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Abstract
The synthetic strategy for iron oxides with diverse superstructures has become one of the most promising researches due to their
advance and synergistic application in energy and environment field. Self-assembling of nanostructure to structural hierarchy in
general enhances mass transportation, reducing resistance to diffusion, and high surface areas for adsorption and electrochemical
reaction, and thus much effort has been devoted to the exploration of various novel synthesis schemes for high-throughput
synthesis processes with a choice of starting materials. In this strategy, we utilize metal-organic solvent solutions as the starting
material for synthesizing functional hierarchical iron oxide materials without further addition of base for hydrolysis reactions.
The process is templates/surfactant less which makes the process simple without intact of other impurities in desired structure.
The agglomerations of the particles are also controlled due to acidic pH condition adopted during synthesis. All the experiments
were done at a moderate temperature (~ < 100 °C) with a variation of time and concentration. The reaction parameters are
optimized to get uniform and highly dispersed flower or spindle-shaped 3D hierarchical goethite phase and thereof we evaluate
the electrochemical capacitance using cyclic voltammetry technique. One of the pure iron oxide samples shows specific capac-
itance value of 243.2 Fg−1 and exhibited 26 Wh Kg−1 energy density at 0.5 Ag−1 current density.

Keywords Hierarchical . Self-assembling . Flowery structured . Specific capacitance

Introduction

Hierarchical, self-assembly of nanocrystals having high sur-
face area and narrow particle size distribution has high impact
in scientific field for advance applications due to active do-
main on their surfaces. Tailoring and shaping up nanostruc-
tures by various synthetic approaches create new province of
applications. For anticipated advance applications, the mate-
rials with better performances/safety/costs are needed [19,

21]. The development or the discovery of new electrode ma-
terials to ensure a hike in performance is required.
Electrochemical reactions, adsorptions, and heterogeneous
catalytic reactions are shape and surface dependent which is
mainly responsible to enhancedmicroscopic/electroactive sur-
face area [18, 45]. Therefore, the manipulation of synthetic
approach through controlled chemical reactions for the fabri-
cation of high surface area and surface-modified well-defined
nanostructured metal oxides were very often explored [12, 25,
43]. Particularly, nanosized iron oxide materials with diverse
morphologies and dimensions have been synthesized through
various modified synthetic routes to control both phase, shape,
size, and surface area and investigated them in myriad of ap-
plications including supercapacitors [3, 36], lithium ion bat-
tery [6, 42], catalysis/adsorptions [4, 34, 37], and electrochem-
ical sensors [28, 35]. Recently, the research is projected to get
iron oxide with delicate morphologies by low-dimensional
assembling of nano-scaled material into unique three-
dimensional (3D) hierarchical superstructures for tuningmany
morphology-dependent advance applications [20]. For exam-
ple, [47] reported development of 3D urchin-like superstruc-
tures of α-Fe2O3 nanorods by template free and facile
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precipitation method which showed improved sensing perfor-
mances towards ethanol. [46] followed the ethylene glycol-
mediated process to synthesize uniform and self-assembled
3D flower-like iron oxide from ferric chloride for removing
toxic heavy metals. Similarly, flower-like α-Fe2O3 was devel-
oped using [1] ferric chloride and sodium sulfate under hydro-
thermal condition nanostructures for hydrogen gas sensors at
room temperature. Hierarchical α-FeOOH porous nanoparti-
cles were organized and prepared via a facile polystyrene (PS)
microsphere template method [9] for adsorption and photo
degradation of Rhodamine B under UV light at room temper-
ature. However, involvement of high temperature process,
surfactant/organic, causes release of potential process-related
risk to the medium and also lowers the yield of the product.
Due to the polycationic species available at the molecular
level, the iron oxides perform fast hydrolysis and condensa-
tion to form highly reactive ferric complexes [39]. Thus, the
synthesis of mesostructure renders a substantial challenge for
economical and an environmentally friendly method with
controlled surface morphology. The designing of 2D and 3D
architectures by control over the metal ligand coordination
sphere and ligand through self-assembly process was possible.
The synthesis of inorganic hierarchical/complex structures
with ideal crystal growth behaviors and controlled fabrication
of inorganic hierarchical/complex structures with uniform
morphology and size was one of the major or key factors.
Kinetic of hydrolysis of coordinated metal cation with strong
complexing polydentate ligands by more than one bond could
be slowed down. For example, coordinating groups such as
polycarboxylate or amino ligands [16, 24, 39] were reported
to control the iron hydrolysis to some extent.

