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Abstract: In this paper, the influence of an electrolytic temperature bath was used in the
electrodeposition process on the size, color, and shape of the as-deposited Co(OH),, and the
electrochemical performance was investigated. Three different temperatures of 25, 60, and 95 °C were
evaluated for the electrodeposition of Co(OH), on stainless steel plates (SSP). The electrochemical
performance of the as-deposited electrodes (SSP) was measured in a symmetric electrochemical
cell (EC) arrangement. XRD, SEM, and N, physisorption analyses were carried out to evaluate
the structure and morphological composition, along with the textural properties. Results showed
that the hexagonal platelet micro-clusters of Co(OH); are formed in a mixed composition of both
a-Co(OH); and p-Co(OH), phases, with the a-Co(OH), phase being the major phase formed in
the electrodeposition process at temperatures below 95 °C, as suggested by the XRD analysis.
Electrochemical cell performances were evaluated by galvanostatic cycling, results showed maximum
areal capacity values of 1.97, 2.69, and 4.34 mA h cm~2 at a charge/discharge current of 6.25 mA cm~2,
for the as-deposited materials at 25, 60 and 95 °C, respectively. The specific power of the EC reached
up to 19 kW kg™ for the EC obtained material at 60 °C, with a specific energy of 2.8 W h kg~'.
The maximum specific energy was reached at a current density of 6.25 mA cm~2, with a value of
10.79 W h kg~! for the EC at 60 °C. These results offer some insight into how the morphology and
composition of thin films can be tuned by the electrochemical synthesis temperature, yielding different
electrochemical performances and areal capacity behaviors.

Keywords: electrochemical synthesis; cobalt hydroxide; morphology control; electrochemical
performance; energy storage devices

1. Introduction

In order to meet the energy requirements for the future, better management and utilization of
electrical energy resources are needed. Energy storage systems offer a solution in terms of harvesting
energy from intermittent renewable sources, such as eolic and photovoltaic, which nowadays are
among the most robust technologies offering energy storage solutions. Eventually, the advances in
energy storage technologies, such as in batteries and electrochemical capacitors, will ease the transition
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of renewable energy sources into the electrical grid for their portability. Electrochemical capacitors are
known to be efficient in power density over the batteries and significant cyclability performance [1].
Despite those advantages, electrochemical capacitors present a significant disadvantage in terms of
their energy-density output over the batteries [2]. To overcome energy-density limitations, a strategy
shown in numerous studies has been the evaluation of different types of electrode materials, such as
electroconductive polymers [3], metal oxides [4,5], and metal hydroxides [6], even mixtures of oxides
combining architectures of different morphologies [7,8]. One approach to overcome energy density
disadvantages in electrochemical storage technologies is using transitional metal hydroxides or
oxides that can be obtained by several methodologies such as chemical vapor deposition [9] or a
hydrothermal process [10]. Another approach is combining materials with high specific surface area
and high-energy-density materials [11]. The main feature of this type of energy-density enhancer
arises in the chemical process in which Faradaic contributions can increase energy density since the
redox process occurs at specific potentials in which the composite can be reduced or oxidized, limiting
the operation of the electrochemical cell in order to enhance performance.

It is essential to mention that those redox processes lead by a Faradic contribution need to be stable
in terms of cycling stability, thus the importance to search for a stable electrochemical performance in
electrochemical capacitor materials [12]. Among the studied metal oxides, ruthenium oxide exhibits
excellent behavior in terms of electrochemical performance due to its high specific capacity, as given
by redox reactions in the charge/discharge process [13], maintaining nearly a constant current in
voltammetric analysis among the potential window. However, due to its high cost, the use of this
material in energy applications is limited.

However, cobalt hydroxide offers a solution as a cost-effective material for energy storage materials
due to their layered structure, with interlayer spacing for fast ion insertion/desertion. Co(OH); is mainly
used as an additive to increase the electrochemical activity of alkaline batteries and presents excellent
electrochemical capacitance performance and well-defined behavior [14]. Moreover, the possibility
of enhanced performance through different synthesis methods, such as hydrothermal [15], chemical
precipitation [16], and electrochemical deposition [17], have also made it very viable for energy-storage
applications as the active material in electrode storage devices.

Electrochemical deposition synthesis exhibits several advantages over the main synthesis processes
presented in the literature, such as chemical precipitation and hydrothermal routes [10]. These
advantages can be mentioned as being a one-step process with a low risk of operation by hazardous
conditions (temperature, pressure), selective electrodeposition over conductive substrates, and tunable
control over the variables present in the electrodeposition process (temperature, time, concentration).

