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Abstract: The three-dimensional and porous structure of nickel foam makes it an attractive material
for employment in cost-effective electrochemical supercapacitors. This communication presents ac.
impedance spectroscopy and cyclic voltammetry electrochemical examinations of potential superca-
pacitor electrode materials, fabricated by means of simple electrochemical procedures, employed to
as-received Ni foam material. This involves the electro-oxidation and Co-catalytic modifications of
baseline nickel foam samples. Hence, the supercapacitor-type performance (as evidenced over the
examined potential range in 0.1 M NaOH solution) of base nickel foam material could extensively
be tailored by means of simple surface and catalytic refinements. The latter was evidenced through
the employment of combined electrochemical (cyclic voltammetry, ac. impedance) and SEM/EDX
(Scanning Electron Microscopy/Energy Dispersive X-Ray) surface spectroscopy evaluations.

Keywords: nickel foam; Co-modified Ni foam; supercapacitors; SuperCaps; cyclic voltammetry; ac.
impedance spectroscopy

1. Introduction

Amongst a variety of contemporary energy storage devices, electrochemical superca-
pacitors (SuperCaps) are especially well known for their low internal resistance and thus
high-power characteristics. Their principle of operation resembles that of conventional
capacitor cells, where two conducting electrodes (capacitor plates) are separated by an
insulating dielectric material. Then, when a voltage is applied to such a device, opposite
charges accumulate on the surface of each plate and an electric field becomes established.
On the other hand, for a battery device, electrical energy is stored in the form of chemical
energy of electrode reagents, and electrical charge flow between the electrodes is driven by
changes in oxidation states of anode and cathode materials, which directly occur upon the
battery charging and discharging processes [1-5].

Contrary to batteries, supercapacitors are simultaneously capable of immediately
delivering very high currents and being very rapidly charged. Moreover, their cycle
life and shelf life are significantly longer than those of batteries. On the other hand,
SuperCaps can only store a fraction of specific energy compared to that of modern battery
devices. Supercapacitors are also divided into two specific types. The first type, i.e., electric
double-layer capacitors, typically utilize the particle/solution interfacial double-layer
capacitance parameter of large surface-area carbon materials. The second type, called redox,
or ad-species supercapacitor devices, are based on Faradaic pseudocapacitance, related
to reversible surface electrosorption or redox processes, i.e., the UPD (underpotential
deposition) of H, the formation of oxide layers, etc. [3-6].

The capacitance (C) of a capacitor is defined as the ratio of the stored charge (Q) to the
applied voltage (V) across its plates:

c-3 (M)
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The so-called “specific capacitance” (given in F g~!) of the examined electrode could
then be derived from the cyclic voltammetry plots as follows:

[t
Cs = AVom

()

where the cyclic voltammetry-integrated charge is divided over the operational potential
window (AV) and the total mass of the working electrode (m). Furthermore, capacitance is
directly proportional to the surface area of the capacitor’s plate (S) and inversely propor-
tional to the distance between the plates (d), where ¢, (8.85 x 10712 Fm~1) and &, refer to
the permittivity of free space and the dielectric constant of the insulating medium between
the plates, respectively:

S
C= Sa'sr'g 3)

Highly porous, 3D nanostructured, nickel-based materials (e.g., Ni foams) are of
special importance for battery and supercapacitor devices. They not only provide an easily
modifiable (e.g., by means of the surface deposition of binary or ternary transition metal
oxides) large surface area but are also highly corrosion-resistant (under alkaline conditions)
catalyst materials [7-12].

The authors of this article provide important evidence on how inexpensive, essential
modification procedures (involving surface electro-oxidation and Co-catalytic modification)
employed to a base nickel foam electrode, could radically enhance its supercapacitor-type
electrochemical properties. Cobalt-modified nickel foam material might not only be charac-
terized by a considerably increased electrochemically active surface but also by facilitated
surface oxidation properties, in relation to its redox-type pseudocapacitance parameter.

The above was elucidated by means of electrochemical ac. impedance spectroscopy
and cyclic voltammetry examinations, supplemented by SEM/EDX spectroscopy mate-
rial analysis.

