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Abstract

The Hematite (Fe,O3) nanoparticles and Fe,O5-reduced graphene oxide (rGO) nanocomposite were
successfully synthesized via co-precipitation method. The rGO was used as passivation layer to
improve the optical properties of the Fe,O3. X-ray diffraction, transmission electron microscopy,
Raman, and Fourier transform-infrared spectroscopy were used to investigate the modification in the
Fe,Oj3 structure in the presence of rGO. UV-visible absorption spectra were investigated, and the
optical bandgap was determined. Using different relations like Moss, Rivandra, Anani, and others, the
refractive index was calculated depending on the obtained optical bandgap. The refractive index values
were compared with the data calculated from Duffy relation and good accordance was found between
them. The optical bandgap and electronegativity were found to decrease by the addition of rGO in
Fe,O3 matrix, while the refractive index was found to increase. Consequently, the Fe,05-rGO
nanocomposites capacity to control optical properties makes it a perfect contender for a variety of
applications.

1. Introduction

Because of their unique features and wide range of uses, the synthesis of nanostructures with distinct properties
has attracted a lot of interest recently [ 1-4]. The shape of materials has a considerable impact on the physical,
chemical, and optical characteristics of nanoparticles [5—7]. Owing to the effect of the morphological shape of
the synthesized nanoparticles (NPs), Scientists are interested in manufacturing NPs in different shapes rather
than the spherical one for the various uses in morphology-dependent applications like sensing and

biomedical [8,9].

Transition metal oxides such as TiO,, MnO,, and Fe,O; have been explored previously as supercapacitor
electrode materials [10—12]. Fe,O3 is considered as suitable candidate materials in many applications such as;
absorbing material in the solar cell, sensors, data-storage, photo-catalyst, magnetic recording, bio-imaging, and
others[11, 13—17]. Fe;O5 has an energy gap ~ 2.1 eV [4], low cost, non-toxic, easy to prepare, good stability, and
environmentally safe [15,18]. Otherwise, Fe,O3 NPs have unique characteristics including electrical, thermal,
mechanical, and high surface area [13,15, 18]. Hence, Fe,03 is one of the preferred semiconductors in electronic
applications.

There is no doubt that graphene has captivated the scientific community’s interest. Graphene oxide (GO) is a
semiconductor with bandgap ~ 2.2 eV which transform to reduced graphene oxide (rGO) with lower bandgap
ranging from 1 to 1.69 eV [19, 20]. This process of the reduction of GO is to increase the absorption efficiency,
which give the material importance to be used in various optoelectronic application. As a natural outcome,
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graphene is often chosen in a variety of multiple disciplines including electronics, magnetics, and optics [21, 22].
Previously CdSe-rGO nanocomposite was fabricated with different particle size of CdSe and was found to tune
the optical parameters via the controlling their particle sizes [23]. Guo et al [24] reported the distribution of SO,
nanoparticles on the graphene matrix and was found that GO with high reduction degree improves the
conductivity and enhance the matrix properties. Nosheen et al [25] reported CdS ancored on graphene surface
to form CdS-rGo using DMF to improve the effective electrode materials for application in solid state dye
sensitized solar cells.

Herein Fe,O3; NPs were successfully synthesized and decorated onto graphene surface to expand the
application range and improve their characteristics. The Fe,O3; NPs are rapidly moved to graphene sheets,
enhancing its charge transfer rate and optical properties [26].

The main objective of the present study is to examine the influence of graphene sheets on the structure and
optical characteristics of Fe,O3 NPs. The optical parameters like refractive index and optical bandgap are
important factors of communication and information technological innovation [27]. The structural,
morphological, and optical properties of Fe,O; NPs and Fe,O3-rGO nanocomposite are studied using FTIR,
Raman, XRD, TEM, and UV-visible spectroscopy.

2. Experimental work

2.1. Chemicals and reagents

All chemicals, Iron (IIT) chloride anhydrous (Fisher chemical, 98%), ammonia solution (Fisher chemical, 35%),
Poly vinyl alcohol (Sigma Aldrich, 86%—-89% hydrolyzed, high molecular weight (80,000—-120,000)), and
deionized (DI) Milli-Q water were used without further purification.

