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HIGHLIGHTS

of Iron oxide nanoflowers at room temperature via electrochemical anodization technique.
• Synthesis
of NH F and H O Concentration in electrolyte on the morphology was discussed.
• Effect
mechanism on the basis of current-time behaviour has been discussed.
• Possible
morphological and absorption properties has been studied.
• Structural,
• Iron oxide nanoflowers as a potential candidate for photo electrode material.
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We report flower-like morphology of iron oxide with nanosheets underneath it, on employing anodization
technique at room temperature. FESEM was employed to verify the morphology. X-ray diffraction and Raman
spectroscopy showed that all the fabricated nanostructures consist of magnetite and hematite phase. Moreover,
the resulting Iron oxide nanoflowers were studied for light absorption using diffuse reflectance spectroscopy,
showed the band gap of ~2.09 eV. Photocurrent density of as-fabricated iron oxide nanoflowers were studied
using electrochemical analyser and was found to be ~0.35 mA cm−2 which reveals their potential to be used as
sunlight-driven photoelectrode material.

1. Introduction
Iron oxides (Fe2O3 and Fe3O4) have been extensively studied, being
an industrial material, having low cost, bio-essential and readily
available [1–4]. These oxides have attracted much attention in recent
times as they have been used for various applications such as catalysis
[5], water treatment [6], sensing applications [7], energy storage devices [8,9], and drug delivery [10]. Researchers have manipulated
various synthetic conditions to fabricate iron oxide nanostructures with
different morphologies like nanoparticles (NPs) [1], cubes [11], spheres
[3,12], nanorods [13], nanobelts [14], nanotubes/nanopores [4,15]
and 3D nanoflower-like structures [16,17], to enhance their optical,
magnetic and chemical properties. Among these morphologies, 3D nanoflower-like structures have been the specific focus of interest, the
reason being its unique geometry and greater surface area, as compared
to other morphologies.
Iron oxide with flower-like nanostructured morphologies has been
reported by various fabrication routes [16–20]. The reported studies

⁎

have made significant advancements, however, most of the methods
used costly precursors, heavy electrolytes, toxic surfactants, high temperatures and their fabrication routes are time consuming, which indicates that there still remains a challenge to develop an improved
method which is simple, fast, economical and environmental benign, to
fabricate 3D nanoflower like morphology at room temperature.
In this communication, we report the synthesis of 3D nanoflowerlike iron oxide nanostructures with average petal length of about
~65 nm and average thickness of ~7.7 nm which are directly grown on
the surface of Fe Foil using EG electrolyte with small amounts of NH4F
and de-ionized (DI) water at room temperature via electrochemical
anodization technique. Earlier, anodization technique was generally
used to fabricate nanotubular and nanoporous morphologies on the
surface of metals and alloys [21–23]. This process does not need any
costly precursors or toxic surfactants, and does not need high temperatures. Graphite rod being inexpensive has been used as counter
electrode instead of platinum as used by earlier researchers, for the first
time to the best of our knowledge. Moreover, the 3D nanoflower-like

Corresponding author.
E-mail addresses: jaffar_01phd2018@nitsri.net (J.F. Mir), rubab@nitsri.net (S. Rubab), shah@nitsri.net (M. Shah).

https://doi.org/10.1016/j.cplett.2020.137088
Received 2 December 2019; Received in revised form 2 January 2020; Accepted 4 January 2020
Available online 07 January 2020
0009-2614/ © 2020 Elsevier B.V. All rights reserved.

Chemical Physics Letters 741 (2020) 137088

J.F. Mir, et al.

iron oxide nanostructures can be used as a potential candidate for
visible-light-driven photoelectrode material for being inexpensive,
stable, and can easily be fabricated on a large scale via anodization
technique. On optimizing the anodization parameters like applied potential, anodizing time, separation between the electrodes, electrolytic
composition; well controlled ordered nanostructures can be fabricated.

properties and corresponding band gap using tauc plot were identified
by using DRS UV–Vis–NIR spectrometer (Ocean optics). Powdered
BaSO4 was used as a standard sample for baseline correction while
investigating optical properties. The photo-electrochemical measurements were performed in a three-electrode cell and were carried by
CHI6054E (CH Instruments, USA) using UV Vis light source mercurylamp equipped with a UV cut-off filter.

2. Method

3. Results and discussions

2.1. Materials

3.1. Morphology

Ethylene Glycol (EG, 99.98% purity Sigma Aldrich), Iron foil
(thickness 0.25 mm, 99.99% purity, Sigma Aldrich), ammonium
fluoride salt (NH4F, 95% purity, Sigma Aldrich), Graphite rod (0.25 mm
diameter, Alfa Aesar), Isopropyl alcohol (99.5% purity, Alfa Aesar),
Acetone (99.98% purity, Alfa Aesar), De-ionized water (Millipore). All
chemicals were used in their as-received form without any further
purification.