Throughout the literature, several reports about the electrochemical deposition of Co(OH),
evaluating the capacitive performance are presented. Gupta et al. [18] have reported a potentiostatic
electrodeposition process of nanostructured o-Co(OH), with a specific capacitance of 860 F g~
(conversion made with the given information by the reference for about 2.48 mA h cm ™2 of areal
capacity, nominal potential window of 0.4, electrodeposited mass density of 0.8 mg cm~2 and a
total electrode surface area of 48 cm? in a three-electrode cell configuration). A two-electrode cell
configuration capacitance of 44 F g~ (1.62 mA h cm~2) was reported by Jagadale et al. [19] by
potentiodynamic electrodeposition of Co(OH), onto stainless steel plates at 300 K at a low current
charge of 5 mA at a potential window of 1.2 V. For galvanostatic electrodeposition, the material
presented by Aghazadeh et al. [20] at a low electrodeposition bath temperature of 10 °C exhibited a
specific capacitance of 736 F g~! (47.7 mA h cm~2), which was determined by cyclic voltammetry at a
scan rate of 100 mV s~ in a 0.7 V window for 1 g cm~2 in a three-electrode cell configuration.

Since morphology control is a significant difficulty to overcome in traditional chemical precipitation
synthesis, along with the use of surfactants as templates increasing the operation cost, a search for a rapid
and controllable surface growth synthesis process to produce redox-type materials for electrochemical
energy storage applications is needed. However, there are only a few reports that compare the effect of
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microstructural modification by the electrolytic bath temperature on the electrochemical performance
of the Co(OH),.

This work is focused on the electrodeposition morphology products and how the electrolytic bath
temperature (25, 60, and 95 °C) affects the charge storage in the electrodeposition process in terms of
the size, color, and shape of the obtained as-deposited coated SSPs.

2. Materials and Methods

All chemicals were used as received, the cobalt (II) nitrate hexahydrate Co(NO3), *6 H,O and
potassium hydroxide KOH were obtained from Sigma-Aldrich. Solutions were prepared using
deionized water.

2.1. Synthesis by Electrochemical Deposition

Electrochemical deposition synthesis started with the preparation of the 316 stainless steel plates
(SSP) substrates. The SSPs were cleaned with detergent, deionized water, ethanol, and acetone,
respectively. The cleaned SSPs (4 cm X 4 cm) were used as substrates in the electrodeposition of
Co(OH); films. The counter and reference electrodes were stainless steel mesh (16 cm X 16 cm) and a
standard calomel electrode (SCE), respectively. An aqueous solution of 0.1 M Co(NO3),-6H,0 was
used as an electrolyte and electrodeposition precursor. The three electrodes were immersed in the
solution at the reaction chamber. Then, the vessel was submerged into a glycerin bath with magnetic
stirring over a hot plate, adjusting the temperature control until the electrolytic temperature reached
the equilibrium at 25, 60, and 95 °C. The temperature was monitored inside the electrochemical
chamber with a thermometer rod inside the electrodeposition precursor solution. The electrodeposition
continued until there were no changes in the temperature media for 10 min. The film was obtained via
a chronopotentiometry by applying —1.16 mA cm~2 for 20 min using a Biologic VSP potentiostat. After
the electrodeposition process, the as-electrodeposited Co(OH), films on a SSP substrate were washed
several times using deionized water and dried in an oven at 40 °C overnight.

2.2. Characterization of the As-Deposited Materials

The characterization of the as-deposited Co(OH), was evaluated by morphological,
physicochemical, and electrochemical techniques. The morphology was studied by scanning
electron microscopy (SEM) with a JEOL JSM-7001F microscope, and elemental analysis (EDX) was
performed with a detector coupled to SEM. The X-ray diffraction patterns (XRD) of the as-deposited
materials were obtained using a Bruker D8 Advance, with a diffraction angle (26) from 10 to
80°. N adsorption/desorption isotherms were performed to determine the textural properties
of the materials obtained; samples were collected from powders scraped off the electrodeposits.
Quanthachrome Nova 2200 Surface Analyzer was used to perform the analysis. BET calculations to
determine the surface area and the BJH method from the NovaWin® 11.03 software (Quantachrome
Instruments, Boynton Beach, Florida, USA) to determine the pore size distribution were applied.

