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ABSTRACT: 1D porous ultrathin nanoribbons of hematite (a-Fe,0;) were prepared by controlled annealing of different oxides
and hydroxides of iron obtained from a solvothermal synthesis method. It is found that calcination at a temperature of 500 °C for
150 min decomposes these iron hydroxides into their most stable oxide form, i.e., a-Fe,O;. Driven by different attractive forces,
these porous a-Fe,0; nanoparticles get aggregated in an ordered fashion to form an ultrathin 1D nanoribbon structure, as
observed by detailed time dependent TEM and HRTEM analysis. It has been found that the high aspect ratio and porous surface
morphology of these nanoribbons have significantly improved their electronic and spintronic properties as manifested by their
photocatalysis, gas sensing, electrochemical, and magnetic behaviors. These hematite nanoribbons exhibit a weak ferromagnetic
behavior due to surface spin disorder and shape anisotropy. Lateral confinement of electrons increases the band gap of the
nanoribbons, as evident from the UV absorption analysis, which in turn improves their photocatalytic degradation efficiency (rate
constant ~0.95 h™') by delaying the electron—hole recombination process. However, their liquid petroleum gas sensing
properties have been found to be mainly governed by the improved (porous) surface of the hematite nanoribbons that provides
huge interaction sites for the analyte gas. Most of all, these hematite nanoribbons show a significantly enhanced pseudocapacitive
performance exhibited by their high specific capacitance of about 145 F g™" at a current density of 1 A g™', high rate capability,
and also long cycle stability (nearly 96% of capacity retention after 1600 charging/discharging cycles).
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1. INTRODUCTION

Fabrication of different nanostructures of some semiconducting
multifunctional materials has always fascinated researchers
because of their versatile range of scientific and technological
applications.' > However, the large scale synthesis and also
search for some new type of multifunctional materials remains a
challenge to the research communities. Among the other
transition metal based oxide materials, hematite (a-Fe,O;) has
proved itself as the best candidate for multifunctional
applications and it has been investigated extensively because
of its unique semiconducting properties and different
morphology dependent properties that evolve when their size
is reduced to a nanometer scale.*”® a-Fe,O; is an n-type
semiconductor with an optical band gap (Eg) of 2.14 eV and
has been considered to be the most stable iron oxide under
ambient condition.” Due to its higher thermal stability, low
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toxicity, and also low production cost, this material has gained
extra research attention for its versatile applications in magnetic
. .8 . 4,9,10 410 .
recording devices,” photocatalysis, gas sensors,”  pig-
ments,* water splitting,12 photodetectors,13 field emission
devices,"*!'
solar cells’® and their storage through anode material for
supercapacitors and Li-ion batteries.”"” Deeply motivated by
these intriguing applications, various interesting nanostructures
. I8 3,68 4 16
like nanoparticles,”” nanowires, nanotubes,” nano rods,
6 . s 19
nano belts,” nano rings,” nano-hollow spheres,
bridges,"> nano flakes,"> etc. of @-Fe,0; have been studied
and they have been found to exhibit shape and morphology

and more importantly in energy harvesting via

nano
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dependent unique physical and chemical properties. However,
as surface effect becomes dominant in the nano regime,
nanostructures that have higher surface to volume ratios and
high porosity are more preferable for applications like gas
sensing, photocatalytic and electrochemical supercapaci-
tors.'”** Actually, this porous surface provides more channels
for gas diffusion or mass transport compared to their solid
counterpart that enhances their reaction capability and
ultimately their performance.”' In the case of photocatalytic
degradation, these pores help for efficient separation of
electrons (e”) and holes (h*), which otherwise recombine,
thus enhancing catalytic efficiency.”® On the other hand, the
porous surfaces of the pseudocapacitor materials and the
electrode materials of Li-ion batteries enable diffusion of charge
carriers like electrons and cations into and out of it at a higher
rate, leading to higher specific capacitance and power density.'”
For these specific reasons, fabrication of 1D porous
nanostructures of hematite have gained extra attention because
of their large aspect ratio and unique morphology. Moreover,
this surface morphology can also be tailored by suitably
choosing the synthesis procedures. There are several techniques
available for the large scale synthesis of 1D porous hematite
nanostructure that are mainly based on template assisted or
non-temple chemical routes. However, nontemplate methods
like precursor calcination of some hydroxides and carbonates to
fabricate porous nanostructures has some extra advantages
considering large scale and economical production.*"

In this present work, we have prepared the 1D porous
ultrathin a-Fe,O; nanoribbons by a precursor-calcination
technique and investigated their morphology dependent
various electronic and magnetic properties. This method of
synthesis is much more preferable because it does not need any
type of template and can be performed at comparatively lower
temperatures. Magnetic properties of these nanoribbons have
been found to be strongly affected by the surface spins. Their
porous structure and higher surface to volume ratio due to
unique 1D structures significantly enhances their photo-
catalytic, gas sensing, and electrochemical properties, as
observed in our research. To the best of our knowledge there
has been no such report on the detail study of the
multifunctional properties of 1D porous a-Fe,O; nanoribbons
till now.

