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Abstract
TheHematite (Fe2O3)nanoparticles and Fe2O3-reduced graphene oxide (rGO)nanocomposite were
successfully synthesized via co-precipitationmethod. The rGOwas used as passivation layer to
improve the optical properties of the Fe2O3. X-ray diffraction, transmission electronmicroscopy,
Raman, and Fourier transform-infrared spectroscopywere used to investigate themodification in the
Fe2O3 structure in the presence of rGO.UV-visible absorption spectrawere investigated, and the
optical bandgapwas determined. Using different relations likeMoss, Rivandra, Anani, and others, the
refractive indexwas calculated depending on the obtained optical bandgap. The refractive index values
were comparedwith the data calculated fromDuffy relation and good accordancewas found between
them. The optical bandgap and electronegativity were found to decrease by the addition of rGO in
Fe2O3matrix, while the refractive indexwas found to increase. Consequently, the Fe2O3-rGO
nanocomposites capacity to control optical propertiesmakes it a perfect contender for a variety of
applications.

1. Introduction

Because of their unique features andwide range of uses, the synthesis of nanostructures with distinct properties
has attracted a lot of interest recently [1–4]. The shape ofmaterials has a considerable impact on the physical,
chemical, and optical characteristics of nanoparticles [5–7]. Owing to the effect of themorphological shape of
the synthesized nanoparticles (NPs), Scientists are interested inmanufacturingNPs in different shapes rather
than the spherical one for the various uses inmorphology-dependent applications like sensing and
biomedical [8,9].

Transitionmetal oxides such as TiO2,MnO2, and Fe2O3 have been explored previously as supercapacitor
electrodematerials [10–12]. Fe2O3 is considered as suitable candidatematerials inmany applications such as;
absorbingmaterial in the solar cell, sensors, data-storage, photo-catalyst, magnetic recording, bio-imaging, and
others [11, 13–17]. Fe2O3 has an energy gap∼ 2.1 eV [4], low cost, non-toxic, easy to prepare, good stability, and
environmentally safe [15,18]. Otherwise, Fe2O3NPs have unique characteristics including electrical, thermal,
mechanical, and high surface area [13,15, 18]. Hence, Fe2O3 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 eVwhich transform to reduced graphene oxide (rGO)with lower bandgap
ranging from1 to 1.69 eV [19, 20]. This process of the reduction ofGO is to increase the absorption efficiency,
which give thematerial importance to be used in various optoelectronic application. As a natural outcome,
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graphene is often chosen in a variety ofmultiple disciplines including electronics,magnetics, and optics [21, 22].
Previously CdSe-rGOnanocomposite was fabricatedwith different particle size of CdSe andwas found to tune
the optical parameters via the controlling their particle sizes [23]. Guo et al [24] reported the distribution of SO2

nanoparticles on the graphenematrix andwas found thatGOwith high reduction degree improves the
conductivity and enhance thematrix properties. Nosheen et al [25] reported CdS ancored on graphene surface
to formCdS-rGo usingDMF to improve the effective electrodematerials for application in solid state dye
sensitized solar cells.

Herein Fe2O3NPswere successfully synthesized and decorated onto graphene surface to expand the
application range and improve their characteristics. The Fe2O3NPs are rapidlymoved to graphene sheets,
enhancing its charge transfer rate and optical properties [26].

Themain objective of the present study is to examine the influence of graphene sheets on the structure and
optical characteristics of Fe2O3NPs. 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 Fe2O3NPs and Fe2O3-rGOnanocomposite are studied using FTIR,
Raman, XRD, TEM, andUV-visible spectroscopy.

2. Experimental work

2.1. Chemicals and reagents
All chemicals, Iron (III) chloride anhydrous (Fisher chemical, 98%), ammonia solution (Fisher chemical, 35%),
Poly vinyl alcohol (SigmaAldrich, 86%–89%hydrolyzed, highmolecular weight (80,000–120,000)), and
deionized (DI)Milli-Qwaterwere usedwithout further purification.

