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CoOOH/Ni(OH), and Ni(OH),/CoOOH bilayer films were obtained through electrochemical deposition of
Ni(OH), and Co(OH), single layers onto steel plate substrate, with subsequent electrochemical oxidation of
Co(OH), to form CoOOH. The films were structurally characterized using X-ray diffraction and Raman
spectroscopy techniques. Cyclic voltammetry, galvanostatic charge-discharge and electrochemical im-
pedance spectroscopy techniques were used to perform the electrochemical characterization of the pre-
pared bilayers. It was verified that during the electrochemical oxidation, COOOH formation occurs without
Ni(OH), oxidation. Ni(OH), films deposited on CoOOOH (CoOOH/Ni(OH),) showed a superior electrochemical
performance, with 324.27 mA h g™! and 96.82% at 1.0 mA cm™2 for the specific capacity and capacity re-
tention respectively. It was also determined that the relaxation time constant under this condition is 17.05 s.
These results suggested that the CoOOH/Ni(OH), bilayer films might be potential candidates for application

Keywords:

Bilayer films

Nickel hydroxide
Cobalt oxyhydroxide
Electrodeposition

as electrode in energy storage devices.
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1. Introduction

In the persistent race of the scientific community for finding
efficient electrode materials with applications in hybrid super-
capacitors, transition metal hydroxides have been catalogued as very
attractive candidates. This is largely due to their high specific ca-
pacitances, resulting from redox reactions with hydroxyl anions in
alkaline electrolytes. In comparison to other metal oxides, the high
redox activity of transition metal hydroxides is associated with their
lamellar structure, which facilitates ions diffusion from the elec-
trolyte to the bulk, making the charge storage process less depen-
dent on the material surface area [1]. Among the transition metal
hydroxides, nickel hydroxide (Ni(OH),) has been recognized as the
most attractive, due to its simple synthesis method, excellent elec-
trochemical properties, high capacitance values and low production
cost [2-4]. It has been suggested that the pseudo-capacitive prop-
erties of Ni(OH), in its nanostructured form might arise due to the
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decrease of diffusion distances and ions reversible intercalation in
the structure [5,6]. In this case, the total capacitance measured value
might result from pseudo-capacitive contributions, the double
electric layer and the faradaic reactions from the ions intercalation.
Their suitable combination might lead to high energy and power
densities, being a great motivation for the development and study of
Ni(OH), composites in the nanostructured form. On the other hand,
it has been reported that Ni(OH), suffer of low conductivity and
that it is frequently obtained in an agglomerate form, hindering
the electrolyte ions diffusion into the material structure, which
compromise its electrochemical performance.

Most of the actual studies refer to the search for new synthetic
routes to obtain Ni(OH), in its nanoparticle and non-agglomerated
forms and composites by mixing with carbon or other metal oxides.
The aim of these approaches is to improve the conductivity of sui-
table electrodes of Ni(OH), for applications that require high energy
and power densities [7]. Among the most used materials for that
purpose, it could be found the oxidized cobalt phases (oxides and
oxyhydroxides) [8-11]. For a long time, cobalt oxides have been
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extensively used as additives in nickel-cadmium and nickel-metal
hydride batteries [12,13].

The main methods of obtaining cobalt oxides and oxyhydroxides
involve reactions in a basic medium with the presence of a strong
oxidant, where cobalt hydroxide (« or ) is usually used as a pre-
cursor. Oxidation of alpha cobalt hydroxide (a-Co(OH),) produces
non-stoichiometric y-CoOOH, which shows higher electrochemical
performance than the other cobalt hydroxide phases. This is asso-
ciated to the Co*" ions in the y-CoOOH structure, which greatly
improves its conductivity [9]. One disadvantage in the use of alpha
cobalt hydroxide is associated with its instability during the synth-
esis process, which generally present a turbostratic structure that
rapidly transforms to a -Co(OH), phase by expulsion of the inserted
anions between the material lamella.

