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Abstract

We report the effect of hydrothermal synthesis conditions on the morphological, optical and electrochemical properties of
as-prepared iron oxide (y-Fe,0;) and hydroxide (a-FeOOH) nanostructures. The physico-chemical identification of these Fe-
based nanostructures using X-ray diffraction, scanning/transmission electron microscopy, porosity and Raman spectroscopy
analyses revealed a temperature-depended phase transformation. A maghemite and goethite iron-based nanostructured forma-
tion was observed in nanorod and trigonal nanofiber shape-like morphology with mean diameters ranging from 32 to 50 nm.
The textural analysis of the nanofibers confirmed mesoporosity with a specific surface area of ~ 129 m* g~! (in y-Fe,0;) and
23 m? g~! (in a-FeOOH). The electrochemical performance of the iron oxide and hydroxide nanofiber electrodes with and
without the addition of activated carbon (AC) was also investigated. The sample electrodes composed of y-Fe, 05, y-Fe, 0,/
AC, a-FeOOH and a-FeOOH/AC showed remarkable specific capacities of 164 mAh g~!, 330 mAh g~!, 51 mAh g~! and
69 mAh g~ at 1 A g~! gravimetric current. The influence of the phase transformation linked to the synthesis temperature,
and the inclusion of an electric double-layer AC material into the nanofibers clearly demonstrates an enhancement in their
energy-storage capability. Furthermore, the Fe-based nanofibers exhibited excellent cycling stability with good capacity
retention of 73% and 99.8%, respectively, after 2000 cycles at a high 30 A g~! gravimetric current as well as low resistance
obtained by impedance spectroscopy analysis. The implication of the results depicts the potential of adopting these y-Fe,05
nanorods as suitable material electrodes in electrochemical energy-storage devices.
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Introduction

Electrochemical properties of nanostructured materials
strongly depend on the nature of the morphology, crystal-
linity as well as porosity and pore size distribution. Metal-
based nanofiber materials are attractive for electrochemi-
cal energy-storage applications due to their inexpensive
synthesis route, efficient and effective electrochemical sta-
bility when used in devices which can satisfy their needs
in modern technology [1-3]. Specifically, metal oxides
are promising materials in many areas including catalysis,
biotechnology, optical and energy-storage devices [4—10].

One of the major merits of adopting metal-based nano-
structured materials in supercapacitors (SCs) is the abil-
ity to simultaneously store energy via ion adsorption and
fast surface redox reactions [11, 12]. Due to this reason,
they have received great attention from stakeholders
in both academic and industry. Furthermore, they have
the ability to deliver characteristic high specific power,
quick charging/discharging rates, long cycling life and
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low maintenance cost in comparison to the conventional
capacitors and batteries [13].

Principally, transition metal oxides based on Ni, Mn, Fe
or Co, with variable oxidation states, have been studied as
attractive electroactive materials for Faradaic supercapaci-
tors due to their fast and reversible redox reaction in the
surface region [14]. In particular, iron oxides/hydroxides
have shown some remarkable properties in many research
fields due to their environmental friendliness, safety, low-
cost, natural abundance and relatively high electrical con-
ductivity [2, 15].

It is well known that iron oxides exists in several phases
as a result of the variable oxidation states of iron, includ-
ing iron oxide (FeO, Fe;0,, Fe,0;) and hydroxide or oxy-
hydroxide (Fe(OH),, Fe(OH); and FeOOH) [12, 16-19].
Notably, a-Fe,0; (hematite) is the most thermodynamically
stable phase and other phases can be converted to the hexag-
onal a-Fe,0; by subjecting to some form of heat or pressure
treatment [2, 20-23]. Similarly, y-Fe,O; and Fe;0, (magnet-
ite) also possess a cubic crystal structure of an inverse spinel
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type, where Fe** ions occupy both octahedral and tetrahedral
sites and Fe** ions only occupy the octahedral sites [2].