2.3. Electrochemical Characterization of the As-Deposited Materials

Symmetric cells were assembled with stainless steel plates as the current collector and the
electrodeposited materials to evaluate the behavior of Co(OH), capacitive properties. Each electrode
had an area of 16 cm? and was pressed together between two acrylic plates, with a filter paper
that served as the separator. The cell was then immersed in 1 M KOH solution as the electrolyte.
The electrochemical properties of symmetric Co(OH),-Co(OH); cells were studied in a two-electrode
cell assemble, along with the electrochemical performance of as-deposited materials in a three-electrode
cell arrangement to evaluate redox potentials. The characterization consisted of cyclic voltammetry
tests after initial electrochemical activation at a scan rate of 1 mV s for five sweep cycles in a potential
window from 0 to 1V, determined by the electrolyte KOH 1 M. Then, cyclic voltammetry was performed
at different scan rates from 5 to 100 mV s~!. Specific power and energy density were calculated through
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galvanostatic charge/discharge cycling using Equations (3) and (4). The test was performed in a range
of currents from 6.25 mA cm™2 to 62.5 mA cm™2. The electrochemical performance was calculated
using Equation (1) for a cell capacitance calculation.

It
AEjam

Csp = 1
where Csp, corresponds to the specific capacitance in a symmetric cell arrangement, I, equals the
current, td equals the discharge time, AEd is equivalent to the potential interval in which the discharge
process takes place, and a agrees with the geometric area of the electrode. The mass of the as-deposited
material is represented by m. Equation (2) was used to calculate the equivalent series resistance (ESR).

AEc

ESR =—— 2

o (2)
where AEc corresponds to the maximum charge potential value in the evaluated window potential,
and I, matches with the charging current of the device. Equations (3) and (4) were used to calculate the
energy and power density for the ECs through galvanostatic charge/discharge.

CAE?  C (E max — E min)?
Esp = > = 5 (3)

_AE  (Emax— E min) @
4 ESR 2

where C corresponds to the cell capacitance Csp from Equation (1), and AE is equivalent to the
voltage window limited by the aqueous electrolyte. Finally, potentiostatic electrochemical impedance
spectroscopy (PEIS) tests were performed at 0 V against an open circuit potential (OCP) in a frequency
range from 200 kHz to 10 mHz, with a sinus amplitude of 10 mV to determine the equivalent series
resistance of the assembly and elucidate an equivalent circuit in which the components can be associated
with quantitative variables.

3. Results

3.1. Electrochemical Synthesis of Co(OH);

Figure 1 shows typical species concentration patterns in chronopotentiograms, where they can
be seen as an increase in the recorded potential as the temperature increases in the electrochemical
synthesis. The potential shift between samples arises from the thermal energy contribution in the
electrolyte, which promotes a faster formation of OH™ species in the electrode—electrolyte interface,
lowering the energy requirement for electro-base generation in the deposition process. Similar curves
are shown by Zhou et al. [21] using chornoamperograms by assisted surfactant electrosynthesis,
exhibiting the initial change of concentrations in the electrogenerated species on the electrode surface.

The average electrodeposited mass loading of Co(OH), on the SSP substrate was 0.7 mg cm™2.
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Figure 1. Electrodeposit chronopotentiograms plots at different temperatures in 0.1 M Co(NO3),.

The electrochemical synthesis can be represented as a two-process step. The first step is associated
with an OH™ electrogeneration over the interface of the electrode/substrate, as suggested by reactions
(5) and (6), followed by Co ion precipitation due to complexation with the high concentration of OH™
as a result of the polarization in the electrode—electrolyte interface, as shown by the electrochemical
precipitation reactions (7) and (8) [22]. The intermediate steps between reactions suggest the path to
ion insertion in the hydroxyl matrix of the as-deposited materials, in this case, the NO;.

Electrodeposition process:

NO; +HyO + 2e” —» NO, + 20HE = 0.501 V vs SHE (5)

0, +2Hy0 + 4e” — 40OHE = 0.551 V vs SHE (6)

Cof;f +20H () +y Hy0 — (Co(OH),+y H,0) | @)

Co%;)r +(2-x)OH™ (j)+x NO; + y H,0 — (Co (OH)(Z_X)(Nog)X*y H,0) | (8)

Along with the potential increase response, a color change in the SSP electrodes can be observed
in Figure 2, changing from a bluish color deposit, characteristic of x-Co(OH),, for the as-deposited
materials at 25 and 60 °C to a light pink color, typical of 3-Co(OH),, when the as-deposited material
was made at 95 °C. All as-deposited electrodes were resistant to several distilled water and ethanol
rinses, presenting strong adhesion.

The size, shape and color of the electrodeposit is directly correlated to nuclei growth kinetics
and the thermodynamic process in electrodeposition, in which the involved nucleation of species
interacts on the vicinity of the electrode/electrolyte interface. This process is firmly time-dependent,
in which the gradual growth increases, generating an overlap in the nuclei sites. These nuclei sites
are influenced by the lattice orientation in the substrate and specific free surface in the vicinity of the
electrode/electrolyte [23].
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Figure 2. As-deposited stainless steel electrodes obtained at (a) 25 °C, (b) 60 °C, and (c) 95 °C.

