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A B S T R A C T

This study concerns with the development of a facile method for the biosynthesis of α-Fe2O3 nanorods through
green method with an extract from Persea Americana seeds and the potential use of these nanords in the elec-
trochemical applications. The α-Fe2O3 biosynthesized with an extract from Persea Americana seeds thereby was
studied by the means of X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), Energy Dispersive X-
ray Spectroscopy (EDS), Ultraviolet–Visible (UV–vis) analysis, Fourier Transform Infra-Red (FT-IR) spectro-
scopy, Mössbauer spectroscopy and Cyclic voltammetry. X-ray diffraction (XRD) pattern of the sample de-
termined the crystal structure of α-Fe2O3 nanorods. Transmission Electron Microscopy (TEM) measurements
showed a nanorod-based morphology with average diameter of 50 nm and length of 400 nm. FTIR spectrospy
spectrum confirmed the phase purity and chemical bond for the sample. The energy band gap Eg value obtained
for α-Fe2O3 nanorods based on UV vis spectrum was 2.7 eV. Mössbauer results confirmed the weak ferromagnetic
behaviour of the sample as well as the oxidization state. Cyclic voltammetry measurements of α-Fe2O3 nanorods
sample coated on glassy carbon electrode (GCE) showed two oxidation peaks at 0.62 V and 0.88 V associated
with reversible multi step oxidation of Fe to FeO and then Fe2O3. Electrochemical impedance spectroscopy
studies revealed minimum charge transfer resistance Rct value, suggesting that α-Fe2O3 nanorods prepared has
good conductivity and can be used in electrochemical energy storage application.

1. Introduction

Haematite, α-Fe2O3 nanoparticles, is a type of iron oxides which, in
fact, belongs to a broad group of magnetic nanomaterials. These classes
of nanomaterials have received a considerable attention due to their
wide applications in various fields such as magnetic sensors [1], cata-
lysis [2], biomedicine [3], magnetic resonance imaging [4], data sto-
rage [5] and environmental remediation [6]. In particular, α-Fe2O3

nanoparticles have received increased interest because of their extra-
ordinary magnetic properties compared to their bulk states. Moreover,
their low cost, stability and non-toxicity, coupled with their diversity of
applications, for instance, they can be used in pigments [7,8], lithium
ion batteries and gas sensors [9,10], catalysis [11,12], optical and
biomedical devices [12–14] water purification [15], solar energy con-
version and magnetic materials [16], have made them as a promising

material for investigation amongst all iron oxides.
Thermodynamically, haematite (α-Fe2O3) is the most stable form of

iron oxide under ambient pressure. It crystallizes in the rhombohedral
type structure with space group R3c, =Z 6 [17]. Furthermore, it is an n-
type semiconductor with band gap of 2.1 eV. On the other hand, the
magnetic structure of the haematite (α-Fe2O3) is very complex, which
varies from antiferromagnetic transition at Néel temperature (TN
≈ 966 K) to weak ferromagnetic (WFM) structure [18,19] at room
temperature.

In general, the properties of haematite (α-Fe2O3) might be sig-
nificantly changed by the synthesis conditions such as type of the
precursor, annealing temperature, synthesis method and etc. Therefore,
controlling the particle size and shape is extremely significant in the
preparation haematite nanoparticles, since their physical and chemical
properties depend greatly on the shape and particle size. However,
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haematite (α-Fe2O3) nanoparticles of different shapes and sizes can be
synthesised using various methods such as sol-gel method [20], hy-
drothermal technique [21], co-precipitation [22] and green chemistry
[23,24]. The latter one has been used recently, and attracted much
attention due to its multi advantages such as the easy preparation, low
cost, non-toxicity and eco-friendly. In view of these advantages of the
green chemistry method, many researches have been devoted to de-
velop it as well as to understand the mechanism of formation of na-
noparticles using this method [25,26].

The practical application of α-Fe2O3 as anode material has been
widely investigated because of its high theoretical capacity. But, there
are still some challenges facing α-Fe2O3 as a highly performance anode
materials such as low electronic conductivity and large volume ex-
pansion during charge-discharge process which effects on fast capacity
fading and poor rate capability. Several techniques are implemented to
enhance the electrical conductivity of α-Fe2O3 by adding support con-
ductive materials such as carbon [27], graphene [28], polyaniline [29]
and polypyrrole [30]. However, there are still problems with cycling
stability especially in high current densities. To improve the perfor-
mances of α-Fe2O3 as anode especially in point of stable discharge cy-
cling stability, another technique is used by synthesizing various na-
nostructure of α-Fe2O3, such as nanorod [31], nanotube [32] and
nanosphere [33].