On the other hand, FeOOH can be found in different crys-
tal structures, like goethite (a-FeOOH), which is the most
stable phase and exhibits an orthorhombic crystal structure
[19, 24]. It can be obtained by the hydrolysis of iron salts,
and it can be transformed to Fe,O; or Fe;0, by heating in
air or in an inert gas atmosphere [15, 20-23]. Recent stud-
ies have also shown that goethite nanocrystals provide a
significant electrochemical capacity in rechargeable Li-ion
batteries [25, 26]. Consequently, iron oxide (FeOx) is eas-
ily synthesized with different morphologies providing the
potential for Fe?* <> Fe®* surface for redox reactions in an
aqueous electrolyte. However, various kinds of iron oxides
(Fe;0,, Fe,05;, FeOOH) have been relatively neglected in
the literature as potential electroactive materials for super-
capacitors because of their inherent high electrical resistance
and apparent low cyclability. Recent studies have shown
that iron oxides/hydroxides have the potential to emerge as
promising class for anode materials for asymmetric super-
capacitors [1, 2, 27] although the specific capacitance of
the conventional bulk powders is still low, which requires
further improvement for the overall energy density of the
device [2]. Yang and Wang prepared a-FeOOH@MnO, with
a specific capacitance of 118.2 F g~! with a retention of
about 90% after 3000 cycles [28], while y-Fe,O,/graphene
nanocomposite synthesized by Chen and Wang has provided
a specific capacitance of about 500 F g=! [29].

Additionally, the synthesis methods used in preparing the
nanostructured iron oxide/hydroxide is crucial as it affects
the composition and morphology of the final nanostruc-
tured material. Different methods, such as sol-gel method
[30-32], hydrothermal process [20, 33], co-precipitation
[34], high-energy ball milling [35], aerosol pyrolysis [36]
and electrochemical synthesis [37] as well as the external
influences [38], have been extensively explored. Among all
these techniques, the hydrothermal route offers operational
simplicity coupled with a relatively low-cost process and
environmentally friendly merit as an effective route to con-
trol the size and the shape of the obtained nanocrystals. Most
studies on hydrothermal synthesis route have been seen to
solely focus on two principal parameters which include the
growth temperature and vapor pressure [20, 31, 39].

Limited studies have considered a systematic investiga-
tion in understanding the combined effect of the growth
temperature on the structural, morphological, optical and
electrochemical properties of the iron oxide/hydroxide using
a basic template-free hydrothermal process. Thus, the nov-
elty and focus of this study is based on the synthesis of two
kinds of high-purity iron oxide (y-Fe,O; and a-FeOOH)
nanofibers using a template-free hydrothermal process. The
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Fig.1 XRD patterns of iron-based oxide and hydroxide obtained at
optimized hydrothermal condition: a 130 °C and b 200 °C during 3 h
growth duration

temperature effect was further studied to elucidate the phase
transformation of the Fe-based nanofiber. The variation of
this synthesis parameter will provide an insight into improv-
ing their individual material properties making them poten-
tial electrode materials for energy-storage devices.

Experimental procedure

Synthesis of iron oxide and hydroxide-based
nanostructures

Iron oxide and hydroxide nanostructure synthesis was car-
ried out using a facile and low-cost template-free hydro-
thermal process. 0.4 M of ferrous chloride (FeCl,-4H,0)
was first dispersed in 25 ml of de-ionized (DI) water. This
solution was stirred by adding 3 ml of 12 M NaOH and the
suspension was vigorously stirred continuously for 15 min.
Subsequently, the obtained brown mixture solution was
placed into a 40-ml Teflon-sealed stainless steel autoclave
and heated at two different temperatures of 130 °C and
200 °C for a period of 3 h and 18 h (Figure S1). However,
further studies only focused on the 3 h synthesis time as
initial morphological characterization done on the Fe-based
nanofibers showed an undesirable re-agglomeration of these
nanorods (Figure S2). Finally, the black product obtained
was filtered, washed and rinsed several times with ethanol
and DI water before being dried at 80 °C in an electric oven
for 20 h.