FESEM was employed to verify the morphology of as-anodized
sample. Fig. 2(a)–(c) show FESEM images of the as-anodized sample
which reveals flowerlike morphology of the nanostructures. The low
magnification images (Fig. 2(a,b)) clearly reveal the formation of nanostructures comprising 3D nanoflowers with nanosheets underneath
it.
The high-magnification image of the hierarchical nanosheets beneath the nanoflower is shown in Fig. 2(c) which reveals that each
nano-architecture is built from few dozen nanopetals connected to each
other through the center to form flowerlike nanostructures. The average
width of nanopetal is about ~7.7 nm with a length of about ~65 nm as
depicted in Fig. 3. The nanosheets beneath nanoflowers are also interconnected to each other. This type of morphology is very useful in
many applications due to its high surface area [17–20] as compared to
other morphologies.

2.2. Fabrication of nanoflowers
Prior to the anodization, Fe foils (10 mm × 5 mm × 0.25 mm) were
cleaned by sonicating in acetone, isopropyl alcohol and ethanol each for
15 mins. The Fe foils were rinsed with DI water and dried in an air
stream. The samples were anodized in EG electrolyte containing
0.25 wt% ammonium fluoride (NH4F) and 2 wt% DI water. Anodization
was conducted using a two-electrode system with a Graphite rod
(0.25 mm diameter) as a counter electrode and Fe foil as a working
electrode (Fig. 1). Anodization was carried out at a constant voltage
(50 V) for 35 min at room temperature using a programmable DC power
supply. The samples were washed many times with DI water after anodization. Annealing of the as anodized samples was carried out at
450 °C for 2 h in air at a heating rate of 2 °C min−1 and then it was left
to cool down to room temperature.

3.1.1. Effect of H2O concentration
A series of experiments were carried out in order to explore the
effects of H2O and NH4F concentrations. Fig. 4 shows morphology of as
anodized samples at 50 V in EG + 0.25 wt% NH4F for 35mins at room
temperature with different H2O concentrations, ranging from 0 to 6 wt
%. It is evident from the SEM images of these samples, that the concentration of H2O plays a vital role in determining the morphology of
as-anodized iron oxide layers. A dense iron oxide layer is formed when
no water is added into the electrolyte as depicted in Fig. 4(a). Nanoflowers with nano sheet like morphology (Fig. 2) is obtained when 2 wt
% H2O is added to electrolyte which indicates that the appearance of
water in the electrolyte is the key to obtaining the iron oxide nanoflowers. However, further increase in the water content to 4 and 6 wt%,
leads to destruction of the equilibrium. In these cases, irregular iron
oxide layers are formed (Fig. 4(b) and (c)). This outcome indicates that
2 wt% of H2O seems to be ideal for obtaining iron oxide nanoflowers.

2.3. Characterization
Field-emission scanning electron microscope (FESEM, INSPECT F)
and Scanning Electron Microscope (SEM, HITACHI) were employed to
verify the morphology of as-anodized sample. FESEM inspection was
done before annealing process. The elemental composition was determined by EDAX coupled with FESEM. The crystal structure and
phase purity were identified with the help of an X-ray diffractometer
(Panalytical X’pert-pro Instrument using Cu Kα radiation) and Raman
spectroscopy (HORIBA LABRAM HR microscope). The optical

Fig. 1. Simplified anodization setup.
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Fig. 2. (a–c) FESEM images of Iron oxide nanoflowers prepared at room temperature via anodization in EG-based electrolyte containing 0.25 wt% NH4F and 2 wt%
DI H2O, (d) EDAX spectrum of nanoflowers.

3.1.2. Effect of NH4F concentration
A series of anodization experiments were performed at 50 V in EG
containing 2.0 wt% DI water for 35mins with different NH4F concentrations ranging from 0.25 to 1.0 wt%.
It is seen that with 0.25 wt% of NH4F, the formation of nanoflowers
and nanosheets are observed (Fig. 2). When concentration of NH4F is
increased to 0.5 wt% the formation of distorted nanosheet like morphology is observed as shown in Fig. 5(a). However, when NH4F concentration is higher than 0.50 wt%, formation of oxide layers is observed as can be seen in Fig. 5(b,c). These outcomes also indicate that
0.25 wt% seems to be ideal for the formation of Iron oxide nanoflowers.
The current-time behaviour during anodization of iron foil is illustrated in Fig. 6, which resembles closely to that observed in the

anodization of titanium foil [24]. The possible mechanism can be
drawn from current time behaviour. Time dependent SEM images are
shown in Fig. 7.
Initially there is rapid increase in the current density due to the low
electric resistance across anodization setup Fe-electrolyte-C which leads
to rapid formation of an insulating thin oxide layer over Fe foil as depicted in Fig. 7(i), governed by following Eq. (1):
2Fe + 3H2O → Fe2O3 + 6H+