2. EXPERIMENTAL SECTION

2.1. Synthesis of 1D Porous a-Fe,0; Nanoribbons. Here we
have synthesized the 1D porous a-Fe,O; nanoribbons by a
solvothermal method followed by successive heat treatment of the
products. First of all, 2.4 g of FeCl;, 6H,0 was mixed in a 60 mL
mixture of ethylene glycol and alcohol (2:1) and was stirred
magnetically. Then, 1.06 g of urea and 4 mL of oleylamine were
added in the solution and the mixture was stirred for 30 min until a
complete homogeneous mixture was formed. Then, this mixture was
transferred into an 80 mL Teflon lined stainless steel autoclave for the
solvothermal procedure. The solvothermal synthesis was carried out
for 12 h at a temperature of 180 °C. After the autoclave cooled, the
resultant light yellow colored solution was collected and washed in
alcohol several times followed by drying in an oven at 65 °C overnight.
Finally, this powder sample (precursor) was annealed in a furnace at a
temperature of S00 °C for different annealing durations (30, 60, 10,
and 150 min). Unlike in other processes for producing a-Fe,O;
through calcinations, here we have changed the annealing duration
whereas the annealing temperature remains fixed. However, we have
chosen only three samples, the precursor, 60 min annealed, and 150
min annealed for further characterization.

2.2. Characterization Techniques. The crystallographic nature
of the samples was investigated through X-ray diffraction (Panalytical
X’pert pro diffractometer). The morphological and crystalline natures
of the samples were studied by transmission electron microscope
(TEM, FEI TECNAI TF20ST), high resolution TEM (HRTEM), and
selected area electron diffraction (SAED) methods. The elemental
composition of the as-prepared nanoribbons was analyzed with X-ray
photoelectron spectroscopy (XPS). The magnetic property of the
hematite nanoribbons at room temperature was measured in a
superconducting quantum interference device (SQUID Quantum
design) up to a magnetic field of +20 kOe. Optical properties of the
samples for band gap calculation and also for photocatalytic efficiency
measurement were studied using an ultraviolet—visible spectrometer
(SHIMADZU UV-2450). The specific surface area of the hematite
nanoribbons and also the pore size distribution was measured by N,
adsorption—desorption isotherms using Autosorb 1 Quantachrome by
the Brunauer—Emmett—Teller (BET) and Barret—Joyner—Halenda
(BJH) methods. Prior to the analysis, the powders were degassed at 60
°C and at 1 X 107* Torr for 1 h. The gas sensing property of the
nanoribbon sample was measured by using a mixture of Ar and oxygen
gas in the ratio of 4:1 instead of air and by recording the current by a
Keithley source meter (Model: 2400). For this purpose, we made a
thin film of the nanoribbon sample on a glass substrate and then the
current was measured between two top Au contacts (each having 1
mm of diameter and placed S mm apart) at a bias voltage of S V.
Finally, the electrochemical properties of the hematite nanoribbon
sample were investigated with cyclic voltammetry (CV) and
galvanostatic (GV) charge/discharge tests by using a software
controlled conventional three-electrode electrochemical cell (potentio-
stat AutoLab-30) consisted of the as-prepared sample as the working
electrode, saturated Ag/AgCl as the reference electrode, and a high
purity Pt wire as the counter electrode in a 1 M KOH electrolytic
solution, at room temperature. To prepare the electrode, the as-
prepared nanoribbon sample, acetylene black, and a binder Na—
carboxymethyl cellulose (75:15:10) were mixed in de-ionized water to
form a slurry. The slurry was then pasted on a copper foil with a blade
and was dried in a vacuum oven at 90 °C for 12 h. The CV
measurements were performed at different scan rates of 2, 5, 10, 20,
30, 50, and 100 mV s7, at room temperature. GV charge/discharge
measurements were conducted at different current densities of 1, 2, 3,
6, and 12 A ¢! within a potential window in the range from —0.1 to
+0.45 V to evaluate the specific capacitance, power density, and energy
density. The GV charge/discharge method was also employed to test
the long-cycle stability of the electrode materials during 1600 cycles at
current densities of 1 and 6 A g™

3. RESULTS AND DISCUSSION
3.1. Crystallography and Morphology. The crystallinity

and phase of the samples at different states of sample
preparation was analyzed using X-ray diffraction. The XRD
patterns of the samples obtained after the solvothermal method
(precursor sample), after 60 min, and after 150 min of heat
treatment are shown in Figure 1.

