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ABSTRACT: Steel was anodized in 10 M NaOH to enhance
its surface texture and internal surface area for application as an
electrode in supercapacitors. A mechanism was proposed for
the anodization process. Field-emission gun scanning electron
microscopy (FEGSEM) studies of anodized steel revealed that
it contains a highly porous sponge like structure ideal for
supercapacitor electrodes. X-ray photoelectron spectroscopy
(XPS) measurements showed that the surface of the anodized
steel was Fe2O3, whereas X-ray diﬀraction (XRD) measurements indicated that the bulk remained as metallic Fe. The
supercapacitor performance of the anodized steel was tested in 1 M NaOH and a capacitance of 18 mF cm−2 was obtained.
Cyclic voltammetry measurements showed that there was a large psueudocapacitive contribution which was due to oxidation of
Fe to Fe(OH)2 and then further oxidation to FeOOH, and the respective reduction of these species back to metallic Fe. These
redox processes were found to be remarkably reversible as the electrode showed no loss in capacitance after 10000 cycles. The
results demonstrate that anodization of steel is a suitable method to produce high-surface-area electrodes for supercapacitors with
excellent cycling lifetime.
KEYWORDS: anodization, steel, nanostructure, supercapacitor, electrode, iron oxide

■

INTRODUCTION
High surface area with regular pore size and distribution, high
conductivity, stability, and a large enough potential window are
the desired properties for a prospective active material for use
in supercapacitor electrodes. The most commonly used
material in commercially available supercapacitors is carbon,
in its many forms, such as CNTs, activated carbons, and more
recently, graphene, as all these forms possess the key desired
properties. The high-surface-area active material is usually
supported by a conducting substrate/current collector (such as
nickel foam, aluminum foil, silver or copper),1−4 although,
there are some recent reports of substrate/current collector free
supercapacitors.5−9 The reported substrate/current collector
free supercapacitors are lab scale, and material handling issues
such as brittleness are the main obstacles for manufacturing
them at large scale. If a substrate/current collector is to be used,
the high surface area active material (i.e., carbon and other
desired forms of it) must have good electrical contact and
adhesion to it, especially as heavy duty supercapacitors often
use coiled up electrodes. Typically polymeric binders are used
with activated carbons in order to facilitate adherence to the
current collectors.10 However, addition of binders is known to
be detrimental to the electrodes performance, as it can reduce
the surface area and dramatically decrease the electrode’s
conductivity. Poor adhesion can also be a source of high
© 2016 American Chemical Society

contact resistance between the high surface area active material
and the substrate/current collector, which then contributes to
the overall series resistance. It is also widely known that
adhesion (provided by binders) becomes weak over prolong
use/cycling of supercapacitors in liquid electrolytes. For these
reasons, new advances that enable to overcome these
drawbacks are a hot area of supercapacitor research.
As current collectors are metallic, depending on the potential
window of supercapacitor, they can undergo electrochemical
reactions which have various degrees of reversibility, unless they
are shielded by the active material to prevent direct contact
with the electrolyte, thus it can be unstable for a large number
of charge/discharge cycles. However, if the reversibility is good,
it could be ideal for a pseudocapacitor, where the majority of
the charge storage comes from faradaic charge transfer between
the electrode and the electrolyte. If such current collector is
identiﬁed, the overall capacitance can be further enhanced by
increasing the surface area of the current collector (by
nanostructuring) and adding a larger double-layer component
to the capacitance. Nanostructuring has been achieved by many
diﬀerent methods. While chemical etching can be used to
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Sample Characterization. The anodized steel samples were
characterized using a Leo 1530 VP ﬁeld emission gun scanning
electron microscope (FEGSEM) at an accelerating voltage of 5 kV and
a working distance of 5 mm. The phase and crystallinity of the ﬁlms
were characterized using a Bruker AXS Advance X-ray diﬀractometer
with primary monochromatic high intensity Cu Kα (λ = 1.541 Å)
radiation. XPS measurements were conducted using Thermo Scientiﬁc
(model K-Alpha) spectrometer. Raman spectra were collected using a
HORIBA Jobin Yvon LabRAMHR (with a 632.8 nm He−Ne laser)
Raman spectrophotometer.
Electrochemical Characterization. The electrochemical properties of the nanostructured steel were evaluated in aqueous 1 M NaOH
in a three-electrode electrochemical cell with a Ag|AgCl|3 M KCl
reference electrode, and a platinum gauze counter electrode. The
potential of the electrode was controlled using a potentiostat
(PGSTAT12). Cyclic voltammetry was carried out in a standard 3electrode electrochemical cell in 1 M NaOH between −0.5 to 0.5 V
against Ag|AgCl|3 M KClusing Ag|AgCl|3 M KCl and Pt as the
reference and counter electrode, respectively. Impedance measurements were carried out at open-circuit potential at a frequency range of
0.01 Hz to 1 MHz.