The diminution of natural fossil fuels and escalation in
global warming creates the space for green clean renew-
able energy sources which can supplement and replace the
conventional energy sources. Different metal oxides were
tested for alternative energy sources like supercapacitors
or batteries. The clean energy technologies are useful for
next-generation energy devices, hybrid electric vehicles,
and biomedical applications [44]. Recently, different iron
oxides and hydroxides (Fe2O3, Fe3O4, FeOOH) have
drawn attention as alternative energy source due to their
high theoretical capacitance, wide operating potential
window, low cost, and natural abundance. [3, 5, 7, 30,
40]. Asymmetric and hybrid supercapacitors (HSCs) were
extensively studied for energy storage with high energy
density. As the asymmetric capacitors have both faradaic
double and capacitive electrodes which results in high
energy density of the metal oxides. There are two types
of supercapacitors, i.e., electric double layer and pseudo-
capacitors. Electric double layers are having high surface
area and high conductivity value whereas pseudo-
capacitors give more capacitance due to the redox reac-
tions at the surface of the electrodes. But still, it is a

challenge to develop nanomaterials with high capacitance,
good rate capability, and excellent cycling stability.

Herein, coordination-mediated complex hydrolysis of iron
oxide was achieved by the controlled hydrolysis and assembly
of molecular precursors in the solution–complex interface
without structure-directing surfactants into the 3D frameworks
with hierarchical structure. Here, the solvent 2-methoxy etha-
nol serves as ligand and hydrolyzing reagent at low tempera-
ture. The present study deals with methodical investigation of
the effect of experimental conditions on the selective phase
formation and morphology of the α-FeOOH precursors and
the formation reaction mechanism. Furthermore, for the nano-
flower iron-oxide composites with nafion on glassy carbon
electrode was investigated to evaluate electrochemical capac-
itance. The capacitance of this nano-flower iron oxide elec-
trode was quite comparable with other reported electrodes.
The present work will be helpful for the easy and effective
development of iron oxide nanostructures and enhance the
prospects for the iron oxide synthesis and electrochemical
applications.

Experimental section

Chemicals and synthesis

Fe(NO3)3·9H2O (E-Merck, India), and ethylene glycol mono
methyl ether (CH3O·CH2·CH2·OH) (EGME) (E-Merck,
India) were used for iron oxide synthesis. The iron oxides
were synthesized by adopting our reported synthesis method
[3]. Standard solutions of metal salts in deionized water were
prepared, and these solutions were used in different stoichio-
metric amounts for precipitation work. Hierarchical α-
FeOOH precursors were developed by a solution-based sol-
gel method. The required amount of different solution was
taken in three naked flask equipped with condenser. The so-
lution was stirred for 15 min and pHwas monitored. Then, the
required amount of EGME solution was added and stirred at
speed of 400 rpm by maintaining required temperature. The
ratio of the salt solution to solvent was varied with four dif-
ferent ratios of 1.5:1, 1:1, 1:2, 1:4, and 1:6. The pH was also
monitored after the precipitation was completed. The precip-
itation kinetics was monitored by carrying out the precipita-
tion at various times under affixed ratio of solvent to salt
solution. After cooling, the slurry was centrifuged and washed
several times with distilled water and absolute alcohol. Then,
the powders were dried at room temperature.