This research work combines between the advantages principles of
the green chemistry method to synthesis nanoparticles and the practical
application of the nanoparticles. Therefore, α-Fe2O3 nanorods have
been successfully synthesized using Persea Americana seed extract and
their electrochemical properties have been reported. Persea Americana
seed contains various phytochemical [34] such as ascorbic and phenolic
acids and avonoids which have been reported elsewhere [25] as ef-
fective reducing and capping agents for nanoparticles. The character-
ization of the sample synthesized and electrochemical properties are
presented and discussed systematically.

2. Experimental

2.1. Persea americana seeds extract preparation

Fresh Persea americanas were purchased from Somerset Mall, Cape
Town, South Africa. 80 g of seeds were obtained and cleaned thor-
oughly using deionized water and then heated at 60∘C with 500ml of
deionized water in a glassy beaker for 24 h. The extract with dark
brown colour was obtained and let to cool to ambient temperature.
Then the extract was filtered several times using filter paper (Whatman
no.1) to assure the purity of the extract from any residual impurity
before using for the sample preparation.

2.2. α-Fe2O3 nanoparticles synthesis

The chemical salt, (FeCl3.9H2O, Sigma Aldrich 98%), used in this
work was of analytical grade and used as received without any pur-
ification. The Fe2O3 sample was prepared by mixing 8 g of the iron
metal salt (FeCl3.9H2O) with 100ml of the extract and kept under
constant stirring using a magnetic stirrer at 80∘C for 6 h. The reddish
brown precipitants that obtained were centrifuged at 4000 rpm and
then cleaned with deionized water for many times before drying at 80∘C
for 12 h. Thereafter, the product was calcined at 500∘C for 4 h using an
open air furnace. Fig. 1 shows a flowchart to elucidate the biosynthesis
of α-Fe2O3 nanorods using an extract from Persea Americana seeds. To
explain the mechanism of formation of α-Fe2O3 nanorods, the phyto-
chemicals of the Persea Americana seed such as ascorbic and phenolic
acids and avonoids can serve both as effective reducing and capping
agents for nanoparticles [24]. Therefore, the mechanism of formation of
α-Fe2O3 nanorods was performed via three chemical reactions of the
solvated Fe +3 ions with these phytochemicals of the Persea Americana
see

2.3. Characterization studies

In this work, various experimental techniques have been im-
plemented in order to figure out the structural, morphological, ele-
mental compositions, optical properties, magnetic behaviour and elec-
trochemical analysis of α-Fe2O3 NPs. The crystalline structure of the
sample was checked using A D8 advanced X-ray diffractometer over a
scanning range of 2θ = 10∘–70∘. TEM micrographs, SAED pattern and
elemental compositions were obtained using a High Resolution
Transmission Electron Microscope (HRTEM) (Philips Technai TEM)
operated at 200 kV. The optical properties of the sample was de-
termined using a Nicolette Evolution 100 Spectrometer (Thermo
Electron Cooperation, UK) at room temperature over the range of
200–1000 nm. Fourier transform infrared (FT-IR) absorption spectro-
meter (Shimadzu 8400s spectrophotometer) was utilized to identify the
chemical bondings over the measured range of 300–4000 cm−1.
Mössbauer spectroscopy investigation on the sample was obtained by
recording the spectrum from 57Fe nuclei at room temperature using the
spectrometer MS-1104Em equipped with a 57Co(Rh) source of gamma-
radiation, where the Isomer shift was measured relative to the reference
α-Fe2O3 at room temperature.

2.4. Electrochemical characterization

The electrochemical performances were tested on Autolab
Potentiostat (CH Instruments, USA) electrochemical workstation with a
three-electrode system, Glassy carbon electrode (GCE) as a working
electrode with 0.071 cm2 diameter, AgCl/Cl as a reference electrode
and Pt wire as a counter electrode. Cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) techniques were used to
understand the electrochemical properties of the α-Fe2O3 nanorods. In
electrochemical experiments, 10ml of 0.5M KOH aqueous solution was
used as the electrolyte over a potential range of −200mV to
+1000mV. EIS measurements of α-Fe2O3 nanorods were measured in

Fig. 1. Flowchart for the synthesis of α-Fe2O3 nanorods using an extract from
Persea Americana seeds.
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0.5M KOH solution and plotted in the form of complex plan diagram
(Nyquist and bode plots) at a perturbation amplitude of 10mV within a
frequency range of 100 kHz to 100 mHz. All experimental solutions
were de-oxygenated by bubbling with high purity argon gas for 15min
and blanketed with argon during all measurement.