increase the surface area, its eﬀect is more of a conformal
nature; thus it is diﬃcult to control and produce highly porous
structures required for supercapacitors. Anodization is an
alternative top-down approach, which is a commonly used
electrolytic method for surface texturing metals. In fact, it is
well-known that anodization of metals improves adhesion of
anticorrosion primer coatings. The formation of nanostructures
by anodization has been well reported for many metals, such as
Al,11 Ti,12 Hf,13 Zn,14 Ni,15 Nb,16 W,17 as well as Fe.18
In this paper, the anodization of plain steel was conducted in
order to create large surface area nanostructures so they could
be used as supercapacitor electrodes. As steel consists mainly of
Fe, similar protocols to those reported in the literature for Fe
anodization could be adopted. There are a number of reports in
the literature for the anodization of Fe, but all of these methods
make use of NH4F as the electrolyte in glycol.18−25 Parameters
such as potential, temperature, anodization time, and NH4F
concentration have been varied in order to control the
nanostructure of Fe. As the anodization process results in a
porous nanostructure, it is logical to assume that two processes
are occurring: (i) oxidation of Fe(0) to Fe(III) and (ii) the
dissolution of Fe(III) species in to the electrolyte. For the
NH4F electrolyte, the following mechanism has been proposed
in the literature18,19,21,24

■

RESULTS AND DISCUSSION
Materials Characterization. Cold-rolled steel strips were
anodized in 10 M NaOH for various time intervals as speciﬁed;
the appearance of the samples anodized for diﬀerent time
intervals can be seen in the Figure S1. For relatively shorter
anodization times (i.e., 15 to 120 min), the anodized layer
showed colorful fringes, whereas for longer anodization times
(i.e., 180 and 240 min), the color became increasingly red,
indicating that the surface may have been oxidized to Fe2O3,
which has a characteristic red color. Anodization was not
continued longer than 240 min because beyond this point, the
anodized layer started to crumble and became mechanically
unstable and was easily rubbed oﬀ. During the anodization
process, bubbles were seen on both the cathode and the anode,
which corresponded to water reduction and oxidation to
hydrogen and oxygen, respectively. The voltage and current at
the start of anodization was around 3.7 V and 1.5 A,
respectively, both of which decreased throughout the course
of the experiment. As the power supply was an analogue device,
it was not possible to monitor and record the voltage and
current with respect to time in order to determine the overall
charge passed during the anodization process. Also, as the
faradaic eﬃciency of the process was unknown, a better method
to track the progress of the reaction was by monitoring the
mass diﬀerence in the steel electrode before and after the
anodization process. A plot of mass diﬀerence as a function of
anodization time is shown in Figure S3.
During the anodization process, it was observed that the
electrolyte solution (10 M NaOH) gradually turned purple.
About 2 to 3 mL of this purple colored electrolyte solution was
collected at the end of each anodization in sample vials (see the
Figure S2). The solution was clear and purple, indicating that
the species in the solution were completely dissolved. The vials
were left in a cupboard in the dark, and after 1 week it was
found that precipitation of a red/brown solid occurred,
resulting in a clear colorless solution above the settled solid.
A Pourbaix diagram (see ref 27) was used as a guide to identify
the purple colored species in the electrolyte solution.27 The pH
of the 10 M NaOH electrolyte was estimated to be about pH
14.67. As a reference electrode was not used in the anodization
process, the exact potential was diﬃcult to track. The rapid
oxygen evolution on the anode suggests that the electrode
potential is well above 1.23 V (vs SHE). As guided by the