Characterization

Different phases and crystal structures are determined by X-
ray diffraction in PAnalytical model X’Pert PRO PW-3040/60
with Mo-Kα radiation (λ = 0.709) at a scan speed of
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1.2° min−1 over a range of 5 to 40°. Raman spectra were
obtained by Renishaw (Renishaw plc, Gloucesteshire, UK)
via Micro Raman spectrophotometer. The instrument was
equipped with 514 nm green laser having 1 cm−1 spectra res-
olution of Raman shift, X-Y step resolution of 0.1 μm, and
confocal resolution of 2.5 μm. The nano-architectures were
obtained through an electron microscope (FEI, TECNAI G2

20, TWIN) and transmission electron microscopy (TEM).
Selected area electron diffraction (SAED) patterns and
EDAX were also evaluated. The surface area of the
nanomaterials was analyzed with Quantachrome 1750 with
ASiQ-WiN and Autosorb-iQ device surface area analyzer by
nitrogen absorption–desorption method. Chemical state of
iron oxide material was analyzed by X-ray photoelectron
spectroscopy (XPS) in a Thermo-VG Scientific ESCALab
250 Microprobe, equipped with a monochromatic Al Kα X-
ray source (1486.6 eV).

Electrochemical measurement

All the electrochemical tests were performed by three-
electrode cell using a Biologic SP-300 electrochemical ana-
lyzer. Cyclic voltammetry studies were obtained by using
three-electrode system as iron oxide on glassy carbon as work-
ing electrode, a platinum electrode, and Ag/AgCl as the refer-
ence electrode in the potential range of 0 V to 0.85 V at a
sweep rate of 5–100 mVs−1. All the electrochemical tests were
carried out by 1 M KOH. The synthesized materials were
dispersed over a glassy carbon electrode with carbon black,
2% Nafion, and dried prior to the electrochemical experi-
ments. The working electrode was prepared by the ratio of
90:8:2 ratio of active material/carbon black/nafion. Charge–
discharge tests were performed using chrono-potentiometric
method. EIS (electrochemical impedance spectroscopy) was
studied though an open circuit at ac voltage of 5 mV in 1 M
KOH electrolyte and the Nyquist plots were obtained in the
frequency range of 10 mHz to 100 Hz.

Results and discussion

Effect of solvent on phase formation using different
ratio of salt solution: solvent

Since there was no surfactant or capping agent in the present
synthesis, the solvent employed in the system is playing an
important part for the formation of the precursors.
Precipitation of iron oxide by varying temperatures at 80
and 100 °C using different ratio of salt solution/solvent.
Precipitation was completed within 5 h of reaction time.
However, there was large difference in the percentage of iron
(iron is only present as Fe3+) in the prepared solid samples. It
was observed that initially, at 5 h of reaction time, only 17% of

ferrous ion was present in the solution which was almost ab-
sent during further aging of the solution. However, in the
present report, we detect Fe2+ in the solution during an initial
period of reaction. Therefore, EGME will act as a mild reduc-
ing reagent before complexing with iron solution. The per-
centage of iron (iron is only present as Fe3+) in the precipitated
products varied from 55 to 62%. Such variation may be due to
the presence of different phases or due to adsorbed/
intercalated water molecule. The crystal structure of the pre-
cipitates was studied by XRD analysis. The XRD patterns of
the product prepared at 80 and 100 °C at different time inter-
vals are shown in Fig. 1. To understand the effect of EGME on
phase formation, a series of other investigations were carried
out up to 5 h by varying the ratio of Fe/EGME solution both at
80 and 100 °C. As shown in Fig. 1, the patterns obtained at 80
and 100 °C for the sample prepared at 1.5:1 ratio showed
crystalline goethite phase with increase in concentration of
iron and synthesis temperature. The result revealed higher
reaction activity at higher temperature. The diffraction peaks
of the samples could be indexed to orthorhombic α-FeOOH
(goethite, G) and Fe5O7 (OH·4H2O (ferrihydrite, F) (ICSDS
reference code 00-002-0272 and 00-029-0712, respectively).
Finally, at 100 °C, almost all the peaks were indexed to an
orthorhombic phase of goethite (space group Pb nm, no. 62).
However, increasing temperature to 100 °C for 5 h of reaction
time, the XRD pattern matched to complete goethite phase.