The XRD pattern of the powder sample obtained after the
solvothermal method, termed as “precursor” (spectrum i in
Figure 1), consists of a mixture of akagenite (S-FeOOH),
goethite (a-FeOOH), maghemite (y-Fe,0O5), and hematite (a-
Fe,0;) phases (JCPDS card numbers 34-1266 for f-FeOOH,
29-0713 for a-FeOOH, 39-1346 for y-Fe,0;, and 89-0597 for
a-Fe,0; phases).>*° However, after 60 min of annealing of the
precursor sample, a mixed phase of maghemite and akagenite
had been formed (spectrum ii in Figure 1). Interestingly, after
150 min of annealing of the precursor sample in ambient
atmosphere, the final sample shows the XRD peaks (spectrum
iii in Figure 1) that can be perfectly indexed to a pure
rhombohedral phase (space group R3c) of a-Fe,O; (JCPDS
No. 89-0597, a = 5.039 A, ¢ = 13.77 A) without the presence of
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Figure 1. X-ray diffraction patterns of (i) precursor, (ii) sample
annealed for 60 min, and (iii) sample annealed for 150 min.

any other impurity phases. The brick red color of the 150 min
annealed sample also confirms the formation of hematite.
Therefore, this study confirms the formation of hematite (a-
Fe,0;) after 150 min annealing of the precursor sample.
After the confirmation of crystallinity, the morphological
analyses of the samples were carried out using TEM and
HRTEM. Here some of representative resultant micrographs
are shown in Figure 2 and the morphological changes in other
intermediate stages (for 30 min and 105 min annealing
durations) are given in the Figure S1 (Supporting information).
The TEM image of the product obtained after the
solvothermal process is shown in Figure 2a. From this image,
it is evident that the precursor sample consists of a mixture of
nanoparticles and nanorods of different dimensions and aspect
ratios, respectively. As the as-prepared sample composed of

different oxides and hydroxides of iron (evident from the
crystallographic analyses), they have different crystallization
shape, size, etc, which is why we have a mixture of
nanoparticles and nanorods for the precursor sample. However,
the 60 min annealed sample mainly composed of nanoparticles
have sizes in the range of 20—30 nm. Although the 60 min
annealed sample mainly consists of akagenite that has some
rodlike crystalline structure, we got nanoparticles, which can be
due to the breakage of nanorods into nanoparticles during high
temperature annealing procedure. Upon minutely observing, it
can be noticed that these nanoparticles have lots of pores that
may be generated due to removal of surface adsorbed H,O or
CO, during the annealing process.”" Finally, the TEM image of
the 150 nm annealed sample (confirmed as hematite through
XRD analysis) shows ribbonlike structures with an average
width of ~12 nm as depicted in Figure 2c. These hematite
nanoribbons are also porous in nature, which can be seen from
Figure 2d. In all other annealing durations, i.e., for 30 and 105
min annealing durations, we have found mixtures of samples
having various morphologies, such as mixture of nanorods and
nanoparticles were obtained after 30 min annealing and a
mixture of nanoparticles and nanoribbons after 105 min of
annealing (Supporting information, Figure S1). So, these
annealing durations can be considered as the intermediate
stages for the formation of nanoribbons. The crystalline phase
of the nanoribbons has been confirmed further through high
resolution TEM as shown in Figure 2e. The average separation
between two consecutive crystal planes has been found to be
0.25 nm that solely corresponds to the [110] crystalline
direction of a-Fe,03.%"® Figure 2f represents the SAED pattern
of the hematite nanoribbons that concludes the single

A

Figure 2. TEM images of (a) precursor, (b) sample annealed for 60 min, (c) sample annealed for 150 min samples, and (d) enlarged version of
image c to show the porosity of the materials. (e) High resolution TEM image of the 150 min annealed sample and the corresponding SAED pattern

).
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Figure 3. Proposed formation mechanism of 1D porous hematite (a-Fe,0;) nanoribbons.

crystalline nature of these nanoribbons. The valence state of
iron in a-Fe,O3 nanoribbons was further confirmed by X-ray
photoelectron spectroscopy (XPS) (Supporting information,
Figure S2) in which the Fe 2p;,, and Fe 2p, , peaks centered at
711.1 and 724.4 eV, respectively, with another tiny satellite
pea51<17at 719.2 eV correspond to the Fe’* oxidation state of
Fe.”