2.2. Synthesis of Fe,O; NPs

Fe,O3; NPs were prepared via the coprecipitation method [28]. A solution of 1 M FeClsin DI water (100 ml) was
heated to 80 °C. Then, 25% ammonia solution was added drop by drop with continuous stirring for 2 h. Finally,
the prepared solution was centrifuged at 8000 rpm and the precipitated particles collected and then washed by
the DI water. The collected particles were dried in the oven at 80 °C for 24 h followed by calcination at 400 °C
for4h.

2.3. Synthesis of Fe,05-rGO Nanocomposites

The graphene oxide (GO) was prepared previously using improved Hummers’ method, as described elsewhere,
followed by lyophilization process to increase the surface area of the GO sheets [29]. Fe,05-rGO
nanocomposites were prepared by mixing 0.6 gm of the as-prepared Fe,O3 with 0.3 gm GO in 100 ml DI water.
Then, the mixture was sonicated via ultra-prop sonication (Sonochemical method) for 15 min at 600 Watt.
Finally, the obtained Fe,O3-rGO nanocomposite was dispersed in distilled water (5 ml) and dried in a vacuum
oven at 80 °C for 12 h before being collected as a powder.

2.4. Characterizations

Panalytical Empyrean x-ray diffractometer (XRD), Malvern Panalytical Ltd-Netharlands, was equipped with
Cu-Kal radiation; A = 0.154056 nm. The XRD patterns were collected in 26 range from 0° to 80° (scan step/
scanning time = 0.02°/0.5s at room temperature). The TEM images of the samples were performed using
transmission electron microscope (Joel JEM-2100, Japan) operated at 200 kV. UV-Visible absorption spectra of
the samples were operated using a double beam spectrophotometer (Perkin Elmer Lambda 40, USA). The
measurements were done in the range from 200 nm to 800 nm with an accuracy +0.8 nm. Fourier transform
infrared spectrometer (FTIR), Vertex 70-Bruker-Germany, was used to investigate the change in the bonds
structure in a spectral range of 4000-400 cm ™' with a spectral resolution of 4 cm ™' Raman spectra of GO,

Fe, 03, Fe;,0;5-rGO were investigated via Raman spectroscopy model WiTec-Alpha-300-AR- Germany, with

spectral resolution 0.72 cm ™.

3. Results and discussion

3.1.XRD Analysis

Figure 1 show XRD patterns of pure GO, synthesized Fe,O5; NPs, and Fe,03-rGO nanocomposite. The pattern
profiles indicated the seven characteristic diffraction peaks of the Rhombohedral Fe,O; phase with space group:
R-3¢ (JCPDS No. 01-076-8394). These observed peaks at 24.13°, 33.15°, 35.62°, 40.86°, 49.45°, 54.06° and
57.59° are assigned to (012), (104), (110), (113), (024), (116), and (018) planes, respectively. The same peaks are
observed for Fe,O3-rGO nanocomposite with a little shift to higher angles.
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Figure 1. XRD spectra of GO, Fe,03, and Fe,O;3-rGO nanocomposite.

Introducing rGO to the Fe,0; nanocomposite shows a shift to higher angles in the XRD pattern. The inset of
figure 1 shows the two main characteristic peaks at 33.17° and 35.65° shifted to 33.285° and 35.765° respectively.
This slight shift in the angle of diffraction is an indication to the change in the lattice structure and complexation
between the Fe,O3 NP and the rGO. The crystallite size was calculated using the Scherrer equation [18] and was
found to be ~ 22 nm for Fe,O3 and 21 nm for Fe,O3-rGO nanocomposite.

Williamson-Hall method was used to investigate the crystallite size (D), the micro-strain (¢), and the
dislocation density (6). The relation of Williamson-Hall represented as follow [30, 31],

B cos(0) = k?)\ + 4e sin(0) (1)

1

625

(@)
where (31s the full-width at half maximum and k is shape factor ~ 0.9. The relation between 3 cos(f) on Y-axis
and 4 sin(#) on X-axis is represented in figure 2. It shows a linear relation with a slope equal to the micro-strain
and the intercept equal to kA/D. The D, ¢, and 6 values are investigated and represented in table 1.

