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In this research work, hematite (a-Fe2Oz) nanoparticle, and oxidized graphene (OG) were prepared, and
then mixed to form stable suspension of o-Fe203/OG nanocomposite. Different characterization
techniques were used to explore the chemical and physical properties of the o-Fe203/OG nanocomposite
including XRD, FT-IR, and UV-Vis. The results revealed the successful formation of the a-Fe.O3
nanoparticles, and the oxidation of the MWCNT, as well as the formation of stable o-Fe203/0OG
nanocomposite. The electrochemical behaviour of the a-Fe203/OG nanocomposite were investigated
using cyclic voltammetric (CV), and linear sweep voltammetry (LSV) and the results revealed that
modification of a-Fe>O3 nanoparticles with OG greatly enhanced the electrochemical performance, and
capacitive behaviour, as well as the cycling stability.
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1. INTRODUCTION

Nanotechnology is a general term focused on the manipulation and applications of nanoparticles
(NPs) such as metals, metal oxides, semiconductors, ceramics, and polymers, due to their outstanding
structural, physicochemical and morphological properties, which allows them to be the used in a wide
variety of applications, especially in the energy sector. For example, many metal oxides were used
recently as electrodes for the lithium-ion batteries (LIBs) due to their outstanding and efficient surface
area, as well as the chemical suitability and stability, as they intercalate—deintercalate lithium ions into
their layered structure [1-3], which significantly enhanced the LIBs storage capacities even beyond their
theoretical values [4]. Hematite (a-Fe>Os) nanostructures is one of the promising metal oxide
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nanoparticles which attracted the attention of researchers, and is used for a variety of applications
including splitting of water and the production of hydrogen gas [5], magnetic storage devices [6],
potential gas sensors [7], targeted drug delivery [8], biomedical applications [9], as well as LIBs
production [10-13].

Oxygen evolution reaction (OER) have become the common power source for sustainable energy
development technology especially the photoelectrochemical (PEC) cells. The electro-catalysts of non-
noble metal has been very interesting in this field, reportedly hematite has an outstanding performance
of oxygen evolution reaction (OER), with an optical narrow bandgap around ~ 2.2 eV, which it absorbs
the light up to 560 nm, which allows it to absorb 40% of the solar irradiance. Hematite is a naturally
abundant, low-cost material that has good chemical stability in an aqueous solution in a broad pH range.
The position of the valence band is suitable for oxygen evolution, which makes it an ideal candidate
photoanode material for solar water splitting [14,15]. On the other hand, hematite has shown low
efficiency because of its poor electrical conductivity. The critical reasons are high recombination of
electrons and holes, low mobility of the holes/short hole diffusion length and trapping of electrons by
oxygen deficiency sites. Various techniques are reported in the literature to improve the efficiency of
hematite by inserting the effective materials in the lattice without disturbing the structure of crystal.
Enhancing the efficiency of hematite for photoelectrochemical water splitting was carried out by doping
with elements/ions such as tin [16], manganese [17], zirconium and tin [18], tantalum [19], boron [20],
phosphorous [21], rhodium [22], tetravalent dopants (Si**, Sn**, Ti**, and Zr**) [23], and few works were
dedicated to doping with carbon based materials such as carbon dots [24, 25], graphene [26,27], and the
number of studies focusing on this topic is very scarce in literature.

In this work, the electrochemical behaviour of the hematite/oxidized graphene (OG)
nanocomposite was studied and explored. First, hematite was prepared using hydrothermal method, and
then mixed with the OG to form a stable nanocomposite. The hematite/OG nanocomposite was then
characterized by XRD in order to explore the chemical and physical characteristics. The electrochemical
behaviour of the hematite/OG nanocomposite was investigated using cyclic voltammetric (CV) and
linear sweep voltammetry (LSV) to explore their possible applications.