3.2. Formation Mechanism. From the XRD, TEM, and
HRTEM analyses, it can be confirmed that the thermal
decomposition of different iron oxides and hydroxides at higher
temperature leads to the formation of 1D porous a-Fe,O,
nanoribbons. However, investigating TEM images at different
stages of nanoribbon synthesis, the formation mechanism of the
nanoribbons can be summarized as follows: during the
solvothermal synthesis phase, ferric chloride in presence of
EG, alcohol and urea forms different oxides and hydroxides of
iron under higher temperature and pressure, as is evident from
the XRD analysis. However, the presence of nanoparticles and
nanorods (Figure 2a) is mainly due to different crystallization
shapes of these oxides and hydroxides, such as the rodlike
structure corresponding to the B-FeOOH crystals. After
annealing at 500 °C for 60 min, the unstable phases like
maghemite and goethite disappear, and only the akagenite
phase predominates. However, such a high temperature breaks
the nanorods into smaller crystals, resulting in variable sized
nanoparticles at this stage (Figure 2b). Simultaneously, a higher
temperature decomposes the absorbed hydroxide and carbo-
nate in the form of H,O and CO,, thus creating pores within
the nanoparticles. Finally, after further heating at 500 °C for
another 90 min (total 150 min), the f-FeOOH decomposes to
form nanoparticles of a-Fe,O;. Now, the exact mechanism
behind the formation of final 1D nanoribbon structure from the
primary particles is very difficult to explain. However, various
independent factors such as crystal face interaction, electrostatic
and dipolar attractions, van der Waals forces, formation of
hydrogen bonds, etc. among the primary particles have been
proposed to be responsible for this type of self-assembly.”>**
So, we can assume that these various interactions between these
hematite nanocrystals align them in a chainlike form to produce
the final nanoribbon structure (Figure 2c). The schematic
diagram of the proposed formation mechanism of the hematite
nanoribbons is shown in Figure 3.

3.3. Magnetic Properties. The room temperature
magnetic hysteresis loop of the a-Fe,O; nanoribbons is

shown in Figure 4. The nanoribbons show weak ferromagnetic
behavior with very low saturation magnetization (M, ~ 3.42

4
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Figure 4. Room temperature hysteresis loop of a-Fe,O; nanoribbons.
The inset shows the enlarged portion of the loop near zero fields.

emu/g) and coercive field (H, ~ 96 Oe), which is in good
agreement with other reports where different a-Fe,0;
nanostructures have been found to show very weak room
temperature ferromagnetism (RTEM).>'*#**** Bulk a-Fe,0; is
antiferromagnetic in nature with a Neel temperature and Morin
temperature of 950 and 260 K, respectively. However, weak
ferromagnetic behavior of the hematite nanoribbons can be
ascribed to the surface spin disorder due to broken bonds, self-
grown oxygen vacancies, etc. as already observed in many other
hematite nanosystems.>'* Actually, it has been reported that
these oxygen vacancies can induce ferromagnetism by destroy-
ing the antiferromagnetic interaction between two neighboring
Fe** sublattices. Similarly in our case, the hematite nanoribbons
have lots of crystalline defects, as can be seen from the HRTEM
image (Figure 2e) and also have large number of surface spins
(due to high surface to volume ratio), which can induce
ferromagnetism in the system effectively. Moreover, the
unsaturated magnetization curve even at a field of 20 kOe
can be due to large shape anisotropy of these nanoribbons.*
3.4. UV Absorption Analysis: Calculation of Band Gap
Energy (Eg). The optical properties of the nanoribbons were
studied to observe the effect of size on its band structure, which
is very important for understanding their improved function-
ality over bulk counterpart. To measure the band gap (Eg) of
the nanoribbons we have plotted (ahv)” against energy (hv) as
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shown in Figure S. The curve was then fitted with a straight line
assuming @ is proportional to (hv — E,) for a direct band gap
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Figure 5. (ahv)® vs energy plot for calculation of band gap of the
nanoribbons. The inset shows the corresponding absorption spectra.

semiconductor like @-Fe,O; where a is the absorption
coefficient and hv is the energy of photon.*®

From this fitting, the band gap (E,) of the hematite
nanoribbons was found to be ~2.28 eV (4 = 545.2 nm), which
is consistent with other reported values for hematite nano-
particles of similar dimensions.”® This band gap for the
nanoribbons was found to be 0.14 eV higher than the bulk
value for hematite (Eg =2.14 eV, A = 580.8 nm), which can be
attributed to the size effect of the hematite nanoribbons, as also
seen in case of hematite thin films.”” When hematite is
organized in a quasi-one-dimensional (1D) pattern, the lateral
confinement of the charge carriers can result in band
broadening near the charge neutrality point.”® However, this
band broadening depends on the width and also the
crystallographic orientation of the nanoribbons.””*® So, the
higher band gap of these nanoribbons increases the electron
(e7)—hole (h*) recombination process that would be effective
for their higher performance towards photocatalytic degrada-
tion, as will be discussed shortly.