Significant broadening of the diffraction peaks indicated
that the goethite is of nanosize. As mentioned earlier, EGME
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also acted as reducing ligand which exhibited associative in-
teractions with interfacial iron sites of ferrihydrite. It appears
that solvent made these sites to more labile sites thus facilitat-
ing the transformation to goethite, possibly in conjunction
with enhanced dissolution of ferrihydrite. During the reaction,
pH of the solution varied only within 0.5 units as compared to
initial solution pH. Thus, temperature had significant role in
the transformation of metalo-organic polymeric complex to
pure goethite phase and also in controlling the redox reaction
during hydrolysis of metal complex solution. According to
partial-charge model [31], hydrolysis of iron occurred through
the formation of aqua or aqua-hydroxo complexes when pH of
the solution is less than 7. The aqua complex also transformed
to hydroxo complex after protonation. However, in the pres-
ence of solvent, iron gets solvated and could be complexed
with the anion present in the solution. Their reactivity depends
on the dielectric and structural properties of the solvent, asso-
ciation equilibrium for chelate formation, and the relative rates
of solvent loss from the solvent cation []. Here, the complexes
formed between Fe(III) ions and EGME molecule may favor
the formation of the planar tetramer [Fe4(OH)12(OH24)].
Then, embryos of double chains of octahedra, characteristic
of the structure of goethite, might be formed due to conden-
sation through olation process. Thus, the formation of goethite
was facilitated through this solvent. Therefore, the process is
faster than the usual method.

However, by increasing Fe/EGME ratio to 1:1, the two-line
ferrihydrite was obtained both at 80 and 100 °C reported in
our previous work. Likewise, the solvent to precursor ratio
was varied again 1:2 and 1:4 but increase in solvent ratio,
the crystallinity of the sample was increased slowly, and at
1:6 ratio, formation of goethite occurred at 100 °C [3]. The
intensity of peaks of different planes and their corresponding
ratios were different for different samples. This might be due
to the particle orientation in different planes because of the
complex nature of the solution and of changing the nucleation
and growth mechanism.

Therefore, increase of solvent concentration during synthe-
sis has significant effect on the phase formation. It was also
observed that the difference in pH of the precursor and final
solution was increased gradually as the solvent concentration
changed. Decrease in pH encouraged the conversion of two-
line ferrihydrite to goethite by enhancing the solubility and
dissolution of ferrihydrite. It is assumed that when the ferric
ion concentration is more, the complex formed between
EGME and Fe(III) might be encapsulated on the Fe(OH)3,
and the possibility of the particle transformation from com-
plex into a specific oxy-hydroxide phase was more than the
phase transformation of the Fe(OH)3 particles as reaction pro-
ceeds. The phases of iron oxide/hydroxide crystals grown in
this way would depend on the surface energy of the crystal
particle, which changed as the particles grow [15, 33]. Hence,
the resulting phase was particularly sensitive to the ionic

strength of the solution. In that composition, the starting
Fe(NO3)3 solution would increase both the ionic strength
and the ferric ion concentration, and together, these two fac-
tors would determine the ferric ion solvation (or hydration)
stabilities. While increasing further the concentration of sol-
vent, the other properties such as viscosity, conductivity, and
hydrogen bonding capacity of the solvent play a major role to
determine the fate of nucleation path. Hence, selectively goe-
thite was formed at higher temperature. With the increase of
solvent, the mechanism may differ and slow down due to the
ligand behavior of the solvent. Further increasing the concen-
tration of solvent, the viscosity, conductivity, and hydrogen
bonding capacity of the solvent would play a major role for
the determination of the fate of nucleation path. This type of
observation had already been reported during the incorpora-
tion of foreign ion in octahedral matrix of goethite [14].

