomic force microscope AFM

The AFM picture captured to the surface of LaFeO;-
rGO perovskite nanocomposite is presented in Fig. 5.
The analysis of the protrusions and pores results showed
a distribution of Z,,,« and Z,,;, to be 50 nm and 36 nm,
respectively. The surface roughness is 1.33. There are
good agreements in particle size between XRD calcula-
tions (Debye-Scherrer and Hall-Williamson equa-
tions), SEM, and TEM photos where the particle
size is about 42 nm.

Optical properties

The diffuse reflectance spectra (DRS) technique is used
to study the optical properties of the synthesized

10000 15000 20000

Field (G)

samples based on the light reflection in the ultraviolet,
visible, and near-infrared regions. The relation between
the diffuse reflectance of the sample (R,,), absorption
(K), and scattering (S) coefficients is the Schuster-
Kubelka-Munk remission function.

(1-R,)" K

Fsgn(Ry) = R —

(4)

S

The extrapolating the straight line plot of (F(R,.) hv)"
versus (hv) is used to determine the band gap E, by
knowing the used light frequency v according to the
following Kubelka-Munk equation:

(F(Ro)hv)" = A(hv—Eg) (5)

Table 3 The saturation magnetization, remnant magnetization,
coercive field, energy loss, and squareness of LaFeO;-rGO

Saturation magnetization 0.64 emu/g
Remnant magnetization 0.08 emu/g
H, coercivity 192.6 G
Energy loss 460.23 erg/g
Squareness 0.1221
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Table 4 Different preparation methods of LaFeO; nanoparticles, particle size, and saturation magnetization

Sample Preparation method Particle size (nm) Saturation magnetization (emu/g) Ref.

LaFeO; Polymerized complex 44.5 0.1 (Phokha et al. 2014)
Sol-gel 21.9 0.38 (Saad et al. 2013)
Milling 50 0.44 (Thuy and Minh 2012)
Electrospining 20 0.9 (Lee et al. 2014)

LaFeO;-1GO Citrate sol-gel 41.9 0.64 This work

where A is a constant and % is the Plank’s con-
stant. The exponent n depends on the type of
transition and can be used as n=1/2 or 3/2 for
indirect transitions and n=2 or 3 for direct
allowed transitions (Elseman et al. 2016). Figure 6
demonstrates the optical properties of the.

The electron excitation from the O level (va-
lence band) to Fe®® level (conduction band) is
responsible for strong ultraviolet-visible absorption
for LaFeO;-rGO nanocomposite in the optical
properties showed in Fig. 6. This absorption is
interesting because LaFeO;-rGO could developed
a new visible-light photocatalyst. The calculated
band gap using Kubelka-Munk analysis is equals
2.18 eV for LaFeO;, while graphene seems to
reduce slightly the band gap energy of LaFeOs-
rGO to 2.15 eV as reported before and as shown
in Fig. 6. This value is closed to the value report-
ed in the literature (Phokha et al. 2014; Afifah and
Saleh 2016).

Magnetic properties (VSM)

The magnetic properties of LaFeO3; nanocomposite are
investigated by vibrating sample magnetometer at room
temperature, as shown in Fig. 7. The prepared nanocom-
posite shows weak antiferromagnetic behavior. The sat-
uration magnetization, remnant magnetization, coercive
field, energy loss, and squareness are tabulated in Ta-
ble 3. This result is of great interest since bulk LaFeO;
has antiferromagnetic behavior and may find applica-
tion in the field of hyperthermia treatment. The incor-
poration of graphene layers seems does not change the
magnetic nature of LaFeOj.

Table 4 shows the different preparation methods of
LaFeO; nanoparticles and their relation with particle
size and saturation magnetization. It is seen that the
saturation magnetization size, as well as particle, de-
pending on the preparation conditions, the least particle
size obtained by Lee et al. (Lee et al. 2014) by
electrospinning method with the highest saturation

0.0001

<0.0001 -

mg/sec

<0.0002 -

-0.0003 -

-0.0004

0 200 400

600 800 1000
TC

Fig. 8 TGA and DrTGA of LaFeO;-rGO
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magnetization observed. By introducing graphene, the
particle size slightly increases (41.9 nm) due to the
formation of islands of LaFeO; on the surface of the
graphene sheet; the saturation magnetization is in-
creased than recorded before (Phokha et al. 2014; Saad
et al. 2013; Thuy and Minh 2012) for pure LaFeO; but
less than the value recorded by electrospinning method.
This may be attributed to the introduction of graphene
into the structure which increases the magnetic moment
interaction, thus increasing the magnetization.

Thermal properties

Figure 8 shows the thermal gravitational analysis (TGA)
(pink line) and its derivative (black line) thermographs
of LaFeO;-rGO; three distinct wt loss steps are ob-
served. These are accompanied by endothermic peaks
around 123 °C, 472 °C, and 538 °C. The weight loss
arises due to the loss of residual moisture in the powder
suggesting the burnout of moisture, trapped solvent, and
oxygen functional group of graphene oxide. No weight
loss is observed above 600 °C indicates that the reaction
is complete, and no evidence of a phase transition is
present in the sample.

Conclusion

LaFeO; nanoparticles and LaFeO;-rGO nanocomposite
are successfully prepared by the citrate auto-combustion
method. The characterization tools prove the formation
of the desired materials in a single phase. The introduc-
tion of graphene into the structure LaFeO; decreases the
particle size by ~10 nm. Optical properties for both
samples show strong absorption in the UV-Vis region.
The graphene is also affected the energy band gap
values by a slight decrease by 0.03 eV as well as
increases the value of saturation magnetization. The
thermal properties indicate the thermal stability of the
prepared perovskite graphene nanocomposites over a
long range of temperatures up to 1000 °C.
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