2Fe + 3H 2O → Fe2O3 + 3H 2

Fe2O3 + 12F− + 6H+ → 2[FeF6]3 − + 3H 2O

In this mechanism, it is the dissolution of Fe2O3 by the ﬂuoride
ion that results in the nanostructure. The majority of
applications investigated to date of anodized Fe have been
limited to use as a photoanode to drive photoelectrochemical
reactions,18,20−22,24,25 (i.e., Fe2O3 as an n-type semiconductor
electrode for photoelectrolysis). In the present work, aqueous
NaOH is used as the electrolyte for anodization.26 The method
can be easily scaled up without need of special chemical
treatments or facilities (i.e., to handle NH4F). A mechanism is
proposed for the anodization of steel in NaOH. The
supercapacitor performance of the anodized steel was evaluated
in 1 M NaOH and a capacitance of 18 mF cm−2 with series
resistances as low as 2 ohms was obtained. Furthermore, to best
of our knowledge there are no reports published for the use of
anodized steel (or Fe) in supercapacitors. The results
demonstrate that the anodized steel is ideal for use as the
negative electrode in an asymmetric supercapacitor.

■

EXPERIMENTAL SECTION

Sample Preparation by Anodization. The cold rolled steel
substrates (Q-panel) were cut in to 25 × 50 mm strips and were
ultrasonically cleaned in isopropanol and acetone for 15 min prior to
anodization. Two steel strips were immersed (45 mm) in to a beaker
containing 10 M NaOH. The steel strips were connected to the
negative and positive terminals of a DC power supply. The
anodization time was systematically varied from 15 to 240 min. The
initial voltage and current readings were 3.7 V and 1.5 A, respectively,
however, these values varied over the course of anodization. During
the anodization bubbles were produced on each electrode, which
corresponded to oxygen and hydrogen evolution on the respective
electrodes. Nanostructuring occurs on the anode, while at the cathode
a gray/black deposit was seen, and this coating was characterized to
ascertain the anodization mechanism. After the anodization was
completed, the power supply was turned oﬀ and the nanostructured
steel electrode (anode) was removed and washed several times with
deionized water and ethanol and dried.
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Pourbaix diagram for Fe,27 the dissolved species which have
been etched away from the steel is most likely to be the
ferrate(VI) ion, FeO42−, which indeed has a characteristic
purple color.28,29 The ferrate(VI) ion is the strongest watersoluble oxidizing agent, however it is not very stable in acidic or
neutral pH, but it can last for 8−9 h in alkaline solutions.30
After this period, it usually degrades back to Fe(III).30 This can
account for the observations made in our study, in which the
purple color in the solution disappeared resulting in a brown/
red precipitate at the bottom of vial, which is most likely a
Fe(III) salt.
The surface morphology of the anodized steel was
investigated using FEGSEM. The SEM images of steel
anodized for 30 and 240 min are shown in Figures 1 and 2,