2. EXPERIMENTAL

2.1 Chemicals and materials

Ferric chloride hexahydrate (FeCls - 6H.O) was obtained from Lobachemie and were used as
received without further purification. Graphene nanosheets were obtained from XG Science (XGnP®
300, USA) and were used as received. Sulfuric acid - 95-99% (H2SO4) and nitric acid - 65% (HNO3)
were purchased from Chem-Lab. Potassium hydroxide (KOH) was obtained from Fluka Chemie AG.
All aqueous solutions were prepared with distillated water.
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2.2. Preparation of Hematite (a-Fe2O3) Nanoparticles

The Hematite nanoparticles were prepared according to the procedure used by Faust et al.[28].
Initially, 30 ml solution of 0.1 M FeCls - 6 H20 was dissolved in distillated water and added dropwise
into 120 ml stirred boiling water, and subsequently the solution was refluxed for 5 min. Finally, cooled
in an ice bath. The colloidal a-Fe>Os suspension had a dark red color and was very acidic:

2 FeCls + 3 H20 2 a-Fe203 + 6 HCI

The colloid was dialyzed by using a dialysis tube (Medicell International, MWCO 12000 -
14000) in the distillated water, which change several times until the pH had reached pH ~ 6 and the
electrical conductivity was below 20 S cm™. The product was kept in the dark.

2.3. Oxidation of graphene

The raw graphene are not reactive. In this work, the purification and activation of Graphene were
in the presence of oxidation agents: H.SO4/HNOz mixture to formation of functional groups: hydroxyl,
carboxyl, aldehyde, anhydride and other groups on the defected sides of the tubes, which makes them
more reactive.

The acid mixtures were prepared in an ice bath. Firstly, 1 g of Graphene was used with the acid
mixtures H>SO4/HNO3 at the ratio of 3:1 (v/v) in a total volume of 200 ml of acid mixtures in an ice
bath. The reactions were sonicated for 4 hours in an ultrasonic bath at 40°C. The resulting solution was
then transferred to a 1000 ml beaker with distilled water to reduce the acidity of product, which was then
neutralized by using a dialysis tube (Medicell International, MWCO 12000 - 14000) in the distillated
water, that were changed several times until achieving a neutral pH.

2.4. Preparation of a-Fe>03/OG nanocomposite

The hematite was deposited on the surface of oxidized graphene by mixing at RT for one hour
under ultrasonication with different concentrations of graphene. All prepared suspensions before and
after mixing were dried overnight in oven at 50°C. For further characterization, then the solutions and
the powder were obtained in the dark. For XRD measurements, the resulting powder was calcined at
200°C for 2 h at a heating rate of 5°C - min! in a preheated muffle furnace.

2.5. Electrode fabrication

a-Fe;03 and a-Fe,03/0G electrodes have been prepared for electrochemical investigations.
Approximately 50 ul of the prepared suspensions has been directly drop-cast [29] onto the glassy carbon
electrode (GCE) in a rotating ring disk electrode system (RRDE), which has been used as a working
electrode.
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2.6. Characterization

The optical absorptions of the prepared hematite with different pH-values were investigated by
using a MultiSpec-1501 UV-Vis Spectrophotometer (SHIMADZU). The determination of functional
group on the surface of Graphene was performed with a PerkinElmer Spectrum 100 infrared
spectrometer (FT-IR spectra), wherefore the dried samples was mixed with potassium bromide (ratio of
1:10) and pressurized to produce KBr pellet for FT-IR measurements. The identification of crystalline
phases of the samples were recorded by Bruker D2 Phaser X-ray diffractometer. The XRD-
measurements were carried out by CuKo radiation (1.5418 A).

2.7. Electrochemical measurements

The electrochemical measurements include cyclic voltammetric (CV) studies, and linear sweep
voltammetry (LSV) studies were performed using CorrTest electrochemical workstation with a RRDE
three-electrode system. The working electrodes were fabricated by drop-casting a sample as described
in the experimental section (2.5). The Ag/AgCI was the reference electrode and Pt wire the counter
electrode in 1.0 M KOH as electrolyte. CV and LSV curves of a-Fe>O3 were recorded at potential of 100
Hz and with scan rate of 100 mV s,

3. RESULTS AND DISCUSSION

3.1. Characterization

Fig. 1 shows the optical properties of FeClz - 6 H.O and the freshly prepared hematite
nanoparticles with pH-value ~ 6 by using UV-Vis absorption spectroscopy.
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Figure 1. The UV-Visible absorption curves of hematite nanoparticles.
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Figure 2. FT-IR spectra of graphene, oxidized graphene, hematite nanoparticles, and hematite/OG
nanocomposite.