2. Materials and Methods

A 0.1 M sodium hydroxide-supporting electrolyte was made from superior quality
NaOH pellets provided by Merck and ultra-pure water produced by the Merck-Millipore
Direct-Q3 UV (Darmstadt, Germany) water purification system with 18.2 M() cm water
resistivity. In addition, CoCl, x 6H,O (99%, Sigma Aldrich, Burlington, MA, USA) and
NaCl (Sigma-Aldrich, ACS Reagent, Burlington, MA, USA) chemicals were used for the
catalytic Co-modification of Ni foam working electrodes.

All electrochemical tests were performed with a typical three-compartment Pyrex glass
cell, which contained three electrodes: as received or catalytically, an electrochemically
modified nickel foam (MTI Corporation, purity: >99.99% Ni, thickness: 1.6 mm, surface
density: 346 g m~2 and porosity: >95%) working electrode (WE) with an average electrode
mass, ms ~ 35 mg; a Pd reversible hydrogen electrode (RHE) charged at 50 mA vs. a Pt
wire electrode in 0.5 M HySOy solution (MERCK, 1.0 mm diameter Pd wire, 99.99% purity),
Sigma-Aldrich, as a reference; and a counter electrode (CE) made from a coiled Pt wire
(1.0 mm diameter, 99.9998% purity, Johnson Matthey, Inc., Chicago, IL, USA).

Pre-treatments to nickel foam working electrodes included cathodic Co-electrodeposition
(preceded by cathodic Ni foam surface activation, carried out at RT (room temperature)
for 10 min, at a current density of jc = 10 mA cm~2 in 0.1 M NaOH) in Co?* bath (0.1 M
CoCl, +0.02 M NaCl) at the cathodic current density of 0.5 mA cm~2 (5 min at RT), and
surface electro-oxidation, induced by a prolonged CV cycling procedure (200 cycles, carried
out at the scan rate of 100 mV s~ ! over the potential range 0.5 to 2.0 V vs. RHE).

All electrochemical experiments were performed at RT by means of the Biologic SP-240
Electrochemical System (Biologic, Seyssinet-Pariset, France). Electrochemical impedance
spectroscopy and cyclic voltammetry tests (conducted at the scan rates of 5, 20, 40, 60,
80 and 100 mV s~! and the working electrode potential range E = 0.0-1.6 V vs. RHE)
were performed in this work. For ac. impedance measurements, the generator provided
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an output signal of 5 mV, whereas the frequency range was swept between 100 kHz
and 100 mHz. The instrument was controlled by EC-Lab® software V11.36 for Windows.
Three impedance measurements were conducted at each value of the electrode potential
(selected from the range of 0.2-1.6 V/RHE). The reproducibility of such obtained results
was about 5%. Data analysis was then performed with ZView 3.5 (or EC-Lab® V11.36)
software packages for Windows, where the impedance spectra were fitted by means of
a complex, non-linear, least-squares immittance fitting program, LEVM 6, written by J.R.
Macdonald [13]. On the other hand, SEM/EDX surface analysis was performed by means of
a Quanta FEG 250 scanning electron microscope, equipped with Bruker’s Quantax XFlash®
7 EDX detector.

3. Results and Discussion
3.1. SEM/EDX Structural Analysis of Nickel Foam Electrode Materials

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray spectroscopy
(EDX) characterizations of all examined nickel foam electrodes are shown in Figures 1 and 2
below. Hence, Figure 1a,b present an SEM micrograph picture and EDX spectrum along
with the surface elemental composition of the unmodified nickel foam electrode, taken at
2145x magnification. An EDX analysis (carried out at an acceleration voltage of 15 kV)
was primarily employed here in order to determine the difference in the surface oxygen
content between non-oxidized and electro-oxidized nickel foam samples. This experiment
confirmed that surface electro-oxidation treatment for the “as received” nickel foam elec-
trode led to a significant increase in the presence of oxygen by ca. 2.7x (see Figure 1c,d,
and compare Figure 1d with Figure 1b).
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Figure 1. (a) SEM micrograph picture for unmodified Ni foam surface, taken at 2145 x magnification
at an acceleration voltage of 15 kV; (b) as above, but EDX spectrum and surface elemental composition;
(c) as in (a) above, but for electro-oxidized Ni foam surface; (d) as in (b) above, but for electro-oxidized
Ni foam surface.
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Figure 2. (a) SEM micrograph picture for Co-modified Ni foam surface, taken at 2145x magnifi-
cation at an acceleration voltage of 15 kV; (b) as above, but EDX mapping presenting surface’s Co
distribution; (c) as in (a) above, but EDX spectrum and surface elemental composition.