An attractive solution to this problem is the production of la-
mellar or double layered hydroxides structures. Special attention has
been given to nickel and cobalt hydroxides bilayer structures. Most
of the studies involving Ni and Co hydroxides are focused on their
synergistic action, in comparison with the simple hydroxides, by
combining the redox response of the Ni2*/Ni** and Co?*/Co>" pairs
[1,14-18]. However, these materials still have some disadvantages
that include the use of active materials and capacity values far below
from the expected theoretical limits. What seems to be the most
viable way to solve these difficulties is the rational design of mate-
rials. Obtaining heterostructures, such as core-shell or layered films
can be effective approaches to combine the properties of these
hydroxides.

In the present work, electrodeposition method was used for the
synthesis of CoOOH/Ni(OH), and Ni(OH),/CoOOH bilayer films,
grown directly onto stainless steel substrates. Their lattice dynamics
and electrochemical behavior were experimentally studied by using
Raman spectroscopy, Cyclic Voltammetry, Galvanostatic Charge-
Discharge, and Electrochemical Impedance Spectroscopy. The Raman
data were analyzed and compared with the results obtained by the
other techniques. The specific capacity and time constant of the
films were also determined. A critical evaluation of the results was
carried out and the possibility of using these films as electrode
materials with higher performance was discussed.

2. Experimental
2.1. Synthesis of the bilayer films

All chemicals used in the reactions had analytical grade and were
used without further purification (Sigma-Aldrich). Milli-Q water was
used during all procedures. The steel plate substrates were cleaned
by sandblast followed by rinsing with Milli-Q water as well.

The CoOOH/Ni(OH), and Ni(OH),/CoOOH bilayer films were ob-
tained following the scheme shown in Fig. 1. The electrodeposition
was implemented in a standard three-electrode glass cell with a
clean steel plate substrate as working electrode. A platinum plate
and an Ag/AgCl were the counter and reference electrode, respec-
tively. All the steps were carried out at room temperature.

2.1.1. Preparation of nickel hydroxide deposited on cobalt oxyhydroxide
(CoOOH/Ni(OH),) films

The cobalt hydroxide film was initially electrodeposited from
0.025 mol L™! CoCl,'6H,0 and Co(NO5),'6H,0 aqueous electrolytes in
proportion 1:1 using a potentiostatic mode (potential of -1.0 V) for
10 min. Thereafter, nickel hydroxide film was electrodeposited onto
the Co(OH), film from a 0.1 mol L' NiSO46H,0 aqueous electrolyte
using a galvanostatic mode (current density of -2.0 mAcm2) for
30 min. Then, the electrochemical oxidation of Co(OH), to form
CoOOH was performed in 1 mol L™! KOH through successive cycles of
cyclic voltammetry (10 cycles) at 10mV's™! in the potential range of
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Fig. 1. Scheme for obtaining CoOOH/Ni(OH), bilayer films.

-0.2-0.5V. The synthesized bilayer films were carefully rinsed
several times with Milli-Q water, and finally dried in air.

2.1.2. Preparation of cobalt oxyhydroxide deposited on nickel hydroxide
(Ni(OH),/CoOOH) films

Similar conditions were used for the case of CoOOH/Ni(OH),
films but reversing the steps. The approximate mass of both bilayer
films (CoOOH/Ni(OH), and Ni(OH),/CoOOH) was 0.0019 g.

2.2. Microstructural, Lattice dynamics and electrochemical
characterization

X-Ray Diffraction (XRD) data were obtaining by using a Philips
X'Pert diffractrometer based on a Bragg-Brentano para-focusing
optics configuration operating with Cu-Ka radiation at 30 mA
and 40 kV.