to Fe(III)2p1/2, and the peak at 711.2 eV corresponds to
Fe(III)2p3/2 with its associated satellite peak at 719.5 eV. These
peaks are characteristic for hemeatite, α-Fe2O3.31 The XPS
spectrum of the oxygen region shows the presence of two
overlapping peaks. The peak at 530.1 eV corresponds to O 1s,
which is bound to Fe in the α-Fe2O3. The smaller overlapping
peak at 531.6 corresponds to O 1s which corresponds to the
oxygen contained in some organic impurities on the surface.
Quantiﬁcation of the Fe and O shows that the ratio between
them is 1:1.42, which is close to the theoretical ratio for αFe2O3, which is 1:1.5. For comparison, the XPS spectra of
unanodized steel are shown in Figures S5−S7.
The Raman spectra for the steel anodized for various times
are shown in Figure 5. For the steel anodized for 15, 30, and 45
min, broad peaks are seen at 350, 534, and 670 cm−1 with a
small shoulder at 700 cm−1. These peaks could correspond to
magnetite or maghemite.32,33 For the longer anodization times
(more than 60 min), peaks at 223, 289, 402, 491, 605, 658, and
1304 cm−1 are observed which all correspond to α-Fe2O3.31
This conﬁrms the ﬁndings of the XPS analysis.
Although only the anode was of our interest, notably,
formation of a gray deposit was observed on the cathode during
the anodization process. The SEM images of this deposit are
shown in Figure 6. It can be seen that the deposit on the
cathode consisted of cubic particles typically ranging from 100
to 300 nm in size. EDX was used to determine the elemental
composition of the deposit, which is shown in the Figure S8.
The EDX analysis showed that the particles consisted only of
Fe. This deposit of metallic Fe on the steel cathode surface is
most likely due to the reduction of the dissolved ferrate species
as a part of the anodization process.
The proposed reactions at the anode and cathode,
respectively, are shown below

Figure 1. SEM images of nanostructured steel which has been
anodized for 30 min at various magniﬁcations of (a) 10k X, (b) 50k X,
(c) 100k X, and (d) 200k X.

anode: Fe 0 + 3h+ → Fe3 +(Fe2O3)

respectively, for various magniﬁcations. From Figure 1, it can be
seen that for an anodization time of 30 min, the surface has a
randomly orientated nanowire like morphology with an average
pore sizes of around 50 nm. For the longer anodization time of
240 min (Figure 2), the anodized surface adopts a more
“sponge” like morphology. Cracks in the nanostructure are also
visible, which may indicate the loss of mechanical strength of
porous phase in certain parts of the electrode.
The XRD patterns were measured for plain steel as well as
for each diﬀerent time interval of anodization, as shown in
Figure 3. The two peaks seen at 45 and 66° correspond to the
[110] and [200] reﬂections of cubic metallic Fe, respectively
(ICDD 00−001−1262). As the anodization time was increased
from 15 to 240 min, the intensity of the [110] reﬂection
gradually decreased. However, there appears to be no such
trend for the [200] reﬂection. The decrease in the intensity of
the [110] reﬂection with the increase of anodization time
agrees with our observations in the electrolyte solution phase,
as such that Fe is gradually being etched away or being oxidized
to α-Fe2O3. The absence of reﬂections for α-Fe2O3 in the XRD
indicates that either the bulk of the material is being retained as
metallic Fe and oxidation has taken place purely on the surface,
or that the α-Fe2O3 is too amorphous to be detectable by XRD.
If the latter is the case, evidence for the presence of α-Fe2O3
should be available in the XPS analysis.
The high-resolution XPS spectra of the Fe and O regions of
the 240 min anodized steel are shown in Figure 4a, b,
respectively. In the Fe region, the peak at 724.9 eV corresponds

Fe3 + + 3h+ → Fe6 +(FeO4 2 −)
4OH− + 4h+ → 2H 2O + O2
cathode: Fe6 +(FeO4 2 −) + 6e− → Fe 0
2H 2O + 4e− → H 2 + 2OH−