Diffraction planes of the as-deposited Co(OH), on to stainless steel current collectors are shown
in Figure 3. As-deposited powders show diffraction plane signals for (001), (100), (011), (012), (111),
and (311) located at 19.06°, 32.5°, 38.05°, 51.41°, 58.3°, and 62.7°, respectively, that can be attributed to
3-Co(OH), according to crystallographic data sheet, JCPDS 74-1057 [24]. The presence of additional
diffraction signals for the (003) and (006) planes located at 11.35° and 33.05° in the diffractogram of
the as-deposited material at 95 °C suggests—by the displacement to higher diffraction angles—the
formation of mixed phases between rhombohedral «- and octahedral 3-Co(OH),, since the diffraction
signals in the low- and mild-temperature materials are not broadened in the as-deposited materials at
25 and 60 °C [25]. In general, the displacement to a small-diffraction-angle planes can be associated
with the intercalation of NO3 ™ in the as-deposited materials obtained at 25 and 60 °C as the interplanar
distance is nearly doubled in the c-axis of the unit cell.

(011) —Co(OH
oo p-Co(CH),
JCPDS 74-1057
(100)
(012) (110)
J\ (111) 311)
S . e A i Iy A " ¥
:j- o o o ' S 95 °C
©
=
R
e
£
60 °C
003 a-Co(OH),
25°C
T T T T T T T T T T T
10 20 30 40 50 60 70

20
Figure 3. XRD patterns of the as-prepared Co(OH), films.
Table 1 shows the calculated interplanar distance Equation (9), and crystallite size by Scherrer

Equation (10), the ratio of those diffraction parameters can be associated with the number of layers in the
crystallite cell, according to Dam et al. [26]. The uniformity of lattice strain in a certain aligned direction
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can modify the d-spacing, and when these phenomena occur, an increase in the interplanar space will
be seen as a diffraction signal shifts to lower diffraction angles, as seen in the low-temperature samples
obtained at 25 and 60 °C. When the d-spacing is reduced by synthesis procedures, the diffracted
signals shift to higher diffraction angles, explaining the broadening of the diffraction plane (003) in the
as-deposited material at 95 °C.

Table 1. Analysis data from XRD characterization.

Sample (Lattice) d A) B (rad) L (A) Layers (L d-1)
25 °C (003) 7.8 6.49 x 1073 218 28
60 °C (003) 7.5 3.53 x 1073 401 53
95 °C (001) 4.6 4.00x 1073 375 81
2d sin® = nA 9)
KA
L= 10
Bcos6 (10)

The increase of the temperature, in the 95 °C as-deposited sample, showed three-times more
intrinsic layers in the crystalline cell compared to the as-deposited material at 25 °C, and up to almost
two-times the calculated number of layers obtained in the electrochemical deposits made at 60 °C.
This increase in the number of intrinsic layers is associated with the reduction of the interplanar space
of the crystal cell, thus, limiting the intercalation of water and ion molecules inside the crystalline cell.
As for the other two mixed phases present in the deposits obtained at 25 and 60 °C, the calculated
values of the interplanar distance between layers suggests an increase of the space produced by the ion
insertion in the double-layer hydrotalcite-type of x-Co(OH),.

The SEM images of the electrodeposit obtained by chronopotentiometry are presented in Figure 4
for the three synthesis temperatures (25, 60, and 95 °C). The morphology of electrodepositing performed
at 25 °C shows coral-like clusters; this cluster type of shape is similar to that reported by Kong et al. [27],
obtained by chronoamperometry at a potential of —1 V vs. SCE. With a temperature increase from
60 to 95 °C, the electrodeposited material shows a domain reduction with a distinctive hexagonal
platelet form in the hollow arrangement; similar structures were obtained by Aghazadeh et al. [28] by
galvanostatic deposition. The hexagonal platelet clusters showed a reduction in size with smaller-size
domains when the synthesis temperature was 95 °C. These results are in agreement with the XRD
section in which the increase in temperature inferred a higher crystallinity in the as-deposited materials.

18 4S5 SE1

28KV . X12, 000 1mm

Figure 4. The microstructure of as-deposited Co(OH), at different temperatures.
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Changes in the morphology of the as-deposited materials can be associated with the Co?" ion
mobility by the thermodynamic energy changes and energy, thus increasing the rate of transport of
the Co?* ions towards the electrode surface [29]. Along with these changes in size, a different type of
deposit forms when the temperature is increased in samples at 60 and 95 °C, changing from a type of
coral-like structure to a platelet-cluster formation. Moreover, the observed changes in the as-deposited
material from a bluish to a pink film suggests a change in Co composition.