From the XRD patterns, we had observed that the peak
intensities of goethite phases and ferrihydrite were different
for different precursor which might have some effects on the
particle orientation and their microstructures. The proposed
particle growth mechanism could also explain the different
crystal orientation and assemblies observed in the following
sections. Raman spectra support the phase formation of nano-
iron oxides as given in supporting data S1.

The morphological and structural features of the synthe-
sized samples were examined by TEM (Fig. 2) and FESEM
(Fig. S2). Figure 2 shows typical TEM along with graphical
patterns obtained from different precursors at 80 and 100 °C,
respectively. From the TEM images of the sample obtained
with salt/solvent concentration ratio of 1.5:1 at 80 °C, both
nanospherical particle and rod-shaped particles were being
observed, whereas mostly nanorod along with very few
nanospherical particles were observed for the sample obtained
with similar precursor at 100 °C. At low temperature, the
ferrihydrite particles dominated while the same at higher tem-
perature showed clearly a rod shape of 50–150 nm length
goethite particle surrounded by very small amount of aggre-
gated 1–5 nm tiny particles. The microstructure at salt/solvent
ratio 1:1 under similar condition showed porous spindle-like
structure resembling thin sheets due to aggregation of very
tiny spherical nanoparticles. On further increasing, the tem-
perature thin sheets assembled to form irregular flower shape.

TEM pictures obtained at salt/solvent ratio 1:2 and 1:4 at
80 °C showed completely different morphology and two dif-
ferent particles. One was nanorod and the other was nano-
hierarchical morphology that was separately growing, which
indicated the hierarchical has been started and the growth and
conversion of one phase to the other phase also started. The
sample was more or less assembled in the shape of mush-
rooms, and in the following secondary growth stage, the pri-
mary particles aggregated into spindle-shaped particles which
became the core of the flower-like structure. They continued
to grow by combining with the remaining primary particles
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and forming the intermediate phase of flower-like precursors.
The complete urchin-like morphologies could be observed
clearly at higher temperature under similar condition.

The surface of the nanosheets in the flower-like structure
was very smooth, probably due to Ostwald ripening. The ur-
chin shape was quite definite and sharp on further increasing
of solute/solvent ratio to 1:6; hierarchical morphology of the
nanoparticles was observed. From the TEM picture, the pres-
ences of pores were also felt. This phenomenon could help in
understanding the tiny misalignments in the flower crystalline
structure. The role of the solvents in the formation of the
complex flower-shaped structure seems decisive. The TEM
pictures obtained for the sample at 1:6 ratio at 100 °C showed
complete flower-like morphologies. The 1:1 and 1:6 sample
was already reported in our previous publication [3]. Most of
the flowers showed an inner contrast variation, suggesting the
existence of a core/shell structure, consistent with one form of
iron oxide in core coated with another form of iron oxide.
Figure 3a represents the schematic presentation of all the ma-
terials corresponded to TEM analysis.

During the precipitation reaction, the surface or sub-surface
Fe ions of low coordination were frequently missing due to
chelation or surface complexation []. Thus, the surface was
well hydroxylated in aqueous medium and may develop a
well-ordered layer of water molecules []. All these factors
may affect the surface energies and morphologies.
Therefore, the shape anisotropy developed by side-by-side
rod aggregation, presumably driven by minimizing the total
energy of the nano-system, and thus develop a planar stacking