2.2. Synthesis of Fe2O3NPs
Fe2O3NPswere prepared via the coprecipitationmethod [28]. A solution of 1MFeCl3inDIwater (100ml)was
heated to 80 °C. Then, 25% ammonia solutionwas added drop by dropwith continuous stirring for 2 h. Finally,
the prepared solutionwas centrifuged at 8000 rpm and the precipitated particles collected and thenwashed by
theDIwater. The collected particles were dried in the oven at 80 °C for 24 h followed by calcination at 400 °C
for 4 h.

2.3. Synthesis of Fe2O3-rGONanocomposites
The graphene oxide (GO)was prepared previously using improvedHummers’method, as described elsewhere,
followed by lyophilization process to increase the surface area of theGO sheets [29]. Fe2O3-rGO
nanocomposites were prepared bymixing 0.6 gmof the as-prepared Fe2O3with 0.3 gmGO in 100mlDIwater.
Then, themixturewas sonicated via ultra-prop sonication (Sonochemicalmethod) for 15 min at 600Watt.
Finally, the obtained Fe2O3-rGOnanocomposite was dispersed in distilledwater (5ml) 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 equippedwith
Cu-Kα1 radiation;λ= 0.154056 nm. TheXRDpatterns were collected in 2θ range from0° to 80° (scan step/
scanning time= 0.02°/0.5s at room temperature). The TEM images of the samples were performed using
transmission electronmicroscope (Joel JEM-2100, Japan) operated at 200 kV.UV-Visible absorption spectra of
the sampleswere operated using a double beam spectrophotometer (Perkin Elmer Lambda 40,USA). The
measurements were done in the range from200 nm to 800 nmwith 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−1 with a spectral resolution of 4 cm−1. Raman spectra of GO,
Fe2O3, Fe2O3-rGOwere investigated via Raman spectroscopymodelWiTec-Alpha-300-AR-Germany, with
spectral resolution 0.72 cm−1.

3. Results and discussion

3.1. XRDAnalysis
Figure 1 showXRDpatterns of pureGO, synthesized Fe2O3NPs, and Fe2O3-rGOnanocomposite. The pattern
profiles indicated the seven characteristic diffraction peaks of the Rhombohedral Fe2O3 phasewith space group:
R-3c (JCPDSNo. 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 Fe2O3-rGOnanocomposite with a little shift to higher angles.
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Introducing rGO to the Fe2O3 nanocomposite shows a shift to higher angles in the XRDpattern. The inset of
figure 1 shows the twomain 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 Fe2O3NP and the rGO. The crystallite sizewas calculated using the Scherrer equation [18] andwas
found to be∼ 22 nm for Fe2O3 and 21 nm for Fe2O3-rGOnanocomposite.

Williamson-Hallmethodwas used to investigate the crystallite size (D), themicro-strain (ε), and the
dislocation density (δ). The relation ofWilliamson-Hall represented as follow [30, 31],

( ) ( ) ( )b q
l

e q= +
k

D
cos 4 sin 1

( )d =
D

1
2

2

whereβ is the full-width at halfmaximumand k is shape factor∼ 0.9. The relation betweenβ cos(θ) onY-axis
and 4 sin(θ) onX-axis is represented infigure 2. It shows a linear relationwith a slope equal to themicro-strain
and the intercept equal to kλ/D. TheD, ε, and δ values are investigated and represented in table 1.

As shown in table 1, the particle size decreases which confirmed by the shift in peaks angle in XRDpattern.
The d-spacing decreases because of the shift in diffraction angles to higher values. Also, the negative value of
strain confirms the compression of thematerial. 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
agreementwithWilliamson-Hall plot. TheXRDpattern of the pureGO, figure 2, exhibited a strong peak at
2θ = 11.13°, which indexed to (001) planewith d-spacing∼8.03Å (via Bragg’s equation) [32].While this peak
disappears in the Fe2O3-rGOnanocomposites. This can be related to the transformation of themost of GO to
the reduced graphene oxide rGO and the groups bondedwith oxygen (C–OH,COOH,C=O) are removed [32].
The decrease of the crystallite sizemay be caused by the rGO sheets which hindered the growth of Fe2O3NPs and
reduced its agglomerationwhich in good agreementwith the literature [33].