* @ Springer
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Table 1 Calculated lattice parameters of the synthesized iron oxide
and hydroxide nanostructures

Structure Lattice parameters
a(A) b (A) c(A)
y-Fe, 05 oxide 8.51(8.34) - 25.10 (25.02)
tetragonal [25-
1402]
a-FeOOH hydroxide 4.67 (4.608) 9.94 3.02 (3.021)
Orthorhombic [29- (9.956)

0713]

Electrode preparation

The working electrodes were prepared using nickel foam
(NiF) current collectors by coating the synthesized elec-
troactive products (Fe,O; or FeEOOH with and/or without
adding conductive porous activated carbon “AC”). The pro-
cess involved coating pre-weighed 1 cm X 1 cm area of NiF
template with a paste containing 80 wt% active materials,
10 wt% carbon black and 10 wt% polyvinylidene di-fluoride
(PVdF). The obtained mass per area of the working elec-

trodes was approximately between 1 and 1.5 mg cm™.

Characterization techniques

X-ray diffraction (XRD) patterns were obtained from an
X’ Pert PRO diffractometer (PANalytical BV, Netherlands)
operating from a Co-Ka (A=1.79 A) anti-cathode source.
Raman spectra of the samples were obtained on a
JobinYvon Horiba TX 6400 micro-Raman spectrometer
excited with the 514 nm line of an argon laser. The laser was
set at a power of 1.5 mW and the spectrometer was equipped
with a triple monochromator system to eliminate Rayleigh
lines contributions. The surface morphology micrographs of
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the samples were obtained from a Zeiss Ultra Plus 55 field
emission scanning electron microscope (FE-SEM) system at
1 kV accelerating voltage. Prior to all analyses, all samples
were coated with a thin carbon layer to improve the sample
conductivity and their charging effects. However, high-reso-
lution transmission electron microscopy (HR-TEM) images
were obtained from a JEOL JEM-2100F microscope oper-
ated at 200 kV (Akishima-shi, Japan). The evaluation of
the textural properties of the materials was performed on a
Tristar I (Micromeritics, 3020) system. The specific sur-
face area (SA) and the pore size distribution analyses were
obtained using the Brunauer—-Emmett-Teller (BET) and Bar-
rett—Joyner—Halenda (BJH) models, respectively. All sam-
ples were initially de-gassed for 18 h under vacuum at room
temperature to avoid material transformation but allowing
the removal of sample impurities and surface moisture. The
optical properties were carried out by measuring the absorb-
ance using a UV—Vis spectrophotometer (Thermo Technical
GENESYS 10S) with double beam to examine the energy
bandgap of our products. The measurements were obtained
from nanoparticles dispersed in DI water at the wavelength
range from 190 to 1100 nm.

All electrochemical measurements were performed using
a Gamry Instrument (REF 600™Potentiostat/Galvanostat/
ZRA) with a three-electrode experimental cell in 6 M KOH
aqueous electrolyte using a Hg/HgO reference electrode
and Pt counter electrode. Cyclic voltammetry (CV) and gal-
vanostatic charge—discharge (GCD) tests were done from
0to 0.6 V (vs. Hg/HgO) potential at increasing scan rates
(5-100 Mv s™!) and gravimetric currents (1-100 A g‘l),
respectively. Electrochemical impedance spectroscopy (EILS)
test was performed in frequencies ranging from 0.1 Hz to
100 kHz on open circuit potential.

The specific capacity ‘Q, in mAh g~" can be obtained
from the GCD curve according to Eq. (1) [40]:
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Fig.2 Raman spectra of the obtained iron oxide and hydroxide nanostructures at two different growth temperatures during 3 h: a 130 °C and b

200 °C
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Fig.3 FESEM micrographs of iron-based oxide nanorods (a, b) grown at 130 °C; iron-based hydroxide nanotrigonals (¢, d) grown at 200 °C;

inset to b, d shows the HRTEM micrographs; e, f their histograms
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ey

where i = i is the gravimetric current and At is the dis-
charge time. m is the electroactive material weight (g) with-
out the current collector.

Results and discussion
Structural and morphological properties

The XRD patterns of the as-synthesized iron oxide and
iron hydroxide samples with optimized hydrothermal
growth conditions are presented in Fig. 1. The formation of
v-Fe,05 and a-FeOOH at two different growth temperatures
of 130 °C and 200 °C is clearly observed as the following
reaction mechanism:

For the y-Fe,05 at 130 °C:

)
’r @ Springer

4FeCl, + 8NaOH + O, — 2Fe,0, + 8NaCl + 4H,0. ()

When the reaction temperature increased from 130 to
200 °C, we obtained an a-FeOOH nanomaterial in two steps
as follows:

FeCl, + 2NaOH — Fe(OH), + 2NaCl. ?3)

Fe(OH), + O, —» FeOOH + H,O0. 4)

Figure 1a shows single-phase y-Fe,0; oxide formation
according to the obtained peaks at 41° (119), 35° (206),
50° (0012) and 74° (402) which are assigned to a tetrag-
onal structure depending to the standard JCPDS card no.
25-1402.