Electrochemical Characterization. The performance of
the nanostructured steel was electrochemically tested to
determine its suitability for supercapacitor application. Cyclic
voltammetry of the plain and nanostructured steel (anodized
for 15, 30, 45, 60, 120, 180, and 240 min) was carried out in a
three-electrode conﬁguration in 1 M NaOH using the steel as
the working electrode and Ag|AgCl|3 M KCl and Pt as the
reference and counter electrode, respectively. A series of cyclic
voltammograms are shown in Figure 7, which were recorded at
a scan rate of 200 mV/s. A close observation of CVs of the steel
strips anodized for diﬀerent times between the window of 0−45
min reveals two anodic peaks at −0.4 and 0 V. At potentials
more positive than +0.4 V, the rapid increase in anodic current
is due to the oxygen evolution reaction. According to the
literature, the anodic peak at −0.4 V corresponds to the
formation of Fe(OH)2 and the anodic peak at 0 V corresponds
to the formation of Fe (III) oxyhydroxide (FeOOH).34 The
reduction peak at −0.05 V corresponds to the reduction of
FeOOH to Fe(OH)2, and the rising cathodic current at around
−0.4 V probably corresponds to the reduction of Fe(OH)2 to
6279

DOI: 10.1021/acsami.5b12107
ACS Appl. Mater. Interfaces 2016, 8, 6277−6285

Research Article

ACS Applied Materials & Interfaces

Figure 2. SEM images of nanostructured steel that has been anodized for 240 min at various magniﬁcations of (a) 1k X, (b) 10k X, (c) 50k X, (d)
100 k X, and (e) 200k X.

metallic Fe,34 although the potential is not scanned suﬃciently
negative to observe the peak cathodic current. The study also
proposes that the second anodic peak (at 0 V) could also
correspond for the direct conversion of metallic Fe to FeOOH,
which could be a separate pathway opposed to the sequential
mechanism. As the steel anodization time is increased further
from 45 to 180 min, there is a clear and systematic increase in
both anodic and cathodic current, which could be due to the
increase in surface area and hence double layer capacitance.
This could also correspond to an increase in pseudocapacitative
processes such as the oxidation of metallic Fe. Also, as the 1 M
NaOH aqueous electrolyte was not deaerated prior to the
capacitance measurements, there is a likelihood that a
proportion of cathodic current could also be accounted for
the reduction of dissolved oxygen, which also occurs in the
same potential range. Anodizing for longer than 180 min
showed a decrease in both anodic and cathodic currents. This
could be due to a reduction in the surface area caused by
further dissolution of nanostructured Fe2O3 in the form of
ferrate ions as discussed in the previous section.
Also, from the shape of the CVs, it can be seen that the
majority of the pseudocapacitance occurs in the negative
potential range. For this reason, the anodized steel would be

more suitable for application in an asymmetric supercapacitor
rather than a symmetric one, where it could be used as the
negative electrode and be coupled with a suitable positive
electrode material, such as Mn3O4 or CoMnO4.35,36
Electrochemical impedance spectroscopy (EIS) of the
electrodes was conducted under open circuit potential
conditions; the Nyquist plots can be seen for various
anodization times in Figure 8. For a supercapacitor, the more
vertical the line (phase angle of 90°) in the Nyquist plot, the
more ideal its capacitive behavior. From the lower frequency
range of the Nyquist plots, it can be seen that near vertical lines
are observed for anodization times ranging from 0 to 120 min,
whereas further increase of anodization times to 180 and 240
min has shown less ideal capacitive behavior at lower frequency,
as illustrated in Figure 8 by their signiﬁcant deviation from
vertical line behavior. It can be seen that there is a general trend
of the angle of the vertical line with respect to the real axis, as it
seems to decrease with the longer anodization times. The
presence of a 45° line at the higher frequencies is indicative of
transmission line behavior which is due to diﬀusion of the
electrolyte ions through the porous structure of the electrode.
The transmission line behavior seems to extend to lower
frequencies with longer anodization times, further conﬁrming
6280
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Figure 5. Raman spectra of (a) 15, 30, and 45 min anodized steel; (b)
60, 120, 180, and 240 min anodized steel.