3.2. TEMAnalysis
TEManalysis was used to investigate the Fe2O3 and Fe2O3-rGO structure, particle sizes, and distinguish their
morphology. Figure 3 shows the TEM images for Fe2O3 and Fe2O3-rGOnanocomposites.

Figure 3(a) shows Fe2O3NP in a semi-spherical shapewith an average particle size approximately
∼32.44 nm. The alliance of high surface energywith tiny ones ismainly responsible for nanoparticles
agglomeration. Also, itmay be due to the absence of capping agentwhich is responsible for controlling the shape
and size of the nanomaterials. Figure 3(d) displays the TEM image of Fe2O3–rGOhybrid composite; the hybrid
nanocomposites consist of two-dimensional rGO sheets decoratedwith Fe2O3NPs. It shows that a significant
number of Fe2O3NPs are irregular in shapewith an average size of 28.65 nmdecorated on rGO sheet which
serves as a platform. TheTEM image of theGO sheet is shown in our previous article [23]. Obviously, the Fe2O3

NPs growth are hindered by the rGO sheet, and the particle size decreases aswell. This is in good agreementwith
the literature [34].Moreover, the distribution of Fe2O3NPs on the rGO surfacemay increase the stability of the

Figure 1.XRD spectra ofGO, Fe2O3, and Fe2O3-rGOnanocomposite.
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Fe2O3-rGOnanocomposites. The high-resolution TEM (HRTEM) images of the Fe2O3 and Fe2O3-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 Fe2O3 (JCPDSNo. 01–076–8394). This result is coincidedwith the XRDdata.
Furthermore, the inter-planar spacing derived from the polycrystalline Selected Area ElectronDiffraction
(SAED) pattern for the Fe2O3 and Fe2O3-rGO are consistent with the Rhombohedral Fe2O3 (JCPDSNo.
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 Fe2O3 and 28 nm for Fe2O3-rGO. This result is slightly accordancewith the
crystallite sizes calculated fromXRD.

3.3. FTIR analysis
Figure 4 shows the FTIR spectra of theGO, Fe2O3NPs, and Fe2O3-rGOnanocomposite. The FT-IR spectra of
the Fe2O3-rGOnanocomposite revealed distinct peaks at about 520, 436 cm−1 are assigned to the stretching
vibration of Fe-Obond of the Fe2O3 nanoparticles. Furthermore, the peaks appeared at 1731, 1614 cm−1 are
characteristic for theC=OandC=Cgroup of the rGO, respectively. It confirms the loading of the Fe2O3 on the
GO sheets, as well as the very low intensity of the C=Opeak in the FT-IR spectra of the Fe2O3-rGO confirming
reduction of theGO into rGOduring the ultra-sonication process [23, 35].

3.4. Raman analysis
The as prepared Fe2O3, Fe2O3-rGO, andGOwas investigated using Raman spectroscopy, as shown infigure 5.
The Fe2O3-rGOnanocomposite shows twodefinite peaks at 1342 cm−1 and 1586 cm−1, which correspond to
theD andGbands of the rGO, respectively, with intensity ratio (ID/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 (ID/IG) for the Fe2O3-rGOmight be due to
elimination of the oxygen-containing functional groups from theGO sheets, indicating that theGOwas reduced
during formation of the Fe2O3-rGO as a result of the ultra-sonication process [16, 17]. The Fe2O3-rGO reveals
distinctive peak at 493 cm−1 corresponding to the A1g vibrationmode, and peaks at 404 cm−1 and 604 cm−1

corresponding to the Eg vibrationmode, but the peaks have lower intensities compared to the Fe2O3.

Figure 2.Williamson-Hall plots of Fe2O3, and Fe2O3-rGOnanocomposite.

Table 1.Crystallite size (D), strain (ε), and dislocation
density (δ).