On the other hand, the SEM/EDX behavior of Co-modified Ni foam electrode surface
is illustrated by Figure 2a—c. It should be mentioned that cobalt nuclei were homogeneously
distributed on the surface of nickel foam, with ca. 2.0 wt.% of Co loading, as estimated
based on the employed electrodeposition parameters and also confirmed by a weighing
method. In addition, the SEM-assessed maximum Co grain size came to several um.

Finally, the EDX-estimated result, radically higher than the approximated above
presence of cobalt, on the order of 16.28 (Figure 2c) within the nickel foam/Co composite
suggests substantial inhomogeneity in the thickness of galvanically deposited cobalt on
the nickel foam surface. The above would also be significantly dependent on the imposed
acceleration voltage parameter.

3.2. Cyclic Voltammetry Behavior

Supercapacitor-type behavior of nickel electrode is related to the formation of various
potential-dependent oxide layers. Thus, low and intermediate (—0.2 to 0.5and 0.5t0 1.2 V
vs. RHE) potential ranges refer to the reversible formation of «- and 3-Ni(OH), + NiO
species, respectively. On the other hand, high potential range on the cyclic voltammetry
profile (1.2 to 1.6 V) corresponds to the further transformation of 3-Ni(OH), to form surface
v/ B-NiOOH (oxyhydroxide) species [14-17].

Figure 3a through Figure 3e below present the cyclic voltammetry behavior for all
examined Ni foam-based electrode materials, recorded at different scan rates in 0.1 M
NaOH supporting solution and RT. It should be understood here that while the BET
method-estimated [18,19] specific surface area for commercially available nickel foams
varies between 20,000 and 130,000 m2 m 3, only a fraction of their mass becomes electro-
chemically active. Thus, taking into account that the electrochemically active surface of
the MTI nickel foam (1 x 1 cm, 33.4 mg mass) was estimated at 13.9 cm? [20], the fraction
of its electrochemically active mass comes to about 6.7% (ca. 2.33 out of 35 mg). The
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above-described relationship was taken into account when composing all graphs contained
in Figures 3 and 4.

While the CV profiles in Figure 3a through Figure 3c were recorded with an anodic
potential limit of 1.2 V, for the last two figures (Figure 3d,e), the upper potential for cycling
was set at 1.6 V/RHE. Hence, in all cases, rising scan rates from 5 to 100 mV s~ 1 caused
a substantial increase in the recorded, mass-normalized current density. Then, extended
surface electro-oxidation (200 cycles, carried out at the scan rate of 100 mV s~! over the
potential range 0.5-2.0 V/RHE) of the nickel foam sample led to a significant increase in the
corresponding current-density values (compare Figure 3b with Figure 3a).

Then, a radical increase in the mass-normalized voltammetric current density (over
100 mA g~! beyond the potential of 1.0 V, see Figure 3c) is observed after the Ni foam
electrode surface modification by Co microparticles (ca. 2 wt. % Co). The latter most likely
results from significant surface expansion, being the effect of cobalt electrodeposition, and
will later be further explained in detail by the ac. impedance spectroscopy analysis in
Section 3.3.
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Figure 3. Cont.
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Figure 3. (a) Cyclic voltammetry curves recorded for unmodified Ni foam electrode surface in 0.1 M
NaOH solution at RT, in function of scan rate; (b) as in (a) above, but for electrochemically oxidized
Ni foam electrode surface; (c) as in (a) above, but for Co-modified Ni foam electrode surface; (d) as in
(b) above, but for anodic electrode potential extended to 1.6 V vs. RHE; (e) as in (c) above, but for
anodic electrode potential extended to 1.6 V vs. RHE.
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Figure 4. Specific capacitance in function of scan rate for given Ni foam-based electrode materials,
recorded in 0.1 M NaOH solution at RT, over the potential range 0.07-1.20 V or 0.07-1.60 V vs. RHE.

On the other hand, Figure 3d,e present similar cyclic voltammetry profiles but were
recorded over the potential range extended anodically to 1.6 V vs. RHE, being characteristic
of the reversible formation of surface nickel oxyhydroxide NiOOH species. The latter led
to a radical augmentation of the current density upon both oxidation and reduction CV
paths for electro-oxidized and specifically for the Co-activated Ni foam electrodes (see
Figures 3d and 3e, respectively).