Asshown in table 1, the particle size decreases which confirmed by the shift in peaks angle in XRD pattern.
The d-spacing decreases because of the shift in diffraction angles to higher values. Also, the negative value of
strain confirms the compression of the material. Consequently, the length decreases, shrinking in the particle
size, and the cross-section area increases. In addition, the data calculated using Scherrer equation is in a good
agreement with Williamson-Hall plot. The XRD pattern of the pure GO, figure 2, exhibited a strong peak at
20 = 11.13°, which indexed to (001) plane with d-spacing ~8.03 A (via Bragg’s equation) [32]. While this peak
disappears in the Fe,05-rGO nanocomposites. This can be related to the transformation of the most of GO to
the reduced graphene oxide rGO and the groups bonded with oxygen (C—OH, COOH, C=0) are removed [32].
The decrease of the crystallite size may be caused by the rGO sheets which hindered the growth of Fe,O; NPs and
reduced its agglomeration which in good agreement with the literature [33].

3.2. TEM Analysis
TEM analysis was used to investigate the Fe,O3 and Fe,O53-rGO structure, particle sizes, and distinguish their
morphology. Figure 3 shows the TEM images for Fe,0; and Fe,O3-rGO nanocomposites.

Figure 3(a) shows Fe,05; NP in a semi-spherical shape with an average particle size approximately
~32.44 nm. The alliance of high surface energy with tiny ones is mainly responsible for nanoparticles
agglomeration. Also, it may be due to the absence of capping agent which is responsible for controlling the shape
and size of the nanomaterials. Figure 3(d) displays the TEM image of Fe,0;—rGO hybrid composite; the hybrid
nanocomposites consist of two-dimensional rGO sheets decorated with Fe,O3 NPs. It shows that a significant
number of Fe,05; NPs are irregular in shape with an average size of 28.65 nm decorated on rGO sheet which
serves as a platform. The TEM image of the GO sheet is shown in our previous article [23]. Obviously, the Fe,O;
NPs growth are hindered by the rGO sheet, and the particle size decreases as well. This is in good agreement with
the literature [34]. Moreover, the distribution of Fe,O3 NPs on the rGO surface may increase the stability of the
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Figure 2. Williamson-Hall plots of Fe,O3, and Fe,O3-rGO nanocomposite.
Table 1. Crystallite size (D), strain (¢), and dislocation
density (6).
Sample D (nm) € 8, x10" (m™?)
Fe, 03 23 0.0005 1.87
Fe,05-rGO 18 —0.0008 3.08

Fe,0; rGO nanocomposites. The high-resolution TEM (HRTEM) images of the Fe,O3 and Fe,05-rGO,

figures 3(b) and (e), show lattice fringes of about 0.25 nm. This is consistent with the inter-planar spacing of
(110) planes of the Rhombohedral Fe,O3 (JCPDS No. 01-076-8394). This result is coincided with the XRD data.
Furthermore, the inter-planar spacing derived from the polycrystalline Selected Area Electron Diffraction
(SAED) pattern for the Fe,O3 and Fe,05-rGO are consistent with the Rhombohedral Fe,O3 (JCPDS No.
01-076-8394), see figures 3(c) and (f). Furthermore, from the particle size distribution, figures 3(g)—(h), the
average particle sizes are 32 nm for Fe,O3 and 28 nm for Fe,O3-rGO. This result is slightly accordance with the
crystallite sizes calculated from XRD.

3.3.FTIR analysis

Figure 4 shows the FTIR spectra of the GO, Fe,0O5; NPs, and Fe,03-rGO nanocomposite. The FT-IR spectra of
the Fe,05-rGO nanocomposite revealed distinct peaks at about 520, 436 cm ™' are assigned to the stretching
vibration of Fe-O bond of the Fe, O3 nanoparticles. Furthermore, the peaks appeared at 1731, 1614 cm ™" are
characteristic for the C=0 and C=C group of the rGO, respectively. It confirms the loading of the Fe,O; on the
GO sheets, as well as the very low intensity of the C=0 peak in the FT-IR spectra of the Fe,O3-rGO confirming
reduction of the GO into rGO during the ultra-sonication process [23, 35].