EDX analysis is presented in Figure 5 as the spectrum shows the highest contribution in the
material is for O,. As temperature increases in the electrochemical deposition process, this percentage
reduces by nearly five percent. In Table 2, the results of the collected data are presented. It can be seen
that the decrease in O; is given by the reduction of the layered double hydroxides (LDH) material,
limiting the degree of OH™ insertion and nitrate ions adsorbed in the interlaminar space.

0 1 2 3 R 5 6 7

ull Scale 8422 cts Cursor: 0.000 keV

Figure 5. Elemental analysis (EDX) spectrum of the electrodeposited Co(OH); (initial signals attributed
to carbon tape used in the analysis).

Table 2. EDX analysis.

Weight % Atomic %
Sample
Co 0O, Co 0,
25°C 54.56 45.44 24.70 75.30
60 °C 56.77 43.24 26.29 73.71
95°C 59.04 40.96 28.30 71.70

Textural properties analysis by N, adsorption/desorption isotherms is presented in Figure 6,
in which adsorption/desorption isotherms present a type-IV shape according to the IUPAC classification,
which is common in mesoporous materials. An H-2 hysteresis cycle was observed, which is typically a
signal of weak interactions between N, and Co(OH),, this weak interaction can be associated with the
interconnectivity of the pores between the adsorbent structures.



Energies 2019, 12, 4246 90f17

o
[}

35 1

30 1

25

20

15

10

[y
|

5 . 3 -1
N, adsorption/desorption volume (cm™g )

o

T T T T T i} T T
0.2 0.4 0.6 0.8 1.0
P/Po

Figure 6. Adsorption/desorption isotherms of as-deposited C(OH), at 25, 60, and 95 °C.
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The specific surface area was calculated by Brunauer-Emmett-Teller (BET) calculation; the results
are listed in Table 3. A proportional increment in the calculated area with electrodeposit temperature is
associated with higher ion mobility of the Co?* during the electrodeposition process, promoting major
nucleation sites for the crystal structures of 3-Co(OH);, to form smaller pores which can increment the
surface area. The specific area obtained through BET calculations are much lower than those reported
by Aghazadeh et al. [20], close to 100 m? g~! for similar powder compounds. The difference in specific
area arises from the electrodeposition process, which was carried out without pH buffer, unlike the
work of Aghazadeh, where the generation of OH™ groups was promoted by a pH mediator used in
the synthesis. According to the Barrett-Joyner—-Halenda (BJH) pore size calculation, the distribution
was observed in the range of 20 and 50 A. Finally, an electrodeposited sample at 95 °C adsorbed a
greater amount of N, compared to the other two samples (25 and 60 °C); the increase in the adsorption
volume can be explained due to the smaller size of the metal hydroxide obtained.

Table 3. The specific surface area of as-deposited materials.

Sample  Specific Surface Area (m? g~1)

25°C 9.11
60 °C 10.04
95°C 30.41

3.2. Electrochemical Characterization: Three-Electrode Cell Configuration

Figure 7 shows the voltammograms of the electrodeposits made at the three synthesis temperatures
of 25, 60, and 95 °C, with a scan rate of 20 mV s~! and using 1M KOH as the electrolyte. The material
that shows the highest current density was the electrodeposit synthesized at 25 °C. This current
can be associated with two factors related to EDX analyses and the growth mechanism involved
during electrodeposition. According to the EDX analysis, when electrodepositing was performed
at 25 °C, a higher content of atomic oxygen was observed. Regarding the nucleation of Co(OH),
at lower temperatures, it tends to form more massive clusters, as observed in the results by SEM
(Figure 4—25 °C).
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Figure 7. Cyclic voltammograms of Co(OH), from 0 to 0.7 V vs. Standard Hydrogen Electrode (SHE)
at a scan rate of 20 mV s~! in 1 M KOH.

It is worth mentioning that the appearance of redox signals can be described as a quasi-reversible
process due to the displacement of the redox signal in the evaluated materials, although, for the 95 °C
as-deposited material, it can be seen that the oxygen evolution reaction (OER) occurs, increasing
the response current in the Cyclic Voltammogram (CV) profile. The oxidation of Co(OH), to
CoOOH—reaction (11)—and the reduction of CoOOOH to cobalt hydroxide, as shown in reaction (12),
increases the electron transfer in the 95 °C as-deposited material.