Furthermore, Figure 4 below presents the derived (Equation (2)) specific capacitance
parameter in function of the scan rate and an upper potential limit set at 1.2 and 1.6 V/RHE,
respectively, for the examined nickel foam-based materials. Hence, for the unmodified
nickel foam specimen, the specific capacitance recorded over the potential range 0.07-1.20 V,
irrespectively of the scan rate, was limited to values below 1 F g1 (see an inset to Figure 4).
Then, for the electro-oxidized Ni foam electrode along with extension of the anodic potential
to 1.6 V, the calculated specific capacitance parameter approached ca. 10 F g~ ! (yellow
line in Figure 4). Finally, for the Co-activated Ni foam electrode, the calculated specific
capacitance reached over 35 F g1 and nearly 70 F g~! (at a scan rate of 5 mV s~ ') for the
anodic potential limit of 1.2 V and 1.6 V/RHE, correspondingly (Figure 4).

Summarizing these results, it could be concluded that technologically significant
values of the specific capacitance parameter for the nickel foam electrode could only
be recorded after its prior modification by cobalt micro (and possibly also nano-size)
particles. The latter in fact involved a relatively simple and quick experimental procedure.
Interestingly, considerably higher capacitances (beyond the value of 100 F g~!) were
recorded on similar nickel foam baseline materials but after the employment of complex
and time-consuming nanoparticle surface modifications [7,8,11,21]. Thus, Li et al. [7]
examined the supercapacitor behavior of manganese dioxide-multiwalled carbon nanotube
(MnO,-MWCNT)-modified Incofoam® material with 10 and 20 wt.% MWCNT loadings. On
the other hand, Gopi et al. [8], Wang et al. [11], and Xu et al. [21] studied the supercapacitor
behavior of Ni foam modified with NiMoO4-CoMoOy, nanosheet arrays, Co-Fe layered
double hydroxide (LDH) multi-sized nanosheets, and thermally reduced graphene oxide
(RGO) films, correspondingly. On the contrary, in work by Salleh et al. [9] the specific
capacitance of a typical Ni foam was estimated at ca. 35 F g~! (compared to about 10 F g !
for nickel mesh).
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Figure 5 below presents additionally carried-out experiments, i.e., charge-discharge
curves, performed in 0.1 M NaOH electrolyte for the cells combining: (a) Two unmodified
Ni foam electrodes; (b) two catalytically Co-modified Ni foam electrodes; and (c) a hybrid
system composed of the unmodified and the Co-activated Ni foam electrodes. The experi-
ments were conducted in small Pyrex glass-made cells at RT on 2 x 2 cm MTI Corporation
nickel foam electrode samples, separated (close to a zero-gap arrangement) by ZIRFON
PERL UTP 500 membrane (open mesh polyphenylene sulfide fabric of 500 pm thickness),
having mass of ca. 140 mg each.

2.0
] —Ni foam - Ni foam
—Ni foam/Co - Ni foam/Co
| —Ni foam/Co - Ni foam
1.5 A
=
==t
= )}
4 1.0
> -
>
Q
0.5 A
0.0 10.0 20.0 30.0 40.0 50.0

time/s

Figure 5. Charge—discharge curves for the indicated Ni foam-based cells with imposed charg-
ing/discharging current intensity of 15 mA.

Hence, based on the 100x consecutive charge-discharge cycles carried out for the
examined Ni foam-based cells, the recorded average capacitances came to about 3.4, 2.2,
and 0.5 F g_1 for the Ni foam/Co-Ni foam, Ni foam/Co-Ni foam/Co and Ni foam-Ni
foam cells, respectively. However, as only a fraction (ca. 7%) of the MTI foam’s mass is
electrochemically active [20], these results could be translated to approximately 51.4, 33.1,
and 7.0 F g1, correspondingly. It should also be noted that based on a principal mathe-
matical dependence (for capacitors connected in a series combination, the reciprocal of the
equivalent capacitance equals to the sum of reciprocals of individual capacitances), the high-
est capacitance was obtained by the asymmetric supercapacitor, i.e., the Ni foam/Co-Ni
foam arrangement.