Micro-Raman measurements were carried out with a LABRAM
system from Jobin-Yvon. The laser excitation wavelength was
524 nm with a power of 30 mW. The samples were placed under the
objective of a microscope and the Raman scattered light was focused
on the spectrometer slit using a 180° scattering geometry. The in-
vestigated area was 1 mm? and the spectra were recorded between
100 and 1200 cm™ with an integration time of 60's

The electrochemical characterization of the bilayer films was
performed using Cyclic Voltammetry (CV), Galvanostatic Charge-
Discharge (GCD) and Electrochemical Impedance Spectroscopy (EIS)
techniques. Initially, the voltamograms of Ni(OH),/CoOOH and
CoOOH/Ni(OH), bilayer films were obtained in the corresponding
potential window and at different scan rate with the aim of study the
electrochemical activity of the materials. For this analysis, the film
prepared on the substrate was used as the working electrode, a
platinum plate as the counter electrode, and Ag/AgCl/saturated KCI
as the reference electrode. A solution of 1.0 molL™! KOH was the
electrolyte solution. Cyclic voltammograms were acquired in a -0.2
and 0.6V potential range and different scan rates, while the GCD
cycles were recorded within a -0.2 and 0.45V potential window at
different current densities. The electrochemical impedance spectra
(frequency range from 0.1 to 10* Hz) were collected with an Open
Circuit Potential (OCP). All measurements were conducted by using
an Autolab Potentiostat (PGSTAT 302N).
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Fig. 2. X-ray diffraction patterns for bilayer films: (a) Co(OH),/Ni(OH),, (b) Ni(OH),/
Co(OH)y, (c) CoOOH/Ni(OH), and (d)Ni(OH),/CoOOH.

3. Results and discussion
3.1. Structural characterization

The X-ray diffraction patterns of the Co(OH),/Ni(OH), and
Ni(OH),/Co(OH), bilayer films obtained before and after electro-
chemical oxidation are shown in Fig. 2. In the absence of oxidation the
Bragg peaks are observed at 20=10.49°, 34.38°, 58.40° and 60.70°
(Fig. 2a and b) and can be assigned to the plans (003), (009), (110) and
(113) of the «-Co(OH), hexagonal phase (JCPDS No- 46-0605). The
peaks at 20=33.30° and 59.21° correspond to the plans (100) and
(110) of the p-Ni(OH), hexagonal phase (JCPDS No- 14-0117). Upon
electrochemical oxidation the diffraction peaks occur at 20=37.23°,
50.38° and 74.70° (see Fig. 2c and d). They can be indexed to the
planes (012), (015) and (202) of y-CoOOH phase (JCPDS No- 73-0497)
with rhombohedral structure. Some peaks corresponding to B-Ni
(OH), were also observed. These facts confirmed the oxidation of a-Co
(OH), to form y-CoOOH and the absence of the oxidation of 8-Ni(OH),.

3.2. Characterization by Raman spectroscopy

Unpolarized micro-Raman spectra of the prepared films, col-
lected at room temperature, are shown in Fig. 3. The Ni(OH), and
Co(OH), single films Raman spectra (see Fig. 3a) exhibit the pure Ni
and Co hydroxides representative bands, without any Ni or Co oxide
or oxyhydroxide formation. Concerning to the Co(OH), spectrum,
six bands could be observed at 473cm™!, 616cm™, 845cm™,
984 cm ! 1044cm™! and 1126 cm™'. The Raman profile agree with
those published for the a-Co(OH), phase [19,20]. The Ni(OH), film
Raman spectrum exhibits a richer profile, with different bands,
observed at 273cm™', 457cm™!, 522cm™!, 692cm™!, 845cm™’,
984cm!, 1044cm™! and 1126 cm™!. The most prominent band is
located at 522 cm™'. Based on the work of Hall et. al. [21], the
relatively wideness of these bands is an evidence of the low crys-
tallinity degree of the films. The other bands observed in this
spectrum are compatible with those reported for the p-Ni(OH),
phase.