along specific crystal planes through inherent van der Waals
attraction observed on α-FeOOH single crystals [29, 41], fa-
cilitated by a high degree of freedom for rotation and transla-
tion movement (i.e., Brownian motion) in aqueous solutions.
Schematic mechanism of ligation and hydrolysis of Fe(III)
solution in presence of EGME was shown in Fig. 3b. The
truncated pseudo prismatic shape as shown in TEM images
was grown when the particle surface was enclosed by (100)
and (011) surfaces, and their stability enhanced when the
(100) surface was cleaved along the hydroxylated plane [].
The aspect ratio of OH-terminated truncated bipyramids again
was lower. Figure 3c summarizes the possible evolution from
truncated bipyramid seeds to flowery shape under a kinetically
controlled synthesis. Under suitable conditions, spindle-like
particle with the (111) oriented trunk and branches could be
formed and then truncated pseudo prismatic-shaped particle,
with each arm extending along the (110) direction, might be
formed. This may further evolve into threefold symmetric
branches. Finally, from polycrystalline or multiple twined par-
ticles with surface asperities, flowers were formed.

The nitrogen adsorption–desorption isotherm was per-
formed within the region of 0 to 1 relative pressure (P/P0).
For the 1.5:1, 80 °C material, the adsorption–desorption iso-
therm curve and pore size distribution curves are given in
Fig. 4. The isotherm exposes the type IV nature, of material
with mesoporosity. The BET surface area was calculated as
54.04 m2 g−1. The Barrett–Joyner–Halenda (BJH) method
was obtained to calculate pore size distribution. The calculated
pore diameter and pore volume from the pore size distribution

1.5:1 , 100o C 1:1 , 100 oC1.5:1 , 80oC 1:1 , 80oC

1: 6, 80 oC

1:2 , 80 oC 1:4 , 100 oC 1:4 , 100 oC1:2 , 100o C

1: 6, 100 oC

Fig. 2 TEM micrographs of as-
prepared iron oxide samples at
different salt/solvent concentra-
tion all after 5 h reaction time. 1:1,
100 °C and 1:6, 100 °C. The TEM
images are reported in [3]
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curve (S2 inset) are 8.76 nm and 0.99768 cm3 g−1, respective-
ly. The observed hysteresis loop shifted to a higher relative
pressure on approaching P/P0 = 1, suggesting the presence of
mesoporous a low degree of aggregation, which is confirmed
by TEM images.

The chemical state and the electronic structures of 1.5:1,
80 °C material with goethite phase was analyzed by X-ray
photoemission spectroscopy (XPS). The main composition
of the iron oxide material Fe, O, and C peaks were found in
survey of the XPS spectrum as shown in Fig. 5a. The different
electronic states of Fe 2p with high-resolution curve-fitted
XPS spectrum was given in Fig. 5b. The characteristic peaks
of Fe 2p1/2 at 711.4 eV and Fe 2p3/2 at 725.2 eV were ob-
served, with a prominent satellite peak at 719.1 eV. These
broad peaks were obtained due to the electrostatic interactions
between the Fe2p and unpaired Fe3d electrons, resulting in
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spin–orbit coupling and crystal field interactions [2, 3]. There
were two binding energy peaks observed at 531.5 and
535.1 eV in the O1s region respectively, which can be
assigned to oxygen atoms in the iron oxide lattice, and O1s
(Fe–O) is shown in Fig. 5c. Peak (531.5 eV) was assigned to
lattice hydroxyl group of O1s (Fe–OH lattice), which signifies
the formation of Fe–O–Fe bond, Fe–O–H bond, and H–O–H
bond. The C1s spectrum is observed at 285.2 eV correspond-
ing to sp2 carbon as shown in Fig. 5d. From the above study, it
was suggested that the FeOOH formed by the adsorption of
Fe–OH on the surface after oxidation [17, 27].

Electrochemical properties Cyclic voltammetry measure-
ments were conducted to test the supercapacitor performance
of various phases of as-synthesized iron oxide nanostructured
materials (obtained at different ratio of Fe/EGME at 80 and
100 °C and 5 h). Figure 6a represents the CV curves of the
electrodes at a scan rate of 5 mVs−1 in a three-electrode cell at
potential window of 0.0 to 0.85 V in 1 MKOH electrolyte.
Most of the samples show an obvious redox peak (0.2–0.4 V),
which was observed in the redox process. It can be attributed
to the reduction of Fe3+ to Fe° and reversible reaction with the
electrolyte. Meanwhile, no peak is recorded for the sample
obtained at Fe/EGME = 1.5:1 at 100 °C, which showed the
highest current density indicating the double-layer capaci-
tance behavior. But according to the current density, the
1.5:1 at 80 °C material showed the highest value. This may
be due to the morphological predominance of spherical