3.3. Ac. Impedance Spectroscopy Characteristics

The ac. impedance behavior for the unmodified, electro-oxidized, and Co-activated
nickel foam electrodes in 0.1 M NaOH supporting electrolyte is shown in Figure 6a-d and
Table 1 below. Hence, for the unmodified and electro-oxidized Ni foam electrode surfaces,
the Nyquist impedance plots present a semicircle over the high and intermediate frequency
range (corresponding to a Faradaic charge-transfer process) and a vertical line at low
frequencies, which characterizes capacitive (but significantly deviating from a 90° angle)
behavior. The latter is associated with the so-called capacitance dispersion effect [22,23],
related to surface roughness and heterogeneity effects that exist within a complex 3-D
nickel foam structure (see examples in Figure 6a and corresponding Bode phase-angle plots
in Figure 6b for details).
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Table 1. Resistance and capacitance parameters obtained from ac. impedance measurements carried
out for unmodified, electro-oxidized, and Co-activated nickel foam electrodes in contact with 0.1 M
NaOH solution at RT, obtained by fitting equivalent circuits as those shown in Figure 6¢,d to the
recorded impedance data. Values of dimensionless ¢ parameter for the CPE circuit component
oscillated between 0.76 and 0.89 and x2 ranged between 7 x 10% and 8 x 10~% (“d” refers to
equivalent circuit illustrated in Figure 6d).

Unmodified Ni foam
E/mV Ry/Qg Cq/uFg~! Cp/uF g1
200 0.133 &= 7% 39,566 =+ 2% 70,468 £ 2%
800 0.116 4+ 4% 63,335 + 1% 116,274 + 1%
1200 0.062 £ 6% 313,369 4+ 3% 796,309 £ 2%
Electro-oxidized Ni foam
200 0.254 4+ 5% 25,021 £+ 2% 63,472 + 2%
800 0.154 £+ 6% 42,685 £+ 2% 93,601 £ 2%
1200 0.046 = 8% 189,970 £ 4% 895,880 =+ 2%
Co-modified Ni foam
RD/Q g
200 4 0.065 £ 4% 100,322 £+ 3% 196,330 £+ 2% 3.916 4+ 3%
800 d 0.022 4+ 4% 595,708 + 11% 841,931 + 7% 2.114 4+ 6%
1200 0.003 + 8% 21.4 x 10° £ 7%  61.0 x 10° & 2%
-20.0
-0.10
,
e 50mHz
c" L)
-15.0 G -0.05 -
N
(o]
0.00 T
G-10.0 0.00 0.05 0.10
N ZIQg
e Ni foam pure: 800 mV
5.0 —Fit
= Ni foam pure OX: 800 mV
—Fit
Ni foam/Co: 800 mV
Fit
0.0 - . : . '
10.0 15.0 20.0
ZI0Qg

Figure 6. Cont.
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©
[}
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1]
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o
10 | (b)
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ESR
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(d) Ca

ESR

CPE
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Figure 6. (a) Electrochemical Nyquist impedance plots recorded on unmodified, electro-oxidized and
Co-activated Ni foam electrode surfaces in contact with 0.1 M NaOH supporting solution for the
potential of 800 mV vs. RHE (inset represents high-frequency region); (b) Bode phase-angle plots with
other details as in (a) above; (c,d) equivalent circuits used to fit the recorded impedance results, where
Cp is Faradaic pseudocapacitance, Rt is Faradaic reaction resistance, Cq; is double-layer capacitance,
CPE refers to constant phase element and Rp is another Faradaic resistance (e.g., desorption of an
ad-species), jointly in series with ESR (equivalent series resistance), being a combination of electrode’s
intrinsic resistance and electrolyte’s ionic resistance. The data derived from the equivalent circuits
are represented by solid lines.
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Then, the impedance results presented in Table 1 refer to the selected three potential
values (200, 800, and 1200 mV /RHE). Thus, the R charge-transfer resistance parameter,
related to the reversible formation of nickel hydroxide/oxyhydroxide species (see again
paragraph 3.2), is reduced from 0.133 (at 200 mV) to 0.062 Q2 g (at 1200 mV) and from 0.254
to 0.046 ) g for the unmodified and electro-oxidized nickel foam electrode, respectively.
Furthermore, for the corresponding potential values, the double-layer capacitance, Cq),
and pseudocapacitance, Cp, parameters respectively increased from 39,566 to 313,369 and
from 70,468 to 796,309 uF g’1 (for the unmodified Ni foam), and from 25,021 to 189,970
and from 63,472 to 895,880 uF g*1 for the electro-oxidized nickel foam electrode. It should
be stressed that a reduction in the Rt upon electrode potential augmentation implies
a facilitation of the charge-transfer process at increased anodic potentials. Significantly
increased Faradaic reaction resistance recorded for the electro-oxidized Ni foam electrode,
compared to the unmodified foam (for the electrode potentials of 200 and 800 mV), most
likely indicates the reduced catalytic activity for the former electrode due to the formation
of a limited conductivity surface oxide layer. On the other hand, radically increasing Cgy;
and Cp, parameter values upon rising electrode potentials primarily suggest fundamental
Ni foam surface expansion (also refer to Figure 3a—c).