The Raman spectrum of the Co(OH)/Ni(OH), bilayer films,
without oxidation, is presented in Fig. 3b). The Raman bands fre-
quencies observed of the metal hydroxide bilayer films agree with
those reported for the simple hydroxide compounds. In this work,
the assignment mode of the main Raman bands is based on the
current literature [19-23]. The OMeO (Me= Co, Ni) bending mode is
observed at 466 cm™' [19], while the intense band at 521 cm™' is
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Fig. 3. Raman spectrum of the Ni(OH), and Co(OH), simple hydroxides (a), Co(OH),/
Ni(OH), bilayer films without oxidation (b), and after oxidation (c).

assigned to the symmetrical stretching mode MeO [19,20]. As
above-mentioned, the wideness of these bands is an evidence of the
low crystallization degree of the bilayer films. The typical band as-
signed to Ni or Co hydroxides vibration is located 617 cm™ [22,23],
while the O-H vibrations are observed at 937 cm™', 979cm™' and
1035cm™! [19]. It is observed in the literature [21,23], certain di-
vergences with respect to the bands reported for each material and
its position, since they are strongly dependent on which structure is
being analyzed as result of the material polymorphism. Small shifts
in the frequency of the internal vibrational modes might be also
caused by mechanical stress within the crystal [21]. Additional
Raman peaks in the network vibration region have been attributed
to structural defects, proton vacancies and chemical impurities
(for example, sulfate derived from synthesis) [23].

The Raman spectrum of the bilayer films after the electro-
chemical oxidation is shown in Fig. 3c). The widened nature of the
bands in CoNi films after the oxidation process does not allow to
determine their exact position. However, bands at 375cm™,
722 cm™! and 823 cm™! can be observed, which are characteristic of
the CoOOH phase [19,20]. On the other hand, in NiCo films the
Raman spectrum shows bands at 189cm™!, 336cm™, 458 cm™?,
504cm™, 595cm™!, 651cm™ and a wide band centered on
1056 cm™!. Bands located at 458 cm™' and 651 cm™! are assigned to
the nickel hydroxide phase, which does not experiment oxidation
under the conditions studied. However, these bands have small re-
lative intensity than those found in the Raman spectra of films
without oxidizing. Be aware that the bands located at 336cm™,
504 cm™!, 595cm 'and 1056cm™! show a clear evidence for the
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Fig. 4. Voltamograms of CoOOH/Ni(OH), and Ni(OH),/CoOOH bilayer films (scan rate of 20mV's™!) (a) and Galvanostatic Charge-Discharge Curves of COOOH/Ni(OH), and Ni

(OH),/CoOOH bilayer films (current density of 1.0 mA cm™2) (b).

presence of CoOOOH phase in the bilayer films after electrochemical
oxidation [19,20]. Finally, the band at 189 cm™' could not be assigned
to either nickel hydroxide or cobalt oxyhydroxide and it can be as-
sociated to a residual Co304 phase that might appear due to a pos-
sible oxidation of the CoOOH phase during the electrochemical
oxidation process [24].

3.3. Electrochemical characterization

The voltammograms of the films are shown in Fig. 4(a). The CV
curves of the CoOOH/Ni(OH), films show the formation of two pairs
of redox peaks, which occur approximately at the same potentials
of the redox response of pure Ni(OH), and CoOOH components
(see Fig. S1- Supporting Information). This indicates that both layers
contribute to the redox performance of the film. The specific current
of the redox reaction of Co in the bilayer film is lower than that
observed in the CoOOH single film, probably due to the formation of
the thin internal layer. In turn, the specific current of the redox re-
action of Ni increases in comparison to Ni(OH), films. This behavior
might occur due to the formation of thin Ni(OH), particles dis-
tributed over the CoOOH sheets, which somehow produces an in-
crease of the active sites of the material. Contrarily, in the Ni(OH),/
CoOOH films, only the formation of a pair of redox peaks at the
simple Ni(OH), position is observed, but the response of the specific
current in the peaks is greater than that obtained in single Ni(OH),
films, evidencing the contribution from the CoOOH layer. The Ni
(OH),/CoOOH lower response, when compared to the CoOOH/
Ni(OH), bilayers might be associated to the decrease in conductivity
between the current-collecting substrate film caused by the Ni(OH),.
In addition, it can be observed that the potential window corre-
sponding to the CoOOOH/Ni(OH), film is higher than those obtained
for the other materials, which is very encouraging for applications in
energy storage devices.