Figure 3. XRD patterns of steel anodized for various times.

resistances of around 2 Ω, regardless of the length of the
anodization time. This could indicate that the anodization time
(i.e., electrode texture) does not signiﬁcantly aﬀect the
conductivity of the electrode. This could be linked to the fact
that the electrode surface in all cases is Fe2O3, as evident by
XPS.
Transmission line behavior is due to “semi-inﬁnite diﬀusion”
of the electrolyte in to the porous structure.37 This results in a
45° line in the Nyquist plot and this eﬀect is typically seen at
high frequency domain when the penetration depth of the
electrolyte is shorter than the diﬀusion length. In other words,
at high frequencies (shorter time scales), the pores are only
being partially ﬁlled by the electrolyte. When the frequency is
gradually lowered (longer time scale), the 45° line becomes
more vertical, indicating that the penetration depth of the
electrolyte has exceeded the diﬀusion length. Under these
conditions, the pore is being fully charged and then fully
discharged upon the AC perturbation. In the ideal circumstance
in which all pores are uniform and identical, a 90° line should
be seen, indicating that all pores are being charged
simultaneously, i.e., synchronous charging.38 However, in
reality, in the system being studied in our case, the pore sizes
are nonuniform and there is a distribution of pore sizes−this
results in asynchronous charging.38 Therefore, even at low
frequencies, there is a line that has a non-90° phase angle,
which implies that although some pores are being completely
charged, some, still, are not. This is why the angles deviate
more from 90° with longer anodization times. There are more
pores to be ﬁlled, because of higher surface area, and there is
more likely a larger distribution of pore sizes.
A plot of the phase angles of all samples as a function of Log
frequency is shown in Figure 9. The closer the phase angle
approaches to 90°, the more the device behaves like an ideal
capacitor; it is more ideal if the phase angle approaches 90° at

Figure 4. XPS spectrum of 240 min anodized steel sample showing the
(a) Fe and (b) O regions.

that the electrodes with longer anodization times have a higher
diﬀusion resistance due to higher surface area. The value of the
high-frequency real axis intercept is known as the solution
resistance. It can be seen that all electrodes exhibit solution
6281
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Practically, this means that the pores are being charged more
eﬃciently at lower anodization times compared to that of the
longer anodization times.
As the Nyquist plot showed near-vertical line capacitive
behavior, a simpliﬁed series-RC circuit model was used to
simulate the capacitive and resistive elements of the supercapacitor. In this model, the resistance is the real part of the
impedance spectrum, and the capacitance is determined using
the equation C = −1/(2πf Z″), where f is the frequency in Hz
and Z″ is the imaginary part of the impedance spectrum. The
overall capacitance as a function of frequency is shown in
Figure 10, and the overall capacitance at low frequency (0.01
Hz) as a function of the anodization time is shown in Figure 11.
It can be seen that the capacitance increased from 0.00012 to
18 mF cm−2 when the anodization time was increased from 0 to
180 min, respectively. For a longer anodization time of 240
min, the capacitance drops to 13.5 mF cm−2, most likely due to
a reduction in the surface area due to collapse in the
nanostructure due to extensive dissolution of Fe2O3. This
reduction in surface area was also conﬁrmed by a similar trend
in the CVs.
The imaginary component of the capacitance can be
separated from the real component in order to determine the
time constant of the electrochemical system. The imaginary
capacitance as a function of frequency is shown in Figure 12.
The maximum of the imaginary component of the capacitance
can be used to determine the relaxation time constant, τ0, which
is the minimum time required to discharge all the energy from
the device with an eﬃciency of greater than 50% of its
maximum value; this value is used as a factor of merit for
supercapacitors.

Figure 6. SEM images at magniﬁcations of (a) 50 kX and (b) 100 kX,
to show the morphology of the material coated on the cathode during
the anodization process (this image corresponds to the 240 min
anodization process).