Similar impedance behavior was also observed on the Co-activated nickel foam elec-
trode, with the analogous potential dependence of the R¢t, Cg;, and Cp, parameters. However,
substantially lower charge-transfer resistance, as well as fundamentally greater values of
the recorded capacitances, imply a significant facilitation of Faradaic reaction kinetics,
along with a radical surface expansion of the Co-modified nickel foam catalyst (see Table 1
for details and also refer to Figure 3c,e). Furthermore, for the potentials of 200 and 800 mV,
the low frequency end of the Nyquist impedance plot is characterized by an arc instead of
the vertical line (Figure 6a,b). The latter is associated with the presence of another Faradaic
resistance, the Rp parameter, linked in parallel to the pseudocapacitance C;, (see a relevant
equivalent circuit in Figure 6d and Table 1 again) and related to, e.g., the desorption of
an ad-species from the electrode surface [1,6]. Moreover, average values of the recorded
ESR (equivalent series resistance) parameter came to 0.068, 0.047, and 0.048 ) g for the
unmodified, electro-oxidized, and cobalt-activated nickel foam electrodes, correspondingly.

Interestingly, no Warburg-type diffusion behavior was observed by the impedance
results recorded in this work (Figure 6b), which is in contrast to the findings by other
authors (see e.g., Refs. [8,10-12,24,25] for details). However, such claims might be hardly
verifiable, as none of these works provided respective evidence in their support, e.g., in
the form of Bode phase-angle impedance plots. In addition, in work by Yi et al. [24] on the
supercapacitor behavior of in situ grown nanoflower Ni(OH), on nickel foam electrodes,
having provided the Warburg-based equivalent impedance circuit, the authors clearly
stated that “the impedance-recorded straight lines were inclined at an angle greater than
45°, which implied that the flower structure of nickel hydroxide could benefit electrolyte
ions transport and more ideal capacitor characteristics”. In fact, the latter supposition is in
line with the findings of the current work.

4. Conclusions

In this introductory article, selected three-dimensional and porous nickel foam struc-
tures were examined in 0.1 M NaOH solution by electrochemical impedance spectroscopy
and cyclic voltammetry and SEM/EDX surface spectroscopy techniques as potential ma-
terials for employment in electrochemical supercapacitor devices. In fact, two of these
materials were prepared by the introduction of additional, simple electrochemical proce-
dures, employed to the as-received nickel foam baseline electrode.

In conclusion, technologically significant values of the specific capacitance parameter
(ca. 70 F g~ ! over the potential range 0.1-1.6 V/RHE) were only recorded after the prior
modification of nickel foam with small amounts of cobalt micro and possibly also nano-size
particles. Moreover, only fractions of the examined Ni foam-based materials proved to be
electrochemically active, which is in line with our earlier works on the utilization of nickel
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foam materials into alkaline water electrolysis (see, e.g., Refs. [20,26]). Also, contrary to
analogous works by other authors, no typical diffusion-type Warburg impedance behavior
was observed on the examined nickel foam electrodes. The facilitation of the electrochemical
performance in the presence of Co particles seems to be dual in nature, where a significant
increase in the electrochemically active surface area is combined with relative changes in
the process of metal particle oxidation (Co versus Ni) in favor of the former species.
Further laboratory work on simple electrochemical modifications of nickel foam
(specifically by nanoparticles of transition group metals and their alloys) is necessary in or-
der to produce relatively inexpensive, highly efficient, and reproducible redox supercapacitor-
type material(s) for commercial applications.
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