However, Fig. 1b shows the formation of the a-FeOOH
hydroxide phase according to the pure orthorhombic struc-
ture peaks found at 24° (110), 38° (012), 42° (111) and 62°
(221) depending to the standard JCPDS card no. 29-0713.
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Fig.6 The Tauc’s plots of (ahv)? versus photon energy (hv) for y-Fe,05 and a-FeOOH nanofibers

The fitting results for lattice parameters are summarized in
Table 1; which is in agreement with their JCPDS reference
cards [15, 28, 41].

The iron oxide (y-Fe,05) and hydroxide (a-FeOOH)
samples were also analyzed using Raman spectroscopy
(see Fig. 2). Figure 2a displays the Raman spectrum of the
v-Fe,05 nanomaterial with the distinct broad bands around
212, 272, 350, 380, and 570 cm™! [42, 43]. Figure 2b shows
three quasi-broad bands at 212, 271 and 383 cm™! [24]; the
first two wavenumbers are linked to the hematite structure
while the peak around 386 cm™' is attributed to the E I
symmetrical stretching mode for Fe-O—Fe/~OH band in the
same direction. These are in agreement with similar reports
from earlier studies [44, 45].

The morphology and the size distribution homogeneity
of the as-obtained nanostructured products were also exam-
ined by FESEM and HRTEM techniques as shown in Fig. 3.
The micrographs (at high and low magnification) clearly
show nanofibers formation with circular bases (nanorods)
for y-Fe,O5 having a diameter of ~32 nm and a 300 nm
length (Fig. 3a, b). However, when the growth temperature
increases (from 130 to 200 °C), the structural phase and
the morphology change to a-FeOOH with regular trigo-
nal nanofibers having ~50 nm diameter and 500 nm length
(Fig. 3c, d). These latter morphologies have been confirmed
through HRTEM images shown in the inset figure where
trigonal edge-based nanofibers, for example, were clearly
illustrated. In addition, for the nanofiber, size distribution is
shown in histograms which are presented in Fig. 3e, f. The
results clearly prove that the hydrothermal growth tempera-
ture has a significant effect on the products morphological
and structural properties.

In general, specific surface area (SSA), pore diameter
and pore volume of any material play also an important role
in materials’ electrochemical performance. Therefore, the
porous nature of our iron oxide and hydroxide nanofibers

was investigated using nitrogen physisorption analysis. The
adsorption—desorption isotherms of the as-synthesized prod-
ucts were of type IV with a hysteresis loop recorded at a
relative pressure (P/P,) between 0.7 and 1 characterizing the
mesoporous textural products as exhibited in Fig. 4 [40, 46].

BET SSA values of 129 m? g~! and 23 m? g~! were
obtained for the iron oxides (y-Fe,O;) and hydroxides
(a-FeOOH), respectively. The Barrett—Joyner—Halenda
(BJH) pore size distribution curves confirmed the forma-
tion of a mesoporous material with maximum pore diam-
eters between 3 and 17 nm (<50 nm) and associated pore
volumes of approximately 0.28 cm® g=! and 0.1 cm?® g7/,
respectively. Thus, the relatively high SSA and pore volume
of the y-Fe,05 nanorods provides the possibility for efficient
ions transport, leading to high electrochemical capacity [47].
The textural mesoporosity of the nanofibers aids the feasible
movement of ions as active charge storage sites for electro-
chemical reactions at higher current density [48].

Furthermore, in comparison with the FESEM and
HRTEM analysis results, it is likely that the high specific
surface area recorded for the iron oxide nanorods is due to
its smaller sized cross section (32 nm) and the arrangement
in the products in comparison with hydroxides (50 nm).