To determine the specific capacitance values of the bilayer films,
GCD measurements were performed and the obtained results are
shown in Fig. 4(b). The GCD curve of the CoOOOH/Ni(OH), bilayers
shows the presence of two levels, corresponding to the combine
response of both redox reactions. In the case of other films, the
curves only show a plateau. The range of potential in which the films
present electrochemical response can also be determined from the
GCD curves. As in the CV analysis, the CoOOH/Ni(OH), bilayers
respond in a larger scale than that observed for simple films
(Fig. S2- Supporting Information). The calculated values of the spe-
cific capacity for the CoOOH/Ni(OH), and Ni(OH),/CoOOH bilayers at
1.0mAcm™2 are 32427mAhg' (1795 Fg') and 237.35mAhg’!

(1314 Fg'), respectively. The higher values for the CoOOH/Ni(OH),
bilayers can be somehow associated to the greater contribution from
higher number of active sites of the electroactive Ni(OH), deposited
on the CoOOH film. This result clearly demonstrates the advantage of
combining multiple redox reactions to obtain new materials with
potential applications in energy storage.

To better understand the electrochemical behavior of the CoOOH/
Ni(OH), bilayers, a cyclic voltammetry study was carried out at
different scanning speeds, as shown in Fig. 5(a). The profiles show a
displacement of the redox peaks and an increment in the specific
current with the increase in the scan speed, indicating that the redox
reactions are almost of reversible nature. The electrodes polarization
at higher scan rate results in an increase in the potential difference
between the anode and cathode peaks. The conservation of vol-
tammogram shapes indicates easy OH™ ions transport across the
bilayers, possibly due to the lamellar structure of the prepared
materials that facilitates the ions diffusion. Fig. 5b) shows the de-
pendence of the current anode and cathode peaks versus the square
root of the scan rate. As can be seen, there is a linear dependence for
the two pairs of oxy-reduction peaks. This indicated that the reac-
tions occurring in the material are diffusion controlled processes.

The charge storage with the increase of the current constitutes a
relevant parameter in the material applicability, since it determines
its performance capacity. Fig. 5(c) shows the GCD curves of the
CoOOH/Ni(OH), bilayers when the current density increases from
1.0mAcm™2 to 10mA cm™. Fig. 5(d) shows the variation of the ca-
pacitance with respect to the current density and the retention
percentage. The calculated values of specific capacity change from
32427mAhg™! (1795Fg™!) at 1.0mAcm™? to 313.79mAhg™’
(1738 Fg!) at 10mA cm™2, as shown in Fig. 5d). The high percentage
of retention capacitance is remarkable, when the current density
increases tenfold of its value. For 10 mA cm 2, 96.82% of the retention
capacitance is reached, indicating good charge storage capacity at
higher charge-discharge rates. Another important parameter in the
performance of the material is the stability as a function of the
number of charge-discharged cycles. In this case, a capacity reten-
tion of 87.96% was achieved after 1500 cycles, as shown in Fig. 5(e).

These results are comparable with those found by previous stu-
dies using other types of bilayer films [1,14,15]. For example, Zheng
et al. [14] studied multilayer films with different combinations of
CoOOH and MnO.. They obtained the best results for films where the
first layer of COOOH and the second layer of MnO,. In these cases, the
CoOOH was first electrodeposited on indium-tin oxide (ITO) sub-
strate. Then, the films were placed in a solution with exfoliated
nanosheet of MnO,, which allowed their deposition on the CoOOH



L. Aguilera, Y. Leyet, A. Almeida et al.

120

a)