Sample D (nm) ε δ,×1015 (m−2)

Fe2O3 23 0.0005 1.87

Fe2O3-rGO 18 −0.0008 3.08
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3.5.Optical properties
Figure 6 shows theUV–visible absorption spectra of the Fe2O3, Fe2O3-rGOnanocomposite, andGO.

Figure 3. (a), (d)TEM images, (b), (e)HRTEM images, (c), (f) SEADpattern, and (g), (h) the histogramof Fe2O3&Fe2O3-rGO,
respectively.

Figure 4. FTIR spectra ofGO, Fe2O3, and Fe2O3-rGOnanocomposite at different spectral ranges.
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Figure 6 shows theUV–visible absorption spectra of graphene oxide, Fe2O3NPs, and Fe2O3-rGO
nanocomposite. Infigure 6(a) two absorption bands are observed clearly for Fe2O3-rGO at 255 nmand 332 nm
related toπ–π* (C=Cbonds) and n-π* (C=Obonds) transitions, respectively [36]. In theUV region, an
absorption edge is observed for Fe2O3NPs. This absorption edge ismore pronounced and sharper with the
insertion of rGO to thematrix. The absorption edge in the range from340 to 360 nm is related to the transition
within the rGO sheets. Figure 6(b) shows the absorption spectrumofGOwith an absorption edge extended from
250 nm to 600 nm. Extrapolating the absorption edge intercept with theX-axis at∼ 378 nm (Eg= 1240/
378= 3.28 eV). The inset offigure 6(b) shows the direct optical bandgapwhich is approximately∼ 3.28 eV. This
result is in good agreementwith the literature [37].While thewide halo in the visible region is attributed to the
surface plasmon resonancewhich caused by Fe+3 ions in Fe2O3NPs [38].Moreover, two bands are observed at
447 nmand 560 nm in the visible region (insetfigure 6(a)). These bands becomemore pronouncedwith the
insertion of rGO to thematrix [19]. These confirms the effect of the rGO sheets on the Fe2O3NPs to absorbmore
energy [35] in theUV-visible regionwhich is very useful in various optical applications especially for the solar
cells. Also, in the visible region, absorption edge is observed in the range from570 nm to 700 nm. This
absorption edge shifted towards the higherwavelength region for Fe2O3-rGOnanocomposite. This indicates the
decrease of thematerial bandgap.

The optical parameters like; the absorption coefficient (α) and optical bandgap (Eg) are important for
electronic application, which can be investigated byTauc’s relation as follow,

Figure 5.Raman spectra of Fe2O3 and Fe2O3-rGOnanocomposite.

Figure 6.The absorption spectra for; (a) Fe2O3, Fe2O3-rGOnanocomposite and (b)GO.
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( ) ( )a u u= -h B h E 3g
m

where hυ is the incident photons energy,B is a constant, andm is index number depend on the type of electronic
transition (m= 1/2, 2 for direct and indirect transitions, respectively). The relation between (αhυ)2 & (αhυ)0.5

versus (hυ) are shown infigure 7. The optical bandgap valueswere extracted from the plots and tabulated in
table 2.

In theUV-region the bandgapwas found to increase from3.67 eV for Fe2O3 to 4.06 eV for Fe2O3-rGO
(direct) and from2.03 for Fe2O3 to 3.62 eV for Fe2O3-rGO (indirect).While, in the visible region, the bandgap
was found to decrease from1.7 eV for Fe2O3 to 1.5 eV for Fe2O3-rGO (direct) and from0.42 eV for Fe2O3 to
0.32 eV for Fe2O3-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 randomdistribution of the defects on theGO
sheets causes randomdistribution in sp 2 carbon islands and thismay 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 2 carbon islands. The tune
of the band gap to 1.55 eV is in good accordancewith range of the Solar System.

Figure 7.Plots of (αhυ)2 & (αhυ)0.5 versus (hυ) for the synthesized Fe2O3 and Fe2O3-rGONPs.