2.4.1. Preparation of modified glassy carbon electrode
The small gram of the biosynthesized α-Fe2O3 nanorods was dis-

solved in ethanol and added 2 µl of 5% Nafion solution. The solution
was ultra-sonicated using a warm water bath for 15 minutes to make a
slurry solution. Alumina micro-polish (1.0, 0.3 and 0.05mm alumina
slurries) and polishing pads (Buehler, IL, USA) were used for polishing
the surface area of a glassy carbon electrode before and after mea-
surements. About 6 µl solution was drop-coated on the surface area of a
glassy carbon electrode and allowed to dry at room temperature. The
modified glassy carbon electrode (GCE/α-Fe2O3) was rinsed with
deionized water to remove any excess adsorbed nanorods and was
further used for electrochemical characterization. The modified GCE
directly acted as the working electrode for electrochemical analysis.

3. Results and discussion

3.1. XRD

The structure and phase composition as well as particles size of α-
Fe2O3 were identified using x-ray diffractometer (XRD). Fig. 2 showed
that the sample synthesized has typically the characteristic XRD pattern
of haematite α-Fe2O3 (ICDD card no. 33-0664) [35,36]. Moreover, the
diffraction peaks can be indexed according to rhombohedral (hex-
agonal) structure α-Fe2O3 with space group R3C and lattice parameters
a = 5.0327 Å and b = 13.7521 Å [37]. Thus, the observed peak po-
sitioned at 2θ: 24.16∘, 33.12∘, 35.63∘, 40.64∘, 49.47∘, 54.08∘, 57.59∘,
62.45∘ and 63.99∘ coincide with the (012), (104), (110), (113), (024),
(116), (018), (214) and (300) crystalline structures corresponding to α-
Fe2O3 nanoparticles. The peak intensities are generally high for the
sample, which indicate good crystallization with high amounts of
haematite lattice. No extra peaks have been found in the XRD pattern
and thereby confirming the formation of a pure α-Fe2O3 sample.

The value of the crystallite size was calculated based on Scherer’s
formula

=D Kλ
β θcos (1)

where, D is the crystallite size in Å, K ≃ 0.9 is an empirical constant, λ
= 1.5418 Å is the wavelength of the X-ray source, β is the effective full
width at half maximum (FWHM) of the most intense peak and θ is
diffraction angle at the most intense peak position. The crystallite sizes
value yielded from XRD data based on Scherer’s equation is approxi-
mately 45 nm for the sample. However, the estimation of Lattice
parameters of the sample was obtained using Bragg’s law:

=n λ d θ. 2 . sin (2)

where n is a positive integer represents the order of diffraction, λ is the
wavelength of the incident beam, and d is the interplanar distance
between planes of Miller indices h, k, and l. In the hexagonal symmetry,
the relationship between interplanar distance, lattice parameters a and
c, and h, k, and l can be expressed by the following equation
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Eq. (3) allows us to calculate the lattice parameters a and c for the
sample synthesized. Thus, lattice parameter a, was calculated using the
(110) plane with diffraction peak at 2θ = 35.5893 Å, while lattice
parameter c was obtained using the (104) plane with diffraction peak at
2θ=33.1195 Å. The lattice parameters of α-Fe2O3 sample was found to
be a = 5.4095 Å and c = 13.1089 Å, which are consistent with the
results of the previous reports [37].

3.2. FTIR studies

The FTIR technique is utilized to identify the functional groups
(absorption bands) adsorbed on a surface of a material. These func-
tional groups are greatly depentendent on the crystalline structure and
chemical composition of the material. The FTIR spectrum of α-Fe2O3

nanorods sample with highlights indicating the absorption range of
each band is shown in Fig. 3. Two strong absorption bands were ob-
served at 548 cm−1 and 452 cm−1 for the sample represent characteristic
features of α-Fe2O3 and corresponds to metal oxygen stretching fre-
quencies. The absorption band at 548 cm−1 refers to Fe-O deformation
in the octahedral and tetrahedral sites while the other band at 452 cm−1

is attributed to FeO deformation in the octahedral site [40]. Noticeably,
the intensity of the absorption band at 548 cm−1 is stronger than that at
452 cm− ,1 which gives further evidence for the formation of α-Fe2O3 in

Fig. 2. XRD patterns for α-Fe2O3 nanorods synthesised using Persea Americana
seeds extract.