» @
o o
1 1

Current density (mA cm?)
o
1

-40 - »
—— 2mVs
— 5mVs"
80 - — 10mvs"
— 15mVs"’
(2) —20mVs"’
-120 T T T ¥ T ¥ T ¥ T
-0.2 0.0 0.2 0.4 0.6
Potential (V vs Ag/AgCl)
N0 CoOOH-Ni(OH),
c)
]
=)
< 0.25
=)
<
'd
>
2
€ 0.00 4 — 1.0mA cmz
2 — 3.0mAcm’
g —— 50mAcm”
—— 7.0mAcm”
10.0 mA cm”
1
-0.25 T v T T T T T T T v T
0 400 800 1200 1600 2000
Time (s)

Journal of Alloys and Compounds 874 (2021) 159858

120
b)
90
oy Pair (2)
< ~
£
~ 60+
S
£
3 Pair (1)
x 30 ‘
©
)
-8
0
T T T
1 ] 3 4 5
Scanrate'” (mvs™)"”
—~ 330 T T T T d'
o — 100
& e : &
< — . i Lo B
L Ty — 2
> \. Lo &
[ \ -
® P
Logg 3
] ol ¥
310 T T T T T 92
2 4 6 8 10
Current density (mA cm")
100 o e)
Cece,
e,
s ®e,
B ®eee0000000,
= ] .
.E 90 ®e, i
t 045 ‘
8 5 |
® § o 87.96%
2 i <
© . H 015
g ="
3 | ——-n
g
% 015
i v
70 0 100 200 300 400 500 600 700
Time (s)
T T T T T T T
0 250 500 750 1000 1250 1500

No cycles
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Curves of CoOOOH/Ni(OH), bilayers. (d) corresponding Capacitance for different current densities. (e) Stability of COOOH/Ni(OH), as function of the number cycle.

film. Their electrochemical studies indicated that the CoOOH layer is
important for the excellent electrochemical activity in the multilayer
films, since it provides a large surface area for the dispersion of
MnO, nanosheets. They also reported a capacity of 507Fg™' at
0.01 mA cm 2. Another interesting work was published by Li et al.
[15], where a composite material was obtained by depositing Co-Ni
oxyhydroxide on top of carbon nanotubes using the chemical de-
position method. The composite showed a high retention capaci-
tance of 853Fg™' at 5mVs™! and 75% with a 10-fold increase in
current density. Cyclic stability was 100% after 10,000 cycles of CV.
More recently Nguyen et al. [ 1] prepared bilayer films of Ni(OH),/Co
(OH);, on steel substrate by electrodeposition method. The higher
electrochemical response of the films with specific capacitance of
1564Fg™! at 1.0Ag ! can be associated with the resulting redox
reactions of the metallic species present in the lamellar films. To our
knowledge, CoOOH/Ni(OH), films obtained by the methodology
proposed in this work have not been previously reported in the lit-
erature. The high value of the capacitance of the synthetized bilayer

films suggests that this approach is a convenient route for the design
and production of promising materials for energy storage devices.
This also shows the advantages of combining the different redox
chemistry of materials in the quest for a superior electrochemical
response.

The EIS characterization was performed in the frequency range
from 10* Hz to 0.01 Hz, in 10 mV amplitude, in Open Circuit Potential
regime with 300 s of pretreatment to stabilize the system. Fig. 6(a)
shows the Nyquist plot for the films obtained under different condi-
tions. In the high frequency region, both films show the semicircle
formation associated with charge transfer processes. As can be seen,
this effect is more pronounced for Ni(OH),/CoOOH bilayers films. The
charge transfer resistance (Rct) was determined using the equivalent
circuit model, which is found in the inset in Fig. 6(a). The determined
values are 7.56 Q and 0.22 Q for the Ni(OH),/CoOOH and CoOOH/Ni
(OH);, films, respectively. Obviously, in Ni(OH),/CoOOH films there is a
great restriction in the kinetics of the redox reaction at the electrode-
electrolyte interface, resulting in a more limited electrochemical
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(b) Dependence of the real and (c) imaginary capacitance with the frequency and (d) Reactive power (P/S) and active power (Q/S) normalized vs frequency, for the COOOH/Ni(OH),

and Ni(OH),/CoOOH films.

performance. There is also a dependence of the behavior of bilayer
films with respect to the composition of the outermost layer. The
responses of Ni(OH),/CoOOH is quite similar to the single CoOOH film
and conversely the CoOOH/Ni (OH), film respond more closely to
single Ni(OH), film (Fig. S3- Supporting Information).