particle. It has been already reported that the specific capaci-
tance values of spherical particles is more than that of the rod-
shaped particles [8, 38]. Therefore, the 1.5:1 at 80 °C material
was used for further detailed electrochemical study. The pres-
ence of more no. of Fe+3 ions participate in faradic reactions
and showed pseudo-capacitive behavior. This could probably
be due to very fast faradaic process at the electrode indicating
the dominance of pseudo-capacitance over double-layer ca-
pacitance process [22]. By comparing both the CV curves at
fixed scan rate, it was observed that the current is highly larger
with much larger integrated area in case of the sample obtain-
ed at lower temperature revealing higher capacity and faster
kinetics for transformation in the electrode. This may be due
to difference in adsorption of electrolyte cations (K+) on the
electrode surface from electrolyte. Due to being amphoteric in
nature of the iron oxide surface, the electrolyte provides addi-
tional charge storage capacity. The capacitive current of iron
oxides also originates from the surface reaction as well as the
charge compensation accompanied by intercalation of ions to
balance the extra charge with the iron oxide layers. On the
other hand, low current could be attributed to diffusion limits
of electrolyte ions [23, 26]. It was also clear from Fig. 6b that a
pair of redox peaks for Fe2+/Fe3+ in the range between 0 and
0.85 V were observed as expected. The peak was shifted to
higher potential with increase of the scan rates. The gradually
increasing peak intensity in cathodic process indicated that the
capacities of these electrodes could gradually decrease with
increase in scan rate. The presence of the redox peaks

a b

c d

Fig. 5 Chemical state analysis. a
Survey spectra of as-prepared iron
oxide with ratio 1.5:1 at 80 °C. b
Fe2p. c O1s. d C1s
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indicates that the capacitive response comes from the Faradaic
redox reactions relating to the Fe–O/Fe–O–OH. The CV na-
ture of the electrode of the sample at 1:1, 1:2, 1:4, and 1:6 at
both low and high temperature is of rectangular type and that
at higher temperature contain a prominent pair of redox peak
as compared to the sample obtained at low temperature [3].

Considering the current density from the Fig. 6a, the sam-
ple prepared with 1.5:1 ratio at 80 °C was considered for the
further study. The highest SC of 243.2 Fg−1 (shown in Fig. 6c)
was obtained for the sample prepared with 1.5:1 ratio at 80 °C
whereas other samples showed less capacitance by the follow-
ing Formula 1 [5]. The specific capacitance value was obtain-
ed at 0.5 Ag−1 current density. Charge–discharge properties of
1.5:1, 80 °C, 5 h material at different current densities was
studied and given in Fig. 6d.

Specific capacitance Csp Fg−1
� � ¼ IΔt=mΔV ð1Þ

where I = supplied current, Δt = discharge time, m = active
mass on electrode, and ΔV = operating potential window.
Here in this study, the specific capacitance value may depend
on the phase formation, morphology, and concentration of salt
and solvent. As in the 1.5:1 sample, the concentration of iron
was more compared to the solvent. So, the transfer of electrons
between Fe2+ and Fe3+ in the octahedral sites was more which
may enhance [13] the specific capacitance at low temperature
of 80 °C but at high temperature (100 °C), the rate of electron
transfer was less which corresponded to the low specific capac-
itance value. These were behaving as ideal electrochemical

capacitor which do not have current leakage pathway or self-
discharge and hence can remain charged indefinitely. Again,
porous/net-like structures developed by the fusion/aggregation
of spherical particles which have unique architecture resulted in
a reduction of the grain boundaries between the particles in
comparison to the electrode. Also, it enhances the reduction
in internal resistance, which supported the enhanced
supercapacitor performance [3, 7, 10, 11, 13, 30, 32, 36].