Optical properties

Optical absorption and electronic structure of the synthe-
sized iron oxide-based nanofibers were estimated using
UV-visible absorption spectroscopy as shown in Fig. 5,
which depicts the absorbance spectrum as a function of
wavelength for the iron oxide and hydroxide nanofibers in
the range of 190-1100 nm giving the existing electronic
transition. This figure shows clearly the difference in the
absorbance degree of both Fe-based nanofibers. Gener-
ally, three kinds of electronic transition occur in the pro-
cess of light absorption; from Fe** ligand to metal charge

]
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5 mV s~ scan rate, c—f for all products at varying scan rates

transfer (250-400 nm) along with contribution of Fe3*
ligand field transition (290-310 nm), pair excitation process
(400-600 nm) of magnetically coupled Fe** ions [21, 49].
In our case from these results, three-strip broad absorption
band of a-FeOOH nanofibers are mainly located in an area
away from UV.

One of these bands is a ligand to metal charge transfer
located in the wavelength range of 290-310 nm and the
second region in the 360-380 nm range is linked to the

@ Springer

contribution of Fe** ligand field transition. The obtained
peaks at 290 and 370 nm correspond to the transition of a
pure goethite structure [50]. For y-Fe,O;, the absorbance
curve shows a band at around 370 nm, as saturated band
below 400 nm which is due to a paired Fe’*—0~2 charge
transfer as reported by previous studies [51].

The optical energy bandgap (E,) is one of the important
electrical parameters. In general, it is the minimal energy of
an absorbed photon to generate free electron—hole couple
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Table 2 Comparison of the specific capacity and cycling performance depending on the synthesis method, the electrolyte and the electroactive

material morphology

Products Synthesis method Morphology Electrolyte Cs (mAh g™') Cycling perfor- References
mance

y-Fe, 04 Hydrothermal Nanofibers KOH 330 73% Our results
a-FeOOH 69 99.8% (2000 cycles)

Fe;0,/AC Precipitation Nanocomposite KOH 247 93% (1000 cycles) [58]
CC-CNT@Fe,04 Aqueous reduction Nanocomposite KOH 226 - [59]
K-FeOOH/Fe;0,/SS  Hydrothermal KOH 396 - [60]

3D Fe,05/Fe;0, In situ chemical reaction LiPF6 797.9 - [58]

v-Fe, 05 Solvothermal Microspheres LiPF6 201 93% (1000 cycles) [61]
PANI/a-Fe,04 Nanocomposite H,SO, 29 Fig 94% [62]
CoFe,0, Hydrothermal Spinel NPs KOH 442 98% (6000 cycles) [55]
FeOOH@MnO, Solution approach Core—shell KOH 178 90% (3000 cycles) [23]

in conductance and valence bands. The optical E, can be
determined through the Tauc—Mott (TM) plot and the rela-
tionship between the absorption coefficient and the incident
photon energy experimentally was obtained using Tauc’s
formula [21, 51, 52]:

(ahv)' = AGhv — E,), 5)

where a is the absorption coefficient, A is a constant and n
is a constant depending to the transition nature of the energy
bandgap (n equals to 2 and 0.5 for direct and indirect tran-
sitions, respectively) [53]. The optical bandgap values are
obtained by extrapolating the linear portion of the curves
plotted between (ahv)? and (hv), to intersect X-axis. The
estimated values of E, from Fig. 6 are 2.18 and 2.23 eV for
v-Fe,05 and a-FeOOH, respectively. It can be noticed that
this E, energy was found to be increased with increasing
the temperature growth, which can be associated with the
structural composition and crystallite size. These obtained
values are almost similar to those reported in other related
studies in the literature [21, 50].

Electrochemical properties

Cyclic voltammetry (CV) tests are used to study the energy-
storage mechanism of our synthesized iron oxide and
hydroxide-based nanofibers via a template-free hydrother-
mal method. For faradic-type materials (transition metal
oxides and hydroxides), the presence of redox peaks provide
relevant electrochemical (EC) information, such as electron
transfer kinetics and adsorption process in relation to the
redox process thermodynamics [14].