In the low frequency region, a line with a higher slope is formed
for COOOH/Ni(OH), films indicating lower diffusion resistance and
better capacitive behavior. For the Ni(OH),/CoOOH films the angle of
this line is approximately 45° suggesting that in this frequency
range the process is dominated by diffusion. However, the capacitive
response and suitability of the material for applications in energy
storage devices can be better interpreted by converting the im-
pedance data to capacitance and complex power.

Fig. 6(b) shows the dependence of the real capacitance with the
frequency for the two bilayer films. It is observed that the CoOOH/Ni
(OH), films reach the maximum value of capacitance in the low
frequency region and that for 0.01 Hz the determined value was
514F g™ In the Ni(OH),/CoOOH films the determined value of the
capacitance was 120.7 Fg.

It was also possible to determine the value of the relaxation time
constant 1, from the peak frequency in the C" vs frequency graphic
shown in Fig. 6(c). This variable is associated with ion transport and
electrode performance. The time constant for the CoOOH/Ni(OH),
films is 17.05s. On the other direction, it was not possible to de-
termine <, for the Ni(OH),/CoOOH films in this frequency range. This
indicates that during the time in which the data was recorded ion
diffusion and charge transfer processes were not concluded, as
suggested from Nyquist graph in Fig. 6(a).

Fig. 6(d) shows the behavior of the complex power with the
frequency for the two prepared bilayers. As it is possible to observe
in the complex capacitance, for the Ni(OH),/CoOOH films, in
the studied frequency range they do not reach a capacitive state. In
the high frequency region, the active power (resistive character-
istics) dominates the power response and decreases with decreasing
frequency, producing an increase in the reactive power till ap-
proximately 100 Hz. From this value the active power returns to
dominate the power response and consequently, the reactive power
decreases without interception between the curves. Under these
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conditions, the films do not reach the maximum performance and it
is also not possible to calculate ,.

For CoOOH/ Ni(OH), bilayers films, the active power dominates
the response at high frequencies values and decrease as the fre-
quency decrease. The opposite trend is observed for the reactive
power or capacitive character, which increases with decreasing fre-
quency. The curves intercept corresponds to the optimum point of
operation where the electrodes release stored energy and power
more efficiently. From the frequency at which the intercept occurs
(approximately 0.1 Hz), the <, value can be calculated. The obtained
value is 10.22 s. It can also be emphasized that at 0.01 Hz the elec-
trodes have a capacitive response of 75%, which is highly suitable for
applications in energy storage devices.

4. Conclusions

A new Ni(OH),/CoOOH bilayer film architecture was successfully
prepared from the electrodeposition method on steel substrate. The
techniques of X-ray diffraction and Raman spectroscopy confirmed
the formation of the CoOOH | Ni (OH), phase by using electro-
deposition preparation method.

Bilayers films with Ni(OH), deposited on CoOOH (CoOOH/Ni(OH);)
showed higher values of specific capacitance of 32427 mAhg™! at
1.0 mA cm ™2, For 10 mA cm™2, high capacitance retention of 96.82% was
achieved, indicating good charge storage capacity at higher charge-
discharge rates. These films also showed low time constant of 17.05s.
These results may be associated with the direct growth of COOOH films
on the substrate, without the use of additives or complexing agents,
which favors good conductivity. Moreover, COOOH/Ni(OH), bilayers
lead to an increase in the redox active sites, allowing a greater diffusion
of electroactive species and thus holding a rapid transfer of ions.
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