3.4. Raman analysis

The as prepared Fe, O3, Fe,05-rGO, and GO was investigated using Raman spectroscopy, as shown in figure 5.
The Fe,03-rGO nanocomposite shows two definite peaks at 1342 cm ™' and 1586 cm ™', which correspond to
the D and G bands of the rGO, respectively, with intensity ratio (Ip/Ig) equal 1.4; this ratio is slightly higher than
that of GO, which is 0.94 [ 16, 17]. The increase in the intensity ratio (Ip/Ig) for the Fe,O3-rGO might be due to
elimination of the oxygen-containing functional groups from the GO sheets, indicating that the GO was reduced
during formation of the Fe,O3-rGO as a result of the ultra-sonication process [16, 17]. The Fe,O3-rGO reveals
distinctive peak at 493 cm ' corresponding to the A, ¢ vibration mode, and peaks at 404 cm 'and 604 cm ™!
corresponding to the Eg vibration mode, but the peaks have lower intensities compared to the Fe,;Os.
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Figure 4. FTIR spectra of GO, Fe,03, and Fe,O3-rGO nanocomposite at different spectral ranges.

3.5. Optical properties

Figure 6 shows the UV—visible absorption spectra of the Fe,03, Fe,03-rGO nanocomposite, and GO.
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Figure 6. The absorption spectra for; (a) Fe,O3, Fe,O3-rGO nanocomposite and (b) GO.

Figure 6 shows the UV—visible absorption spectra of graphene oxide, Fe,O; NPs, and Fe,05-rGO
nanocomposite. In figure 6(a) two absorption bands are observed clearly for Fe,O3-rGO at 255 nm and 332 nm
related to m/—7* (C=C bonds) and n-7* (C=0 bonds) transitions, respectively [36]. In the UV region, an
absorption edge is observed for Fe,O3 NPs. This absorption edge is more pronounced and sharper with the
insertion of rGO to the matrix. The absorption edge in the range from 340 to 360 nm is related to the transition
within the rGO sheets. Figure 6(b) shows the absorption spectrum of GO with an absorption edge extended from
250 nm to 600 nm. Extrapolating the absorption edge intercept with the X-axis at ~ 378 nm (E; = 1240/

378 = 3.28 eV). The inset of figure 6(b) shows the direct optical bandgap which is approximately ~ 3.28 eV. This
resultis in good agreement with the literature [37]. While the wide halo in the visible region is attributed to the
surface plasmon resonance which caused by Fe?ions in Fe,O5 NPs [38]. Moreover, two bands are observed at
447 nm and 560 nm in the visible region (inset figure 6(a)). These bands become more pronounced with the
insertion of rGO to the matrix [19]. These confirms the effect of the rGO sheets on the Fe,O3 NPs to absorb more
energy [35] in the UV-visible region which is very useful in various optical applications especially for the solar
cells. Also, in the visible region, absorption edge is observed in the range from 570 nm to 700 nm. This
absorption edge shifted towards the higher wavelength region for Fe,O3-rGO nanocomposite. This indicates the
decrease of the material bandgap.

The optical parameters like; the absorption coefficient (o) and optical bandgap (E,) are important for
electronic application, which can be investigated by Tauc’s relation as follow,
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Table 2. Optical bandgaps in the UV and visible regions; (Egq; & Egqz
for direct) and (Egj; & Eg, for indirect)

UV-region Visible region

Composition Ega eV Eg, eV Egap, eV Egpp, eV

Fe, 03 3.67 2.03 1.70 0.42
Fe,05-rGO 4.08 3.62 1.55 0.32
ahv = B(hv — Eg)™ (3)

where hv is the incident photons energy, Bis a constant, and m is index number depend on the type of electronic
transition (m = 1/2, 2 for direct and indirect transitions, respectively). The relation between (ahv)* & (ahv)®?
versus (hv) are shown in figure 7. The optical bandgap values were extracted from the plots and tabulated in
table 2.