Figure 7 displays the obtained CV curves of the iron
oxide (y-Fe,0;) and hydroxide (a-FeOOH) nanofibers at
different scan rates with and without AC addition in the

potential range from 0 to 0.6 V (vs. Hg/HgO). These curve
shapes indicate clearly that our synthesized electroactive
nanofibers have faradic redox behavior through pair of
redox peaks observed at around 0.5 V and 0.35 V which
correspond to possible change of oxidation state between
Fe?* and Fe** [54]. It is also noted that the peak currents of
these CV curves increase with increasing scan rates which is
in accordance with previous electrochemical investigations
[40, 55]. In addition, the reduction and the oxidation peaks
undergo evident shifts with a potential separation between
these peaks [56].

Furthermore, the area under these CV curves is clearly
much larger in the case of iron oxide (y-Fe,05) in compari-
son to those of hydroxide (a-FeOOH) (Fig. 7b) in both cases
with and without AC addition. This depicts the ability of the
y-Fe, 05 to store more charge as compared to the a-FeOOH
[57]. The influence of the NiF template on the electrochemi-
cal performance is negligible which is shown in Fig. 7a.

Table 2 presents a comparison of the electrochemical
performance of different Fe-based nanomaterials with the
charge storage ability of our synthesized nanofibers. The
results obtained in the current study confirm the importance
of carefully selecting the synthesis temperature in relation to
the specific phase of the Fe-based nanomaterial. In addition,
the novelty of our results lies once again in using a facile
template-free hydrothermal method in aqueous electrolytes.

Figure 8a shows the plots of peak current () for both
anode and cathode versus square root of scan rate @, A
linear relationship is obtained which reveals and confirms
that these faradic reactions are controlled by proton diffusion
which is in agreement with previous works in the literature
[40]. However, Fig. 8b shows the relationship between the
change in peak potentials difference, AE, (E,,, — E,) and
the scan rate (v). We found that most AE, values are less
than 200 mV at further lower scan rate (v <50 mV s~!) in
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all products thus confirming the reversibility of the redox
phenomena kinetic as reported in earlier studies [63].

The galvanostatic charge/discharge (GCD) tests for the
y-Fe,05 and a-FeOOH electroactive nanofibers with and

=
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without AC at 1 A g~! in a potential range [0-0.6 V] are
shown in Fig. 9a. The shape of these obtained curves also
confirms the presence of a Faradic-type charge storage
mechanism and thus the corresponding specific capacities
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are calculated. Figure 9b shows the specific capacity as a
function of gravimetric current density with the y-Fe,O;
nanorods exhibiting a better specific capacity ~ 164
mAh g~! as compared to a-FeOOH trigonal nanofibers (51
mAh g™!). An evident gradual decrease in specific capac-
ity with increasing gravimetric current density confirms a
diffusion limitation of the electrolyte ions due to insuffi-
cient interaction time with active sites within the nanofibers
[40, 64, 65]. Thus, only the outer active surfaces of these
iron-based nanofibers are used for charge storage at fast
charge—discharge rates [66]. The observed improvements
in charge storage capability in the oxide material is linked
to the higher specific surface area values of y-Fe,O; which
is five times higher than that of a-FeOOH. These pore sites
act as ion-buffering reservoirs and transport channels for
efficient charge storage. Furthermore, the favorable struc-
tural and morphological characteristics of the synthesized
iron-based nanofibers contribute to minimizing the diffu-
sion distance which may accelerate the kinetic process of
the ion diffusion in the electrode to interior surfaces. They
also allow rapid ion and electron transportation process,
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which leads to the exhibited higher electrochemical perfor-
mance [48, 67].

Figure 9¢ shows the cyclic stability of our both y-Fe,0;
and a-FeOOH nanofibers from the capacity retention as a
function of cycle number at 30 A g~! current density for up
to 2000 charge—discharge cycles. In the case of y-Fe,O5-
based electroactive material, a 73% capacity retention was
recorded corresponding to a discharge capacitance of ca. 123
mAh g_l. However, for the a-FeOOH electroactive mate-
rial, a high capacity retention around 99.8% was obtained
but with a relatively lower capacity retention of about 26
mAh g~!. Thus, these results confirm exactly our previous
investigation.