Fig. 3. FTIR spectrum of α-Fe2O3 nanorods with highlights indicating the po-
sitions of absorption peaks.
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the nanords sample. The bands at 3350 and 1620 cm−1 are associated
with the stretching vibration of water molecules [41]. Finally, the peak
at 2340 cm−1 observed in the FTIR spectrum is assigned to the CeH
stretch vibrations [42].

3.3. HTEM analysis

HTEM technique was used to confirm the shape and the particles
size of α-Fe2O3 sample. The TEM imags, SAED patterns and EDS spec-
trum of the sample synthesised are depicted in Fig. 4. The TEM images
of the sample at two different magnifications (see Fig. 4(a) and (b))
showed the nanorod-based morphology with average diameter and
length of 50 nm and 400 nm, respectively. Such morphology of α-Fe2O3

nanoparticles has been observed and reported in some studies [38,39],
particularly, when they prepared using ferric chloride as precursor,
which in agreement with the results in the current report. The SAED
patterns of the sample is illustrated in Fig. 4(c), which shows an in-
crease in the diameter of ring patterns with small bright spots on the
edge of each ring confirms the polynanocrystalline nature of the
sample. Elemental constituents was checked with EDX spectrum as
shown in Fig. 4(d), which indicates the sample is only formed by the
elements Fe and O. The other elements that were observed in EDX
spectrum such as C and Cu are referred to the carbon coated copper grid
used for sample preparation, respectively.

3.4. Mössbauer spectroscopy study

The 57Fe mössbauer spectrum recorded at room temperature (RT)
for α-Fe2O3 nanorods sample is shown in Fig. 5 and shows sextet pattern
confirming the appearance of magnetic behaviour in the sample. The
spectrum was fitted based on the software RECOIL [43] and the 57Fe
mössbauer parameters of the sample were extracted. The value of hy-
perfine field Bhf obtained is 51.4(3) T which is associated with the

haematite phase α-Fe2O3 [44]. Furthermore, the values obtained for
isomer shifts (IS) and quadruple shifts (εQ) are 0.37(1) mm/s and
−0.11(1) mm/s, respectively, which also are consistent with the hae-
matite phase α-Fe2O3 [44].The quadrupole interaction indicates Fe as
Fe+3 because the SI value of 0.37mm/s is similarly for Fe+3 ion [45].
Thus, we exclude the existence of Fe+ ,2 which possess a larger IS value
which is approximately equal to 1.01mm/s. At room temperature and
ambient pressure, α-Fe2O3 experiences a weak ferromagnetic (WF)
order [18,19] due to spins canting. Subsequently, the negative value of
the quadrupole splitting obtained confirms the weak ferromagnetic
behaviour [44] of the sample synthesised, which is a remarkable fea-
ture of haematite phase.

Fig. 4. Morphologies analysis of α-Fe2O3 nanorods: (a) and (b) TEM images of the sample at different magnifications (c) SAED pattern of the sample (d) EDS spectrum
of the sample.

Fig. 5. 57Fe Mössbauer spectrum recorded at room RT for α-Fe2O3 nanorods.
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3.5. Optical properties

The optical absorption spectrum of the α-Fe2O3 nanorods sample in
the wavelength range of 300–800 nm is shown in Fig. 6(a). The result
shows that the absorption spectrum of the sample exhibits a strong
absorption behaviour in the visible region wavelengths with a pro-
nounced peak around 560 nm. This optical behaviour of α-Fe2O3 na-
norods is ascribed to their intrinsic band gap absorption which result
from the electron transitions between the valence and conduction bands
[46]. Generally, the band gap of nanomaterials can be obtained using
the following Tauc’s equation:

= −αhν A hν E( ) ( )n
g (4)

where h is Planck’s constant, ν is the frequency of the incident photon, α
is the absorption coefficient, A is a proportionality constant depends on
the material, Eg is the band gap energy and n is a constant depends on
the nature of the band gap energy [47]. The value assigned for the
constant n might vary the between 2 or 1/2 depending on the nature of
the band gap energy, which will take the value 2 for the direct band gap
and 1/2 for the indirect band gap. However, Eg value can be extra-
polated from the curve of (αhν)n against hν, by extracting the value of
the intercept from the energy axis (hν) when (αhν)n = 0. Thus, we have
estimated the direct band gap for our sample by taking the value =n 2

for haematite [48]. Fig. 6(b) shows plot of (αhν)n against hν for α-Fe2O3

nanorods. The value of direct band gap Eg obtained for the sample is
2.7 eV.