Co(OH),+OH~ — CoOOH + H,0 + e (11)

CoOOH + H,O + e~ — Co(OH),+OH" (12)

In the cyclic voltammetry analysis, the difference in response currents can be associated with
oxygen content in the as-deposited material, since the 25 °C as-deposited material presents a more
prominent cluster structure, according to SEM and EDX analysis. Equation (13) was used to calculate

the specific charge.
1 Vap
Q =5 j;/cp I(V)dv (13)

where Q, is the specific charge (C h g), m is the deposited mass of the electrode with a calculated value
of 0.7 mg cm™2, A corresponds to the area of the electrode equal to 16 cm?, v corresponds to the scan
rate (Vs™1), and the integral of I (V) dV equals the area under the curve for the oxidation (V) and
reduction (V) peaks. The specific charge values obtained were 25.64, 24.78, and 9.44 C h g™! for the
three electrodeposits made at synthesis temperatures of 25, 60, and 95 °C, respectively.

Recent progress on electrochemical energy storage aims at a standardization method to report
energy-storage units for a specific type of material according to the storage mechanism in which they
predominantly work, as mentioned by Balducci et al. [30]. The energy metrics of materials tested in a
half-cell configuration seeks to present the electrochemical behavior of this battery type of materials
in which Faradic contribution in the storage mechanism plays a significant role. Since the Faradic
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contribution arises in this case from potential dependent redox according to reactions (5) and (6),
since Faradic contributions presented in redox materials tend to behave more like a battery-type,
the difference and outlooks to choose between a capacity or capacitance measures is suggested [31].

Since redox activity was presented, cyclability tests were performed by subjecting the material
to 500 cycles with a scan rate of 20 mV s7! in a potential window of 0 to 0.7 V vs. SHE in 1M KOH
electrolytic solution. The response currents in the cyclic voltammetry decreased by 45%, 22%, and 24%
for the synthesis temperatures of 25, 60 and 95 °C, respectively, after 500 cycles. The decrease in charge
retention is associated with possible irreversible intercalation phenomena of K* ions in the laminar
structure of Co(OH); at the electrode—electrolyte interface.

Quasireversible Faradic processes were carried out so that the oxygen content in the sample is
inversely proportional to the electrochemical stability determined by scanning cycles. Table 4 lists
the calculated areal capacity values for the three as-deposited electrodes at electrochemical synthesis
temperatures of 25, 60 and 95 °C through 500 voltammetric cycles at a constant scan rate of 20 mV s~
The highest areal capacity was obtained in the 25 °C electrode material with a value of 27.82 mA h cm 2.
The as-deposited material at 60 °C presented the more stable performance, with an average areal
capacity of 23.61 mA h cm~2.

Table 4. The areal capacity for three-electrode configuration mA h cm~2,

Areal Capacity (mA h cm~2)

Cycle
25°C 60 °C 95°C
1 27.82 26.88 10.24
100 23.47 25.32 9.38
200 21.29 23.65 8.53
300 19.56 22.62 8.16
400 18.25 22.10 7.73
500 17.37 21.08 7.56

Meanwhile, the 95 °C as-deposited electrode shows the lowest areal capacity of 10.24 mA h cm 2,
with a small difference in the last cycle of 7.56 mA h cm~2. The areal capacity drop is associated with
the quasi-reversible-type redox pair of the electrodeposited material during ion intercalation in the
voltammetric cycling process [31].

3.3. Electrochemical Performance of ECs

Voltammograms of the two-electrode cell symmetrical arrangement with Co(OH), electrodeposited
electrodes at three different syntheses are shown in Figure 8. The voltammogram corresponding to the
material electrodeposited at 25 °C (Figure 8a) does not present notorious oxidation-reduction signals
compared with the three electrochemical cells, which may suggest that cell configuration influences
the response current and the storage process is carried out mainly by electromagnetic contributions
with minor Faradic contributions [32]. The recorded current density presents an increment above
0.6 V, this increment is related to the Faradic contribution of Co(OH), by oxidation. In contrast
to when the EC undergoes oxidation in the voltammogram, the reduction portion shows small
current contributions, according to the semi-rectangular shape related to the reduction of CoOOH into
Co(OH);. The voltammogram for the symmetric as-deposited EC at 60 °C (Figure 8b) presented a
smaller oxidation current increase after 0.6 V, which may occur due to the higher reversibility of the
as-deposited material at that specific temperature. No considerable changes in the voltammogram
shape of as-deposited EC at 60 °C, are observed when the scan rate is increased; this may suggest a low
equivalent series resistance (ESR). Finally, in Figure 8c, the as-deposited EC at 95 °C voltammogram
is presented, showing a higher current response—reaching a current response close to 400 mA cm™2
when the EC was evaluated at the maximum scan rate of 100 mV s~!. However, in the cathodic portion
of the voltammogram, the current response is less pronounced, compared with the lower-temperature
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as-deposited EC of 25 and 60 °C. The difference can be attributed to the interlaminar space, as mentioned
in the morphology characterization section; there is a change in the size of the as-deposited materials
as the temperature was increased, reducing the size of the as-deposited materials.