The absorption of the colloidal a-Fe2O3 begins below 560 nm, which indicates that prepared o-
Fe20s is a visible light active photocatalyst. According to Sivula [5] the absorption below 560 nm is due
to the absorption of shorter wavelengths of visible region (yellow to ultraviolet photons). Thus, as a
result of good transmission of red light, this becomes the characteristic red color of hematite.

FT-IR was used to investigate the successful oxidation of the OG and preparation of the a-Fe20s3,
as well as the a-Fe203/OG nanocomposite, and the results were shown in Figure 2. The FT-IR spectrum
of the pristine G showed the characteristic vibration peaks at 1680-1640 cm™ (C=C stretch) and 1500-
1400 cm™ (C-C stretch) due to the carbon hexagonal ring of the graphene. In contrast, the oxidized
graphene (OG) spectrum show very clear and strong absorption peak at 1730 cm™, and weak peak at
1130 cm™, which could be attributed to the stretching vibration of C=0 corresponding to the stretching
vibration of C=0 from the carboxylic acid groups (-COOH), and C-O stretch from either a phenol or
lactone; which confirmed the successful oxidation of the G [30]. The FT-IR spectrum of a-Fe>O3z showed
the characteristic Fe-O sharp peaks at 478 cm™ and 568 cm™ due to the vibrational mode [31].
Furthermore, the FT-IR spectrum of a-Fe>O3/OG nanocomposite showed three new peaks at the range
of 1760- 1100 cm™ appears after the mixing of the a-Fe,O3 with OG, and band shifting occurs from 600
to 628 cm™, which indicated that the hematite surface was modified by the oxidized G. A broad peak at
approximately 3500 cm™ for all the investigated samples, which could be assigned to O-H stretch, due
to moisture, alcohol or phenol, OH" or carboxylic groups in these samples.
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Figure 3. XRD of hematite nanoparticles, oxidized G, and hematite/OG nanocomposite.

Figure 3 illustrates the XRD patterns of the prepared o-Fe>Os nanoparticles, OG and the a-
Fe>03/OG nanocomposite. According to the XRD, the characteristic peaks of hexagonal crystal system
o-Fe2O3 nanoparticles were identified from the diffraction peaks at 20 = 24.20°, 33.21°, 35.70°, 40.92°,
49.60°, 54.15°, 57.90°, 62.50°, and 64.10° related to the (012), (104), (110), (113), (024), (116), (112),
(214), and (300), respectively (JCPDS card no 96-900-9783). Moreover, the sharp peaks of the a-Fe2O3
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nanoparticles indicates the highly crystalline structure of the hexagonal crystal system, with average
crystallite size of 18.55 nm as calculated from the Scherer equation. On the other hand, OG exhibit two
diffraction peaks; one at 26.14° (002 plane) and the other 20.00° (100 plane), corresponding to graphitic
carbon (JCPDS card #8-415). Furthermore, the XRD pattern of the a-Fe203/OG nanocomposite exhibits
the characteristic peaks of both hexagonal crystal system of a-Fe>Os nanoparticles and the oxidized G.