EIS measurements were carried out to further evaluate
the electrochemical behavior of the synthesized mesoporous
nanofiber material electrodes. Figure 10 presents the Nyquist
plots obtained for our products which prove that the y-Fe, 0,
nanofibers show best product before and after their cycling
test with and without AC.

A semi-circular arc in the high-frequency region
accompanied with a slightly inclined vertical line in the
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Fig. 10 a, b Nyquist plots for y-Fe, 05, a-FeOOH with and without AC, ¢ for y-Fe,O;, a-FeOOH after cycling, d their equivalent circuit
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low-frequency region is observed. The charge transfer
kinetic normally occurs at intermediate to high-frequency
range, whereas ionic diffusion (mass transfer) takes place in
the low-frequency range [29, 40, 68]. More so, to explain the
individual processes and associated impedance parameters,
an equivalent circuit of our EIS measurements containing a
combination of equivalent series resistance (ESR), electri-
cal double-layer capacitance (Cy;), charge transfer imped-
ance (R.), a frequency-dependent Warburg resistance (W),
pseudocapacitance (Cp) and leakage resistance (R,) has been
modeled [28, 29, 40, 68] and shown in Fig. 10d.

Therefore, the obtained EIS data have been fitted
according to the proposed equivalent circuit shown in
Fig. 10d which was depicted at the high-frequency region
by the intercept at real part of the impedance axis (Z,).
The series resistance (R,) is a combinational resistance
of electrolyte ionic resistance, current collector intrin-
sic resistance and interface contact resistance between
the electroactive nanofibers and the current collector
[40]. Also, the semi-circular curve could be seen, whose
diameter represents the charge transfer resistance (R,,)
caused by the faradic phenomena on the grain surface
and a straight inclined line in the lower frequency region
which represents the Warburg element (W) linked to the
semi-infinite diffusion transport of counter ions between
the KOH electrolyte and the electroactive pores during
the redox reactions [55]. Therefore, on the basis of these
fitted data, the values of R, and R, were calculated and
are presented in Table 3. These results confirm also that
our y-Fe,0; nanorods showed better electronic transport
and lower charge transfer resistance than that of a-FeOOH
trigonal nanofibers due to their physico-chemical proper-
ties shown previously, which help the diffusion of ions
inside the electroactive material.

The R, value recorded after 2000 cycles was seen to be
slightly increased from 0.4 to 0.5 € for the y-Fe,O; material
electrode and 0.64 to 1.3 Q for a-FeOOH electrode. This is
possibly due to the loss of some active material adhesion
with the NiF current collector or the dissolution of these
oxides during the charge/discharge cycling [28, 69]. On
the other hand, it is observed that the AC addition to the
electroactive synthesized materials improved more their
conductivity.

Table 3 Fitting parameters of equivalent circuit for iron oxide and
hydroxide before and (*) after cycling

Electrode R, (Q) R, ()
v-Fe, 0, 0.32 (0.47%) 0.4 (0.5%)
a-FeOOH 0.57 (0.67%) 0.64 (1.3%)
v-Fe,O,/AC 0.37 0.4
a-FeOOH/AC 0.49 0.53

* @ Springer

Conclusion

In this study, the as-synthesized y-Fe,O; and a-FeOOH
nanofibers with different morphology (nanorods and trigo-
nal nanofibers, respectively) were shown with interesting
optical and electrochemical performances. Precisely, the
y-Fe, 05 nanofibers present better electrochemical proper-
ties compared to those of a-FeOOH hydroxide due to their
effective mesoporous textural character with high specific
surface area and pore volume (129 m? g='/0.28 cm® g7 !,
respectively) which makes them more attractive as electrode
materials for energy-storage devices.

Furthermore, comparing a pure y-Fe,0;, a-FeOOH and
their mixture with AC conductive additives, we found that
the y-Fe,0,/AC mixture possessed a higher specific capac-
ity of ~330 mAh g~!, which opens a new pathway to the
development of high-performance supercapacitors due to
their good stability, fast ion transport and diffusion rate in
alkaline aqueous electrolytes.

Consequently, the present work offers simple, effective
template-free synthesis approach in producing novel iron-
oxide-based nanofibers with interesting optical and elec-
trochemical properties. Further work is still on going to
adopt the results obtained from the optical characterization
for optoelectronic device applications.
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