3.5. Surface Area Measurement. From the TEM images
(Figure 2c,d), it is clear that the nanoribbons have highly
porous surface structures, which may improve their activity
when applied as a catalyst in photocatalytic degradation and
also as a gas sensor where surface plays the lead role. Actually,
in these cases, a higher surface offers more active sites for the
reactions to take place and thus increases the reaction rate.
Moreover, the porous surface enhances the possibility of
separation of photo-induced electron—hole pairs, which
otherwise would have been recombined before the actual
reaction.’* Therefore, before any type of surface related
applications of these nanoribbons, it is necessary to determine
their exact active surface area and also their porosity. Here we
have measured the specific surface area and pore size
distribution of these nanoribbons from the N, adsorption/
desorption isotherms in terms of Brunauer—Emmett—Teller
(BET) and Barret—Joyner—Helenda (BJH) methods, as shown
in Figure 6.

This isotherm can be classified as a Type IV isotherm, which
is the main characteristic for mesoporous materials.>"** In this
isotherm, the adsorption amount increases gradually for a
relative pressure of P/P, = 0—0.3 followed by a nearly saturated
state for relative pressure up to 0.6. After that, the adsorption
amount increases again for a relative pressure of P/P, = 0.6—1.
The nanoribbons show a high specific surface area of 38 m* g™

12
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Figure 6. N, adsorption/desorption isotherms and corresponding
pore size distribution (inset) for the nanoribbons.

with a specific pore volume of 0.0163 cc g~'. The average pore
size distribution is found to be within 2—3 nm, implying a
mesoporous structure of these nanoribbons. Liu et al. have
prepared Fe,O; nanofibers with an average surface area of 12
m® g' and shown excellent photocatalytic degradation of
Methylene Blue (MB) with these nanofibers.® Similarly, the
surface area of these hematite nanoribbons is considerably
higher than the other reported values for hematite such as
hollow spindles (specific surface area of 20.8 m* g™'), hollow
hematite nanostructures (specific surface area of 16.5 m* g*),
etc. In all such cases, these nanostructures have been utilized
efficiently for different surface related applications, such as in
phenol degradation, for wastewater treatment, etc. Therefore, in
this case, we expect that these hematite nanoribbons with high
specific surface area can show higher efficiency towards
photocatalytic degradation, in gas sensing and also as
supercapacitor, ie., in all surface related phenomena.

3.6. Photocatalytic Activity. The photocatalytic activity of
the as synthesized hematite nanoribbons was measured with the
Methylene Blue (MB), which is considered the common
organic dye in wastewater released from textile industries. In a
typical experiment, 2 mg of the sample (hematite nanoribbons)
was added in a 50 mL aqueous solution of MB ([C], = 107°
M). Before UV illumination, the mixture was stirred magneti-
cally for 1 h in the dark to establish an adsorption/desorption
equilibrium between the catalyst and the MB dye molecules.
Then, the solution was placed under a 4 W UV source with 1 =
380 nm to initiate the photochemical reaction. After a certain
time interval, an about 2—3 mL suspension was collected and
centrifuged to separate the catalysts from the MB solution. At
last, the concentration of the MB solution was determined by
monitoring the maximum absorbance of MB (4,,,, = 664 nm)
using a UV—visible spectrometer. The degradation efficiency
(in %) of MB was calculated using the following formula:

: Ag — A
efficiency (%) = ———— X 100
Ao (1)
where A is the MB absorbance at 664 nm at t = 0 and A, is the
absorbance maximum after complete degradation of MB.

The photocatalytic degradation of MB solution at different
times by the hematite nanoribbons is shown in Figure 7a. The
analysis was performed in two different conditions: (a) without
catalyst and (b) with hematite nanoribbons as the catalyst. In
absence of the catalyst, the absorbance maximum of MB does
not show any significant variation upon UV irradiation. Only
9% of the degradation efficiency was observed upon continuous
UV irradiation for 135 min in absence of the catalyst, as shown
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Figure 7. (a) UV—visible absorption spectra of MB during different stages (at 15 min interval) of photocatalytic reaction and (b) photocatalytic
degradation of MB as a function of UV irradiation time ([C], = 3.2 mg L™, [catalyst] = 40 mg L™, at regular pH of 5.6).