3.6. Electrochemical behaviour

Electrochemical studies were reported in 0.5 M NaOH electrolyte for
electrochemical characterization of α-Fe2O3 nanorods. Fig. 7(a) shows a
typical Cyclic voltammetry results of α-Fe2O3 nanorods drop coated on
glassy carbon electrode which can serve both as electrode as well as a
bare glassy carbon electrode [49]. The measurement was performed in
a potential ranges from −0.3 to 1.25 V at 50 V.s−1 where two oxidation
peaks are observed at 0.62 V and 0.88 V associated with reversible
multi step oxidation of Fe to FeO and then Fe2O3 [50]. One reduction
peak is observed at 0.39 V with good cycling stability after several cy-
cles [51]. Fig. 7 (b) represents the CV curves of α-Fe2O3 nanorods
sample modified on GCE with different sweep rates (20–100 V.s−1)
obtained in 0.5 M NaOH. It is observed that the anodic and cathodic
peaks increased simultaneously with the increase in the scan rate [52].

Moreover, a pair of well-defined symmetric redox peaks (Ipa/Ipc ≈
1.0) have been observed, even at high scan rates. The relationship

Fig. 6. UV Visible absorption spectrum of the α-Fe2O3 nanorods sample (a) UV
VIS spectrum (b)band gap energy plot.
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between the anodic peak current (Ipa) and the square root of scan rate
for the scan rate range studied shows a good linear behaviour with a
correlation coefficient of (R2 = 0.9998), suggesting a diffused con-
trolled redox reaction [53]. The kinetic studies further revealed that
electro-oxidation of α-Fe2O3 nanorods sample is irreversible on GCE
where it takes place through a two electrons (2e−) and two protons
(2H+) process [54].

Electrochemical impedance spectroscopy (EIS) is employed to study
the electrochemical behaviour of α-Fe2O3 nanorods as electrode. Fig. 8
shows the Nyquist impedance plot of the α-Fe2O3 nanorods electrode in
a frequency ranges from 100 kHz to 0.01 Hz with an excitation signal of
5mV at open circuit potential (0.44 V). The equivalent circuit was used
for fitting the spectrum obtained from EIS data. The Nyquist plot
(Fig. 8) shows two different regions, high frequency region with small
loop of semicircle assigned to the charge transfer resistance (Rct) and
low frequency region representing with a straight line originated from
Warburg impedance. This is indicating that the electrochemical per-
formances are highly related to the interfacial charge-transfer process
and diffusion control [55,56]. A minimum Rct value suggests a smooth
interfacial electron transfer process and thereby a higher specific
pseudo-Faradaic capacitance while Warburg impedance is an indication
of facile electrolyte diffusion to the surface of the electrodes [55,57].
These EIS data analysis findings reveal that α-Fe2O3 nanorods sample
has good electronic conductivity as well as electrochemical stability
which qualify them as a potential candidate for electrochemical energy
storage application.

3.7. Conclusion

In this work, haematite α-Fe2O3 nanorods were synthesised with an
extract from Persea americanas seeds which act as an effective reducing
agent. The haematite phase of the sample synthesised was mainly
confirmed from XRD pattern and Mössbauer technique which revealed
that the oxidation state of the sample is Fe +3 . TEM analysis showed that
the sample synthesized has nanorod-based structure while EDS spec-
trum confirmed the elemental constituents of the sample as Fe and O.
UV vis spectrum of the sample showed a peak pronounced at 560 nm
and the estimated energy gap was 2.7 eV. Electrochemical study on α-
Fe2O3 nanorods synthesised with an extract from Persea americanas
seeds proved that it is an electrochemically active with two oxidation

and one reduction peaks at 0.88 V, 0.62 V and 0.39 V, respectively,
associated with reversible multi step oxidation of Fe to Fe2O3. EIS study
confirmed that α-Fe2O3 nanorods synthesised using Persea americanas
has good conductivity and therefore is a potential candidate for elec-
trochemical energy storage application.
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