In Figure 8d, a series of charge/discharge profiles is presented at a constant current density of
12.5 mA cm 2 given by the cyclic voltammetry analysis. The charge/discharge galvanostatic profile
of the ECs is presented in Figure 8d. The profile exhibited typical plateaus in samples at 60 and
95 °C. The fin’s shape can indicate a charge-storage mechanism with Faradic contributions since a
regular triangular profile can be observed in a double-layer charge mechanism. ECs at 60 °C presented
the most significant charge/discharge profile of 33 s, nearly three-times the exhibited time of ECs
at 25 °C. The differences arise in the material composition since the Co increases with temperature,
as shown in the EDX analysis (Table 2), leading to an increase in the charge transfer through the
oxidation-reduction process.
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Figure 8. Voltammogram of the symmetric electrochemical cell (EC) as-deposited at (a) 25 °C, (b) 60 °C,
(c) 95 °C and (d) galvanostatic charge/discharge profiles of the different ECs at a current density of
12.5 mA cm™2.

Areal capacity profile curves across the charge density in the charge/discharge process are shown
in Figure 9a. The profiles exhibited a reduction of areal capacity when the charge density increased.
Between the as-deposited materials, the 25 °C as-deposited EC presented the lowest areal capacity
of 1.97 mA h cm~2 but maintained nearly 60% of the maximum capacity through to the end of the
charge/discharge current density range, with a value of 1.124 mA h cm .
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Figure 9. (a) Areal capacity distribution; (b) coulombic efficiency of ECs; (c) ESR of ECs; and (d) Ragone
plot for the electrochemical performance of symmetrical ECs.

Unlike the as-deposited EC synthesized at 60 °C, which shows an increase of the initial areal
capacity of 2.70 mA h cm~2 at lowest current density charge/discharge at 6.25 mA cm~2, the EC profile
shows a lower retention of the capacity when the EC increases the current density with a 65% areal
capacity drop at the maximum charge/discharge current density of 62.5 mA cm~2. EC as-deposited at
95 °C reached the maximum areal capacity recorded at 6.25 mA cm~2 of 4.37 mA h cm~2 but presented
the highest areal capacity decrease of the three samples of 85%. The decrease in the areal capacity can be
associated with the rate of charge/discharge and the internal structure of the LDH, in which the lower
rate charge/discharge was favored by slow insertion and desorption of the ions in the charge process.

Moreover, the pseudocapacitance, as a conjugated phenomenon in which the double-layer storage
mechanism and the Faradic contribution through redox reaction, adsorption/desorption, and ion
intercalation can take place at the same time in the charge-storage mechanism [33]. Along with this,
the changes in the material upon oxidation must be taken into account; as reported in the literature,
x-Co(OH); is not stable in alkaline media and undergoes a transition to 3-phase [34], this can be
associated with the ion insertion and the interplanar broadening of the laminar structure.

Coulombic efficiency evaluation (shown in Figure 9b) presented controlled behavior through
the charge densities interval. EC at 95 °C exhibits the highest-efficiency EC with an increase at low
currents due to activation of the material, followed by a fast ion adsorption/desorption process when
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the current charge is increased, reaching 98% efficiency at the maximum current density of 62.5. For the
ECs as deposited at 60 and 95 °C, the efficiency performance is lower, this reduction is attributed to the
decreased interlaminar space, as shown by XRD analysis, hindering the insertion of the electrolyte in
the mesoporous structures.

Despite the decrease in the coulombic efficiency, the presented efficiencies exceed 80%. In Figure 9c,
the ECs present the equivalent series resistance (ESR) of the as-deposited ECs. EC at 95 °C reached a
maximum value of 5 m(); this resistance value agrees with the low Ohmic drop as seen in Figure 8d
charge/discharge profile. However, it is noteworthy that the increase in the resistance when the current
increases can be attributed to the oxidation process by the quasi-reversible deposited material, which,
upon being exposed to high potential, forces the oxygen evolution reaction, increasing the electric
resistance in the oxidized material.