The cyclic performance of electrodes was also investigated
by charge–discharge was given in Fig. 7a. Charge–discharge up
to 1000 cycles at current density 3Ag−1 was studied. A retention
in specific capacitance of 96.5% after 1000 cycle was obtained.
This indicates that the iron oxide showed good cycling stability
with almost 100% coulombic efficiency. Thus, it was reasonable
to conclude that the capacitance of typical sample mainly comes
from the goethite or herein mix phases of iron oxide. Figure 7b
(inset) represents the ragone plot for the synthesized material
1.5:1, 80 °C. The material showed 26 Wh Kg−1 energy density
and power density 32 W Kg−1 at 0.5 Ag−1 calculated by
Formula 2 and 3. The energy density (E) and power density
(P) of the asymmetric device was calculated with respect to
the specific capacitance value by following formula:

Energy density Eð Þ ¼ I dV t=m ð2Þ

Power density Pð Þ ¼ E=dt ð3Þ

Electrochemical impedance spectroscopy (EIS) is another
important technique which provides more information

a b

c d

Fig. 6 Electrochemical studies. a
Cyclic voltammogram of all the
materials at a scan rate 5mVs−1. b
Cyclic voltammogram of 1.5:1,
80 °C, 5 h materials at different
scan rate 5 mVs−1 to 100 mVs−1.
c Specific capacitance value of
1.5:1, 80 °C, 5 h material at
different current densities. d
Charge–discharge curves of 1.5:1,
80 °C, 5 h material at different
current densities
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regarding the electrochemical behavior, property, and nature
of the material basing on frequency. The EIS spectra of both
the samples were given in Fig. 7c. The Nyquist plots of 1.5:1,
80 °C were obtained from 10 mHz to 100 Hz in a three-
electrode cell with Pt as counter and Ag/AgCl as reference
electrode. Among them, the FeOOH electrode owns the
smallest internal resistance at high frequency region; other-
wise, it showed good conductivity. It also showed the faster
electron transport in electrode material, which proves FeOOH
as the best pseudo-capacitor material.

Conclusions

Herein, the feasibility of fabrication of 3D flowery structured,
nearly mono-dispersed iron oxide nanocrystals is discussed
via solution process using metalo-organic composite solution.
The self-assembling of the goethite nano-flowers was tunable
by controlling the composition of the initial reaction mixture
of salt and solvent. The formation of flower-like particles went
through initial formation of primary nanocrystals, followed by
agglomeration of the primary particles to form intermediate
nanorods, and finally, the anisotropic growth of the nanorods
into flower-like extended structures. This study is quite help-
ful for developing different phases of flowery-shaped iron
oxides along with core–shell flower-like structures by control-
ling only the solute-to-solvent ratio, which in turn controls
both hydrolysis and selective-phase precipitation. The sam-
ples were further explored for the electrochemical behavior,
which confirms that the iron oxide synthesized under opti-
mum conditions also had a good rate capability. The results
demonstrated the excellent reversibility and ideal pseudo-
capacitive behavior of the three electrodes. Goethite sample
obtained at 1.5:1 at 80 °C showed better specific capacitance
value of 243.2 Fg−1. As in this case, the concentration of iron
was more as compared to the solvent. So, the transfer of elec-
trons between Fe2+ and Fe3+ in the octahedral sites was more
which may enhance the specific capacitance at low tempera-
ture. The iron oxide has 96.5% in retention in specific capac-
itance up to 1000 cycle with energy density 26 Wh kg−1. The

pure iron oxide nanomaterial shows good capacitance along
with charge–discharge behavior without further hybridization
or the addition of a dopant in nanostructured material. The
simple, synthetic, one-step approach to develop the surface
and morphology-specific properties of the present materials
and the novel fabrication of the electrode offers a promising
approach for super capacitors.
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