in Figure 7b. However, when hematite nanoribbons were used
as the catalyst the absorption maximum of MB (at A = 664 nm)
was found to decrease steadily upon UV illumination without
any type of peak shift in the absorption maximum (Figure 7a).
These results suggest that the degradation and decolorization of
the MB dye is mainly due to the presence of nanoribbons
(catalyst) upon UV illumination. It has been observed that the
decolorization of the solution occurs after nearly 120 min of
UV irradiation, and the absorption maximum reduces from 0.73
(at t = 0) to 0.024 during that time. However, there was no
change in the absorption intensity upon further UV irradiation
for 30 min. The degradation efficiency of the hematite
nanoribbons was calculated to be 96.72%. Additionally, the
apparent rate constant (k) of the photocatalytic degradation of
MB by hematite nanoribbons was calculated by fitting the A,/A,
vs t plot (shown in Figure 7b) with the first-order rate equation
as given below:

A =A™ )

where Aj and A, are the absorption intensities at t = 0 and after
complete degradation of MB, respectively. For this study of
hematite nanoribbons as catalyst, the apparent rate constant
was calculated to be 0.941 h™". There are several reports on the
photocatalytic degradation of MB through a@-Fe,O; nano-
fibers,® CdS/a-Fe,03,>* TiO,,*° etc. where they have shown
that the structure (surface area) plays a crucial role for
enhancing the degradation efficiency. Higher surface and
presence of mesopores enhance the possibility of interaction
of the dye molecules with the active sites of the catalyst, thus
enhancing the degradation efficiency. Similar effects can also be
seen in our case as the nanoribbons contain mesopores with a
size distribution of 2—3 nm and also have high surface area due
to its nanostructure. Moreover, the higher band gap (E, = 2.28
eV) of these nanoribbons, as evident from the absorption study,
can keep the electrons and holes separated for longer times
through absorbing UV light, thus reducing the probability of
their recombination.>® During this time, these electrons can
effectively migrate to the surface of a-Fe,0; to form hydroxyl
radicals (*OH). At first, the oxygen radicals (*O,”) might be
formed by reaction of electrons with the oxygen adsorbed at the
surfaces of a-Fe,0; and then these *O,” might transform to
hydroxyl radicals.’”*® As the *OH is a powerful oxidant, they
could easily decompose the methylene blue within a short time.

3.7. Gas Sensing Properties. Being an n-type semi-
conductor and highly sensitive to gaseous environments, a-
Fe,0; has been used widely for detection of combustible and

toxic gases present in air. Motivated by the fact that the
hematite nanoribbons have a mesoporous structure, we have
made an attempt to see the gas sensing properties of these
nanoribbons that might be useful for fabrication of sensors.
First of all, the optimum operating temperature was measured
by sensing 500 ppm LPG within the temperature range 50—300
°C and the results are shown in Figure 8. As the dynamics of
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Figure 8. Sensor sensitivities to 500 ppm of LPG under different
operating temperatures.

sensing reaction strongly influenced by temperature, measure-
ment of the optimum reaction temperature is essential for
effective sensing applications. From the figure, one can see that
the sensitivity of the hematite nanoribbons sensor increases
gradually with increasing temperature and reaches a maximum
at a temperature of 200 °C. Therefore, 200 °C is the optimum
operating temperature and all the other LPG sensing
measurements were performed at this temperature.

The LPG sensing performance of the nanoribbons with
different concentration of gases are also performed, and the
dynamic recovery curves are depicted in Figure 9a. The
nanoribbons show a response to 500 ppm of LPG, which is
exhibited by a sharp change in current value, as shown in Figure
9a. This type of sharp change in current value upon LPG
exposure can also be seen at higher LPG concentrations,
representing a higher sensing response of the nanoribbons
towards LPG. The response, which is the relative change in the
current value in LPG exposure, can be calculated through the
expression R = I} pg/L,,, where I;pg and I; are the maximum
currents when the LPG flow is “on” and “off”,*’ respectively,
and the corresponding response curve plotted against different
concentrations of LPG is shown in Figure 9b. As evident from
the plot, the response of the hematite nanoribbons increases
steadily with increasing LPG concentrations.
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Figure 9. (2) Dynamic response curve of the hematite nanoribbon sensor at different LPG concentrations at T = 200 °C and (b) sensor response to
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Figure 10. (a) Cyclic voltagrams (CV) of a-Fe,0O; nanoribbon electrode at three different scan rates within the voltage limits from —0.1 to +0.45 V,
(b) galvanostatic charge/discharge curves for the same electrode at different current densities ranging from 1 to 12 A g™' in 1 M KOH solution
within same voltage limits as CV, (c) variation of specific capacitance, energy density, and power density at different current densities, and (d) plot of
specific capacitance as a function of cycle number for two different current densities of 1 and 6 A g™". The inset figures show the charge/discharge
profiles of the nanoribbons electrode for the first five cycles and last five cycles at a current density of 1 A g~" within voltage window from —0.1 to

+0.4S V.