Table 2.Optical bandgaps in theUV and visible regions; (Egd1 &Egd2
for direct) and (Egi1 & Egi2 for indirect)

UV-region Visible region

Composition Egd1, eV Egi1, eV Egd2, eV Egi2, eV

Fe2O3 3.67 2.03 1.70 0.42

Fe2O3-rGO 4.08 3.62 1.55 0.32
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The refractive index gives an indication onmaterials 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.

Themoss relation [39],

( )´ =n E 95 eV 4M g
4

TheRavindra relation [40],

( )= -n E4.084 0.62 5R g

TheHerve andVandamme relation [40, 41],

⎜ ⎟
⎛

⎝

⎞

⎠
( )= +

+
n

eV

E eV
1

13.6

3.4
6HV

g

2

Kumar and Singh equation [40, 41],

( )= ´ -n E3.3668 7KS g
0.32234

Anani et al suggested that [40, 41],

( )= -n E3.4 0.2 8A g

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

It is obvious that the refractive index calculated from the variousmodels increasedwith depositing the Fe2O3

on rGO sheet. Therefore, depositing Fe2O3 on rGOpromotes a denser nature and a lower bandgap, which
observed in changing the refractive index value. In anotherword, 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 thematerial increases. Hence the refractive index increases aswell.

An essential parameter that is important for the electronic and optical applications in industry, is the optical
basicity and its correlationwith the optical electronegativity of thematerials. The empirical relation between the
optical basicity (Λ), optical electronegativity (Δχ), optical band gap (Eg), and refractive index (n) derived by
Duffy andReddy are as following [41, 42],

( )cD = E0.2688 9g

( )cL = - D1.59 0.2279 10

( ) ( )c= - Dn ln 0.102 11

The calculated values ofΛ,Δχ, and n are presented in table 2. TheΛ value slightly increases whileΔχ slightly
decreases for Fe2O3 and Fe2O3-rGO, respectively. Furthermore, it is obvious that there is a goodmatch between
the results obtained for the refractive index using Ravindra andAnnani equations and the equation expressed by
Duffy.

4. Conclusion

Fe2O3 nanoparticles were prepared via the co-precipitationmethod, then successfully loaded on theGO sheets
through ultra-sonicationmethod. Thismethod is effective not only due to the successful loading and
attachment of the Fe2O3 to the surface ofGO sheets, but also due to the successful reduction of theGO into rGO
and increasing the stability of the Fe2O3-rGOnanocomposite. TheXRD analysis confirmed the phase structure
of the Fe2O3 and Fe2O3-rGO. TheXRD andTEManalysis confirmed the nanoscale of the prepared samples. The
Fe2O3 growthwas restricted by rGO sheets according to themorphological analysis. The loading process of the
Fe2O3 on the rGO surfacewas confirmed by the TEMaswell as the FT-IR. Furthermore, the reduction of theGO
into rGOwas confirmed by the Raman and FT-IR spectra. All these analyses revealed the impact of the reduced
graphene oxide on the Fe2O3 structure and their optical parameters. The optical band gap in theUV regionwas
found to increase from3.62 eV for Fe2O3 to 4.06 eV for Fe2O3-rGOdue to the quantum size effect. The optical
bandgapwas found to decrease from1.7 eV for Fe2O3 to 1.55 eV for Fe2O3-rGO in the visible region. The tune of

Table 3.Extracted direct bandgap (Egd) and the calculated optical parameters.

Sample Egd (eV) nM nR nHV nKS nA Δχ Λ n

Fe2O3 1.7 2.734 3.030 2.848 2.837 3.060 0.457 1.486 3.066

Fe2O3-rGO 1.55 2.798 3.123 2.924 2.923 3.090 0.417 1.495 3.158
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the band gap to 1.55 eV is in good accordancewith range of the Solar System. Also, the optical electronegativity
was found to decrease while the optical basicity and refractive indexwere found to increase by the addition of
rGO in Fe2O3matrix. In conclusion the Fe2O3-rGOnanocomposite can be considered a perfect contender for a
variety of applications, including solar cells.
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