In the UV-region the bandgap was found to increase from 3.67 eV for Fe,05 t0 4.06 eV for Fe,0;3-rGO
(direct) and from 2.03 for Fe,O5 to 3.62 eV for Fe,05-rGO (indirect). While, in the visible region, the bandgap
was found to decrease from 1.7 eV for Fe,O5 to 1.5 eV for Fe,O3-rGO (direct) and from 0.42 eV for Fe,Os to
0.32 eV for Fe,O3-rGO (indirect). The increase in the bandgap is caused by the quantum size effect. While the
decrease of the bandgap in the visible region can be related to the localized states produced in the forbidden
region because of the defects formed from the rGO sheets. The random distribution of the defects on the GO
sheets causes random distribution in sp* carbon islands and this may be the reason of the change in the optical
band gap [37]. An increase or decrease in the band gap depend upon the size of the sp? carbon islands. The tune
of the band gap to 1.55 eV is in good accordance with range of the Solar System.
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Table 3. Extracted direct bandgap (Egq) and the calculated optical parameters.

Sample Egq(eV) Ny ng Ny Ngs ny Ax A n
Fe, 05 1.7 2.734 3.030 2.848 2.837 3.060 0.457 1.486 3.066
Fe,05-rGO 1.55 2.798 3.123 2.924 2.923 3.090 0.417 1.495 3.158

The refractive index gives an indication on materials reflectivity to be useful tool in the industrial
applications. This optical parameter can be investigated by the following empirical relations regarding to the
value of the band gap.

The moss relation [39],

ny X Eg = 95 eV (4)
The Ravindra relation [40],
ng = 4.084 — 0.62E, 5)
The Herve and Vandamme relation [40, 41],
2
nHV:\/lJr( 13.6 ¢V ) ©
E, +34eV
Kumar and Singh equation [40, 41],
ngs = 3.3668 x E, 72 @)
Anani et al suggested that [40, 41],
ny = 3.4 — 0.2E, ®)

The direct optical band gaps in the visible region were used to calculate the refractive index for every model
and the results were tabulated in table 3.

Itis obvious that the refractive index calculated from the various models increased with depositing the Fe,O3
on rGO sheet. Therefore, depositing Fe,O5 on rGO promotes a denser nature and a lower bandgap, which
observed in changing the refractive index value. In another word, after the insertion of the rGO sheet to the
matrix the crystallite size decreases, the surface area increases, and the density also increases. This causes the
reflectivity of the material increases. Hence the refractive index increases as well.

An essential parameter that is important for the electronic and optical applications in industry, is the optical
basicity and its correlation with the optical electronegativity of the materials. The empirical relation between the
optical basicity (A), optical electronegativity (A ), optical band gap (E,), and refractive index () derived by
Duffy and Reddy are as following [41, 42],

Ax = 0.2688E, ©
A =159 — 0.2279Ax (10)
n = — In(0.102AY) (11)

The calculated values of A, Ay, and n are presented in table 2. The A value slightly increases while A slightly
decreases for Fe,0; and Fe,O5-rGO, respectively. Furthermore, it is obvious that there is a good match between
the results obtained for the refractive index using Ravindra and Annani equations and the equation expressed by
Dulffy.

4, Conclusion

Fe, O3 nanoparticles were prepared via the co-precipitation method, then successfully loaded on the GO sheets
through ultra-sonication method. This method is effective not only due to the successful loading and
attachment of the Fe, O3 to the surface of GO sheets, but also due to the successful reduction of the GO into rGO
and increasing the stability of the Fe,053-rGO nanocomposite. The XRD analysis confirmed the phase structure
of the Fe,O5 and Fe,O3-rGO. The XRD and TEM analysis confirmed the nanoscale of the prepared samples. The
Fe,05 growth was restricted by rGO sheets according to the morphological analysis. The loading process of the
Fe, O3 on the rGO surface was confirmed by the TEM as well as the FT-IR. Furthermore, the reduction of the GO
into rGO was confirmed by the Raman and FT-IR spectra. All these analyses revealed the impact of the reduced
graphene oxide on the Fe,Oj3 structure and their optical parameters. The optical band gap in the UV region was
found to increase from 3.62 eV for Fe, 05 to 4.06 eV for Fe,05-rGO due to the quantum size effect. The optical
bandgap was found to decrease from 1.7 eV for Fe,0; to 1.55 eV for Fe,O3-rGO in the visible region. The tune of
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theband gap to 1.55 eV is in good accordance with range of the Solar System. Also, the optical electronegativity
was found to decrease while the optical basicity and refractive index were found to increase by the addition of
rGO in Fe,O3 matrix. In conclusion the Fe,O3-rGO nanocomposite can be considered a perfect contender for a
variety of applications, including solar cells.
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