τ0 =

1
fmax

The trend of the time constant with the anodization time is
shown in Figure 13. The time constant for plain (unanodized)
steel is 0.12 ms, which then increased by a factor of 10, to 1.2
ms just by anodizing it for 15 min. The time constant increased
linearly to around 25 ms as the anodization time is further
increased to 60 min. Beyond this point, there is a sharp increase
in the time constant to 80 ms for the electrode anodized for
120 min. This nonlinear behavior indicates that charging takes
increasingly longer for longer anodization times. The time

higher frequencies. There seems to be no particular trend in the
phase angle at low frequencies of 0.01 Hz, with the values
averaging around 80° for anodization times between 0 to 120
min; however, it decreased to just above 60° for anodization
times of 180 and 240 min. At higher frequencies (at around 10
Hz), a more clear trend in the phase angle can be identiﬁed.
Generally, as the anodization time increases, the frequency at
which the phase angle reaches an asymptotic value decreases.

Figure 7. Cyclic voltammograms of nanostructured steel which has been anodized for various times ranging from 0 to 240 min (left) and 0 to 45 min
(right, shown at a lower current range for clarity). Measurements were conducted in a standard three-electrode electrochemical cell in 1 M NaOH
using steel as the working electrode and Ag|AgCl|3 M KCl and Pt as the reference and counter electrode, respectively. Scan rate is maintained at 200
mV/s.
6282
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Figure 8. Nyquist plots of nanostructured steel by anodization at various times ranging from 0−240 min (left). The graph on the right shows an
expanded Nyquist plot in the high-frequency region.

Figure 11. Capacitance as a function of the anodization time of
nanostructured steel at low frequency (0.01 Hz).

Figure 9. Plot of phase angle as a function of log frequency for
nanostructured steel anodized for various times ranging from 0 to 240
min.

constant is not calculable for 180 and 240 min because of the
absence of maxima within the frequency range scanned in each
case. This suggests that the time constant must have increased
beyond 100 s, an indication of the presence of pores deep in the
nanostructure, which takes a long time for the electrolyte to
penetrate.
The stability of the 240 min anodized steel sample was tested
in 1 M NaOH for 10000 cycles as shown in Figure 14. The data
show that the anodized steel shows no signs of degradation
after 10 000 cycles, which shows that the pseudocapacitive
processes taking place on the electrode surface are highly
reversible. In fact, the capacitance seems to increase with the
cycle number.

■

CONCLUSIONS
It has been demonstrated that anodization is an eﬀective way of
nanostructuring steel in order to make high surface area
electrodes for use in supercapacitors. It was found that the
anodization process produced nanostructures because of two
main processes: (1) oxidation of metallic Fe to Fe(III), which
was conﬁrmed to be Fe2O3 by XPS; and (2) dissolution of
Fe2O3 by further oxidation of Fe(III) to Fe(VI), the ferrate ion,
which was soluble in in the electrolyte (10 M NaOH) until it

Figure 10. Capacitance as a function of log frequency for
nanostructured steel anodized for various times ranging from 0 to
240 min.
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Figure 12. Imaginary component of the capacitance as a function of log10 frequency for nanostructured steel anodized for various times ranging from
0−240 min (left). The graph on the right shows only the 0−120 min anodization for clarity. The maxima can be used to determine the time
constants (τ = 1/f max).

electrodes were then tested for application as electrodes in
supercapacitors. Three-electrode cyclic voltammetry in 1 M
NaOH showed that the pseuodocapacitive current originates
from the oxidation of metallic Fe to Fe(OH)2 and then further
oxidation to FeOOH, and the respective reduction of these
species back to metallic Fe. These redox processes were found
to be remarkably reversible as stability testing showed no
decline in the capacitance after 10 000 cycles. The capacitance
in 1 M NaOH was found to be 18 mF cm−2. The anodized steel
electrodes are suitable for application as the negative electrode
in an asymmetric supercapacitor.
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