The Ragone plot in Figure 9d presents the energy density and power output of the ECs.
The presented behavior across the current density can be described as a two-type behavior: when
ECs are charged with low current densities, the device exhibits a high-energy-density response,
this can be explained by the slow rate of the charge transfer process in the charge/discharge stage,
resulting in a slower ion insertion/desorption process; when the current density increases, this ion
insertion/desorption is accelerated.

Furthermore, the second type of behavior can be described as an affinity to a high-power output
for EC when it is charged at the highest current density in the range, presenting up to 19 kW kg~'.
From the obtained results, it can be confirmed that the effect of temperature affects the morphology
and, thus, varies the electrochemical performance of the ECs. In comparison with a similar EC cell
arrangement and material, the results obtained are higher than those reported by Jagadale et al., with
an energy density of 3.96 W h kg™! (areal capacity of 1.35 mA h cm~2) for a similar electrochemical cell
based on thin-layer electrodes of Co(OH); [19].

Through electrochemical impedance spectroscopy analysis, the electrochemical resistance of ECs
was evaluated; in Figure 10, Nyquist plots are presented. The spectra show a deviation from the
behavior of an electrochemical capacitor, which can be represented as a vertical line with a phase angle
of 90° [35]. However, a deviation from the vertical line in pure capacitors is observed, and this is
associated with diffusion resistance [36]. As can be seen, there is no semicircle area in the high-frequency
region, which can be attributed to the low charge transfer resistance of the material [37]. The increase
in resistance is attributed to the pore reduction in the materials.

From the experimentally obtained values, an equivalent circuit was determined, which is presented
in the inset in Figure 10b. This circuit was adjusted using the Zview® software (Scribner Associates
Inc., Southern Pines, NC, USA). The circuit is composed of three elements. Table 5 shows the values
obtained from the proper circuit adjustment of the experimental data.

The obtained values of ESR are in the range of 77 to 84 m() for the electrochemical capacitors.
These values are slightly higher than those presented in the previous section of the galvanostatic
evaluation. As the equivalent circuit information shows, the first element L; corresponds to an inductor
element, the nature of this element can be associated with the cable connections in the apparatus
between the EC and potentiostat, yielding a small inductance contribution. The second element
corresponds to a resistor element R; in the equivalent circuit, and it can be described as the equivalent
series resistance (ESR), which corresponds to the sum of the resistances of the components present
in the electrochemical system. The third element corresponds to a series-connected constant phase
element CPE;, and the element is composed of two sub-elements, the transfer element CPE;-T and
the phase angle represented by the CPE;-P subcomponent; deviations from a 90° angle suggest that a
Faradic contribution can be seen in the high-frequency region. Finally, a parallel-connected resistor R,
element is shown. The resistance at the low-frequency region can be attributed to the charge transfer
process, reaching a maximum value of 33.57 ) for the 95 °C EC.
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Figure 10. Nyquist diagram for the symmetrical EC at different synthesis temperatures: (a) high-
frequency region; (b) equivalent circuit for the fitted experimental data.

Table 5. Experimental data of potentiostatic electrochemical impedance spectroscopy (PEIS) fixed data.

EC-Co(OH), Ly R; () CPE;-T CPE;-P R, () x?
25°C 132 x 1077 7.90 x 1072 3.86 x 1073 0.77 19.42 3.08 x 1073
60 °C 1.34 x 1077 7.76 x 1072 2.86 x 1073 0.76 22.54 548 x 1073
95 °C 1.39 x 1077 8.48 x 1072 426 x 1073 0.70 33.57 6.82 x 1073

4. Conclusions

Electrochemical deposition of Co(OH), was achieved without the use of any surfactant or pH
buffer in the synthesis, which simplifies the synthesis process. As morphological studies suggest,
the changes in the temperature bath lead to different microstructures, with variations in the crystalline
structure, as suggested by the XRD analysis. The increase in the temperature bath to 95 °C leads to the
formation of a mixed-phase compound, comprising both x-Co(OH); and 3-Co(OH), phases. According
to XRD analysis, the deposited material has a reduced laminar space, which limits the ion intercalation,
as shown by the electrochemical characterization. The study of the effect on the electrochemical
properties showed that the electrosynthesis temperature solution of 60 °C offers desirable deposition
conditions in terms of the evaluated response analyzed by physicochemical, morphological, textural,
and electrochemical characterization. An areal capacity value of 2.02 mA h cm~2 was calculated in a
two-electrode cell when evaluated at a current density of 12.5 mA cm™2 for the 60 °C as-deposited
material, which means that, in this study, a “mild temperature” appears to be favorable for the
electrodeposition process in the preparation of metal hydroxides for its incorporation in a base matrix
of a composite material for energy-storage applications.
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