(1)

The continuous growth of oxide layer decreases the current density
exponentially until a minimum value. This continous increase of oxide
layer gives rise to volume expansion, which results increase in surface
energy, which can only be reduced by increasing surface area. The

Fig. 3. (a) Histogram image to depict the average length (b) average width of the nanosheets/petals of iron oxide nanoflowers.
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Fig. 4. SEM top-view images of iron oxide layers fabricated at 50 V in EG + 0.25 wt% NH4F with different H2O concentrations of (a) 0 wt%, (b) 4 wt% and (c) 6 wt%
respectively.

presence of a complex ligand (Hexa-fluoride ion, F-, from NH4F) and
high applied potential leads to substantial dissolution of Fe2O3 governed by following Eq. (2):
Fe2O3 + 12F− + 6H+ → 2[FeF6]3− + 3H2O

(2)

This complex formation leads to numerous cracks in the oxide layer,
thereby increasing the surface area and hence reducing surface energy
and as a result, slight increase in current density is observed [15], as
shown in Fig. 7(ii–iii). The crack formation followed by disordered
oxide etching by fluoride ions leads to formation of iron oxide nanoflowers as shown in Fig. 7(iv). However, current density attains nearly a
constant value when the rates of chemical dissolution and oxidation
reaction attain equilibrium. And this equilibrium is maintained up to
the termination of anodization.
3.2. Composition and phase purity

Fig. 6. Current-Time behaviour of iron foil during anodization at 50 V.

The elemental composition of as-anodized sample was investigated
by EDAX coupled with FESEM as depicted in Fig. 2(d). EDAX spectrum
shows peaks of Fe, O, and C with weight% of Fe, O and C being 67.2,
26.9 and 5.9 respectively. The presence of Carbon in the composition
can be attributed to the graphite rod used as counter electrode during
anodization. The amount of C was drastically reduced to negligible
amount after annealing process, which is quite evident from XRD results.
The crystal structure of the annealed samples was investigated by
XRD as shown in Fig. 8. We found that calcination at 450 °C results in
the formation of hematite (α-Fe2O3, JCPDS NO.33-0664) and magnetite (Fe3O4, JCPDS PDF file No. 89-0688) phases, as shown in the XRD
pattern of the annealed sample (blue line).
The x-ray diffraction pattern of the annealed sample exhibits several

peaks of haematite and one peak of magnetite. The presence of Fe peaks
(JCPDS No. 87-0722) can be attributed to the fact that the iron foil used
in anodization was not fully immersed in the electrolyte and oxide layer
was not formed on the part of iron foil which was exposed to air. The
diffraction peaks located at 65.15 and 82.50 correspond to (2 0 0) and
(2 1 1) planes of iron. The only diffraction peak located at 30.009°
correspond to (2 2 0) planes of Fe3O4. The peaks observed at
33.17°,35.491°, 43.51° and 63.767° correspond to (1 0 4), (1 1 0),
(2 0 2) and (3 0 0) planes of α Fe2O3, respectively. The content of
Fe2O3, Fe3O4 and Fe was found to be 49.1%, 29.5% and 21.4%, respectively. This result shows that hematite is dominant phase over
magnetite. These results are in good agreement with reported literature
[17,25].

Fig. 5. SEM top-view images of iron oxide layers fabricated at 50 V in EG + 2 wt% H2O with different NH4F concentration of (a) 0.5, (b) 0.75 and (c) 1.0 wt%,
respectively.
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is predominant as crystalline phase in the structure and further confirm
the formation of iron oxide in the as-anodized sample. The Raman
spectrum of nanoflowers (annealed sample) reveals the characteristic
bands of hematite and magnetite which are in good agreement with
XRD results. The bands at ~229 and 501 can be assigned to A1g modes,
while the bands at ~249, 295, 411 and 614 can be attributed to Eg
modes of hematite [26,27]. The peaks at ~670 and 818 cm−1 indicated
the presence of some amount of magnetite in the nanoflower structure.
[28].
3.3. Absorption properties
The optical properties of the as-prepared Iron oxide nanoflower
sample were measured by UV–vis diffuse reflectance spectra (UV–vis
DRS) techniques. It is depicted in Fig. 10(a) that the absorption edge of
the sample annealed at 450 °C is about ~645 nm. It is obviously seen
that as prepared sample show the absorbance band in the visible region
which indicates that it possesses high visible light adsorption [20].
Tauc’s equation (Eq. (3)) was used to calculate band gap energy of as
prepared sample:

Fig. 7. Time dependent FESEM images of anodization of Fe Foil.

hv = A (hv

Eg )n

(3)

where ,hv, A andEg are absorption coefficient, incident photon energy, a constant and band gap energy respectively and n is the exponent
(n = 1/2 for direct transition and n = 2for indirect transition). The plot
between ( hv)2 versus hv gives us the estimated band gap by extrapolating the linear section of the curve back to the abscissa. Fig. 10(b)
shows the band gap plot of Iron oxide nanoflowers and the numerical
value for the as prepared sample was found to be ~2.09. The observed
band gap energy of as fabricated sample is in close agreement with the
other reports [20,25].
Because of the quantum effect of “electron-phonon” interactions, a
structure appears near absorption band edges known as Urbach tails. It
may be also attributed as the width of the band tail due to localised
states, owing to the disordering in the materials [29]. The Urbach tail in
α (E) is due to tail in the density of states (D.O.S) at the band edge.
Urbach energy varies with α (E) by following Eq. (4):
Fig. 8. XRD patterns of iron oxide nanoflowers (magnetite and hematite) annealed at 450 °C.

=

o exp(E /Eu )

(4)

where Eu is Urbach energy and E = hv is the energy of the incident
photons, The Urbach energy for the said system is calculated from the
slope of linearly fitted line of ln α (E) verses photon energy plot
(Fig. 11). The calculated Urbach energy for this system is to be estimated 0.0240 eV, which reveals that our system has less defects.
3.4. Photo-current measurements
The photocurrent density measurements of Iron oxide nanoflowers
are shown in Fig. 12(b) has been carried out in 1 M NaOH electrolyte
using a three-electrode electrochemical cell (Fig. 12a). The resulting
photo current spectrum has been obtained by exposing 0.18 cm2 of
prepared iron oxide nanoflowers photo-anode to UV–Vis light source
200 W mercury lamp equipped with a UV cut-off filter under 1 sun
illumination (100 mW cm−2).
Moreover, in electrochemical cell, using as fabricated iron oxide
nanostructured films as a working electrode, platinum electrode as
counter electrode (cathode) and Ag/AgCl (KCl saturated) as reference
electrode with active area of the electrode fixed at 1 cm2. On evaluation, the resulting Iron oxide nanoflowers show a photocurrent density
of about ~0.35 mA cm−2 by periodic exposure of UV–vis light.
Owing to it unique geometry as can be seen from FESEM images
shown in Fig. 2, iron oxide nanoflowers provide large surface area for
light absorption and due to low-dimensional structure, charge transport
is enhanced [30]. TiO2 is the most widely used and well-known photoanode material for photoelectrochemical application. Nevertheless,
the major drawback of TiO2 is that it absorbs only the UV light

Fig. 9. Raman spectra of the iron oxide nanoflowers (annealed).

Fig. 9 shows the Raman spectra of the 3D Iron oxide nanoflowers
(annealed) samples. The spectrum of the as anodized Fe foil exhibits
various characteristic peaks roughly located at ~229, 249, 295, 411,
501, 521, 614, 670, 818 and 1319 cm−1, which indicates that hematite
5
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Fig. 10. (a) Absorption spectra (b) ( hv)2 versus hv plot.

spectrum. It is capable to absorb up to 40% of the incident solar light
[31]. All these advantages make iron oxide nanoflowers a potential
candidate for visible light driven photoelectrode material.
4. Conclusion
We report a clean, simple and an effective method to synthesize 3D
nanoflower-like morphology of iron oxide nanoflowers with average
length and thickness of flower petals of 65 nm and 7.7 nm respectively,
without any toxic surfactants at room temperature. Meanwhile, the
crystal structure, morphology, size and surface area of nanoflower
products could be tuned through changing anodization parameters like
voltage, electrolytic concentration, and anodization time. Moreover,
photocurrent density of as such fabricated iron oxide nanoflowers were
studied in three electrode electrochemical cell and found that the
photocurrent density is of 0.35 mA cm−2 which reveals their potential
to be used as sunlight-driven photoelectrode materials in order to
harvest light energy in visible region of solar spectrum.

Fig. 11. ln( ) verses hv plot.

spectrum owing to its relatively wide band gap of 3.2 eV. However, Iron
Oxide nanoflowers with band gap of 2.09 eV as can be seen from
UV–Vis DRS data (Fig. 10(b), It is capable to absorb the visible light
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Fig. 12. (a) Simplified Setup for the measurement of Photocurrent density. (b) Photocurrent density spectra Iron oxide nanoflowers in 0.5 M NaOH electrolyte in a
three-electrode electrochemical cell under 1 sun illumination.
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