For oxide semiconductors, the gas sensing property mainly
depends on the surface of the nanostructures that actually
makes contact with the adsorbed gases, i.e., type of the sensor
material, and also the type of the test gas.‘w’41 Therefore, better
sensing performance can be expected for nanostructures having
higher surface areas that are efficient for adsorbing higher
amounts of test gases. For n-type semiconductors like ZnO,
SnO,, etc, it has been already established that their sensing
mechanism, as manifested by the change in resistance, is mainly
governed by the interaction of the analyte gas with the oxygen
species mainly O~, 0?7, and O, adsorbed on their surface.***
Similarly, in our case the highly porous surface of the hematite
(n-type semiconductor) nanoribbons provide huge active sites
for the atmospheric oxygen to combine with the conduction

12001

electrons of the semiconductors (O, + e~ — 0,7, 20, +e~ —
207, etc.). Actually, these oxygen species localize the mobile
electrons from the conduction band (trapping of electrons),
thus creating a depletion layer at the surface of the
nanoribbons. Now, during the exposure in the LPG, the test
gas molecules react with these oxygen species and release the
trapped electrons.*”* As a result, the electron localization is
destroyed and there is an increase in conductivity. However,
when the nanoribbons are again exposed to air, relocalization of
the conduction electrons by the freshly adsorbed oxygen
species leads to decrease in conductivity, as observed in Figure
9a. In addition, the hematite nanoribbon sensor shows a fast
recovery within 2 s, representing its superior sensing perform-
ance again.
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3.8. Pseudocapacitive Performance. The electrochem-
ical properties of the hematite nanoribbons were analyzed in
terms of the cyclic voltammetry (CV) and galvanostatic
charging/discharging (C/D) methods. All the CV and C/D
measurements were carried out in a three electrode cell
(described earlier) in 1 M KOH solution. The cyclic voltagrams
of the nanoribbon electrode measured within the voltage limits
of —0.1 to +0.45 V at different scan rates is shown in Figures
10a and S3 (Supporting information). All the CV loops have a
distinct pair of redox (oxidation/reduction) peaks, which is due
to the conversion of Fe** to Fe>* and vice versa, during the
anodic and cathodic sweeps of voltage. These types of CV
loops are significantly different from those of the nearly
rectangular loop characteristics of the electrical double layer
capacitors.**** Pseudocapacitance in hematite mainly arises due
to the interaction of Fe®* ions with the electrolyte cations, here
K. Actually, these K" ions intercalate into and deintercalate
from the surface and almost every channel and pore of hematite
nanoribbons and interact with the Fe®" ions, resulting in its
pseudocapacitive behavior.***> However, the positions of the
redox peaks shift toward more positive and negative voltages
with an increase of the scan rate voltage. The area under the
CV curves changes significantly with increasing scan rate
voltage from 2 to 10 mV s™', representing higher capacitive
performance. It is interesting to note that the shape of the CV
curves does not change significantly with increasing the scan
rate from 2 mV s™’, indicating low polarization resistance of the
nanoribbon electrode because of the higher conductivity of
hematite (107*=107° S cm™).** Moreover, the nearly liner
behavior of the peak current in CV loops with respect to the
square root of the scan rate voltage (Supporting Information,
Figure S4) represents fast electron transfer during redox
reactions; that means the electrochemical process of the
electrode is mainly diffusion controlled instead of the kinetic
one.””*® From CV loops, it can also be seen that the currents of
the nanoribbon electrode respond sharply at the switching field,
especially at 0.45 V indicating its smaller equivalent series
resistance (ESR), which is essential for long rate stability and
higher power density of the electrode.*’

The superior electrochemical performance of this nano-
ribbon electrode is established further by galvanostatic charge/
discharge (C/D) method. As the current density plays an
important role in the capacitive performance of this type of
pseudocapacitor electrode material, we have done the charge/
discharge measurements at different current densities in 1 M
KOH electrolyte solution within the voltage range of —0.1 to
+0.45 V and are shown in Figure 10b. All the C/D curves are
characterized by fast charging and then a relatively slow
discharge after reaching the higher voltage limit (here 0.45 V)
without any significant voltage drop even at a current density of
6 A g, indicating low internal resistance of the electrode. The
slow discharge curve with nonlinear slope represents that the
faradic reactions are occurred on the surface of this hematite
nanoribbon electrode. Additionally, a higher discharging time as
compared to charging also represents higher ion/charge
transfer capability, ie., higher Coulombic efficiency (5 =
discharging time/charging time) of this nanoribbon electrode
during faradic reactions.