3.2. Electrochemical measurements

The prepared a-Fe2Os nanoparticles and its nanocomposite was investigated as electrode
material for supercapacitors, and the electrochemical properties were investigated using cyclic
voltammetry (CV), and linear sweep voltammetry (LSV). Figure 4 shows the cyclic voltammograms of
the prepared a-Fe203, OG, and a-Fe203/OG nanocomposite in a 1.0 mol/L KOH solution in the potential
window range -0.3 V of to 0.6 V. In general, the CV of the prepared a-Fe.O3 nanoparticles exhibited
rectangular-shaped and without redox peaks, indicating the pseudocapacitive behavior with fast and
reversible surface reactions indicating good capacitive characteristics and suggest that the a-Fe2O3
nanoparticles electrode is an excellent candidate for electrochemical double-layer capacitors, and the
consistent CV indicated that the prepared o-Fe>O3 nanoparticles exhibited regular capacitive behaviour
and excellent cycling stability [32,33].
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Figure 4. Cyclic voltammetry of OG, a-Fe2Oz nanoparticles and o-Fe203/OG nanocomposites in 1.0 M
KOH.
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Figure 5. The variation of the cyclic voltammetry of a-Fe.Oz /OG nanocomposites with different
amount OG. [a-Fe203/0G-0.1 (0.1 ml OG was used), a-Fe203/0G-0.5 (0.5 ml OG was used),
and o-Fe203/0G-1 (1.0 ml OG was used)]

The voltammogram of the OG showed a typical double layer behavior, and the featureless CV
probably results from the variations in length, diameter, and helicity of the arrangement of carbon
hexagon rings at the working electrode [34]. On the other hand, the voltammogram of the a-Fe.03/0G
nanocomposite showed the same characteristics of the pseudocapacitive behavior similar to the o-Fe203,
but with higher current density compared with both o-Fe>O3, and OG; especially the cathodic current,
which may indicate the enhancement of the reductive dissolution of the a-Fe2O3 surface in the presence
of the OG, and the total capacitance is a result of a-Fe>O3 pseudo-capacitance and EDLC capacitance
of the OG. Moreover, the variation of the OG within the a-Fe>O3/OG nanocomposite had a significant
effect as it is presented in Figure 5, as the current density was increased with increasing the amount of
OG within the a-Fe.03/0OG nanocomposite, which may be attributed to the enhancement of the specific
surface area of the a-Fe>Oselectrode upon the mixing with more oxidized graphene.
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Figure 6. Linear sweep voltammograms (LSV) of OG, a-Fe2O3 nanoparticles and a-Fe203 /OG
nanocomposites in 1.0 M KOH.

Figure 6 showed the Linear sweep voltammograms (LSV) of OG, a-Fe>Oz nanoparticles, and o-
Fe>03 /OG nanocomposite (1.0 ml OG) in 1.0 M KOH. It is clear from the figure that the generated
current of the a-Fe>O3 nanoparticles greatly enhanced upon the addition of the OG indicating the
performance improvement for the photoelectrochemical (PEC) application [35-40], which enhanced
greatly in the presence of more OG; as it is presented in Figure 7. This enhancement in the PEC
performance could be due to the change in the morphology, and the hydrophilicity of the interface and
consequently the faradic current upon the addition of the OG, which may presented in Figure 8, as the
charging current enhancement is greatly dependant on the amount of OG loaded.
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Figure 7. The variation of the current density with the potential for a-Fe203/OG nanocomposites with
the amount OG. [a-Fe203/0G-0.1 (0.1 ml OG was used), a-Fe.03/0G-0.5 (0.5 ml OG was used),
and o-Fe203/0G-1 (1.0 ml OG was used)]

4. CONCLUSIONS

a-Fe>03 /OG nanocomposite was successfully prepared using wet chemistry, and then were
characterized chemically and physically using different characterization techniques. UV-Vis absorption
spectroscopy showed the absorption of the colloidal a-Fe>O3 begins below 560 nm, indicating that the
prepared o-Fe»O3 is a visible light active photocatalyst, and the FT-IR measurements showed the
successful oxidation of the graphene and preparation of the o-Fe O3, as well as the a-Fe>03/0G
nanocomposite, through the presence of their characteristic vibration peaks, whereas the XRD
measurements showed the characteristic diffraction peaks of graphitic carbon nanotubes. The
electrochemical behaviour of the o-Fe,O3/OG nanocomposite was investigated using cyclic
voltammetric (CV), and linear sweep voltammetry (LSV), and the results revealed that modification of
a-Fe>O3 nanoparticles with OG greatly enhanced the electrochemical performance, and capacitive
behaviour, as well as the cycling stability.
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