Now, to have a quantitative idea of the capacitive
performance of this hematite nanoribbons electrode, the
specific capacitance (C,) of this electrode material has been
calculated at different current densities from the galvanostatic
discharge curves using following equation:

I
€= m(AV/At) 3)

where I is the discharge current (A), At is the discharge time
(s) consumed in the potential range of AV, m is the mass of the
active material (or mass of the electrode material) (g), and AV
is the potential window (V).

The plot of the specific capacitance, calculated from the
galvanostatic discharge curves, as a function of current densities
for the hematite nanoribbon electrode is shown in Figure 10c.
The specific capacitance changes from 145 to 93.65 F g™" as the
current density increases from 1 to 12 A g~ with nearly 65% of
capacitance retention. Higher specific capacitance at lower
current density is mainly because at low current density cations
can intercalate on the surface and also can easily penetrate into
the innermost portion of the electrode materials through every
possible pores and channels more effectively. Specially, the
pores of the nanoribbons serve as ion buffering reservoirs that
can provide hydroxyl ions (—OH) for sufficient redox reactions
even at higher current densities.'”*® However, decrease of
specific capacitance at higher current density is associated with
the limited amount of accessible areas for cation diffusion. The
outer surface of the electrode material can only be utilized for
effective cation intercalation/deintercalation at higher currents.
Moreover, high rate capability of this hematite nanoribbon
electrode implies that the nanoribbons can withstand fast ion/
electron transfer throughout the electrode.*®

We have also investigated the energy and power response of
this nanoribbons electrode that is very essential to fabricate a
high performance supercapacitor. The energy density (E (W h
kg™')) and the power density (P (kW kg™')) have been

calculated using equations given as follows:

_1 2
E=C(aV) “

and

E
P=—
t

©)
where C; (Fg™"), AV (V), and ¢ (s) are the specific capacitance,
potential window of discharge, and time of discharge,
respectively. The variation of E and P with current densities
for the electrode has also been plotted in Figure 10c. Maximum
energy density is found to be ~6.1 W h kg™' at a current
density of 1 A g~' whereas it becomes ~4 W h kg™ at a current
density of 12 A g”', implying a good energy storage capacity.
The power density of this nanoribbon electrode reaches its
highest value of 7 kW kg™" at an energy density of 4 W h kg™".

Electrochemical stability after a large number of electro-
chemical cycles, ie, long cycle life, is another essential
characteristic for a high performance supercapacitor. The long
cycle stability of this hematite nanoribbon electrode has been
evaluated by repeating the charging/discharging measurements
at two different current densities of 1 and 6 A g™ within the
voltage range of —0.1 to +0.45 V in 1 M KOH solution as
depicted in Figure 10d. It is evident from the plots that the
specific capacitance remains almost constant after 1600 cycles
with only a 4% loss of initial maximum capacitance. The reason
behind this decrease of capacitance has been reported to be the
mechanical expansion of the electrode material due to
continuous insertion/deinsertion of the electrolytic ions into
the electrode material or may be due to dissolution of some
electrode material after such long cycles. However, in our case
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the color of the electrolyte didn’t change, i.e., no dissolution of
hematite, implying a higher electrochemical stability of this
hematite nanoribbon electrode.

4. CONCLUSIONS

In a nutshell, we have described a facile technique to fabricate
1D porous ultrathin a-Fe,O; nanoribbons and analyzed their
morphology dependent multifunctional properties. The surface
of the hematite nanoribbons is found to be highly porous in
addition to their high aspect ratio, which increases their
effective surface area. All the electronic and magnetic properties
of hematite nanoribbons have been significantly affected by
their unique morphology. The ferromagnetic nature of these
nanoribbons is mainly due to the disorder in surface spins.
However, their excellent photocatalytic degradation efficiency
and gas sensing properties can mainly be attributed to their
improved surface area due to the porous structure. Increase in
the optical band gap energy because of their narrow width also
has significant effect on their photocatalytic degradation
performance. These nanoribbons show excellent psedocapaci-
tive performance manifested by their high specific capacitance,
energy density, power density, and long cycle stability, which is
mainly because of the higher redox activity of hematite and also
due to their unique nanostructure, which allows higher
amounts of electrolyte cations to interact at the electrode
surface and also into it. So, this type of unique 1D
nanostructure of hematite having multifunctional properties
accumulated in a single material has huge prospects for versatile
fields of applications in the present era of nanoscience and
nanotechnology.
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