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The development of electric energy storage devices with high power
density has become one of the most challenging research areas
in a wide range of applications. In this context, electrochemical
supercapacitors are attracting great attention due to their high
potential density, fast charge-discharge cycles and high number of life
cycles.

In the present work, Ni-Co nanostructured films were produced
by electrodeposition technique in order to form a porous dendritic
structure with enhanced surface area.

The electrochemical behaviour of the deposited films was
studied by charge-discharge experiments. The Ni-Co dendritic films
electrodeposited at current densities i, =-4 mA cm?and i, = -30 mA cm
display a specific capacitance of 215 F g'. The capacitance loss is about
33 % after 6000 charge-discharge cycles.
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O desenvolvimento de dispositivos de armazenagem de energia com
elevada densidade de poténcia tornou-se numa area de investigacdo
de grande interesse para um vasto campo de aplicacées. Os
supercondensadores eletroquimicos para além de elevada densidade
de poténcia possuem tempos de carga e descarga reduzidos e elevado
numero de ciclos de vida. No presente trabalho, produziram-se filmes
de Ni-Co nanoestruturados por eletrodeposicdo com uma estrutura
dendritica de elevada area superficial.

O comportamento eletroquimico dos filmes depositados foi
estudado através de ensaios de carga-descarga. Os filmes depositados
a densidades de corrente i,.=-4 mA cm™ e i,=-30 mA cm™ apresentaram
um valor de capacidade especifica de 215 F g'. A perda de capacidade
é de 33 % ao fim de 6000 ciclos de carga descarga.
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1. INTRODUCTION

The demand for more efficient, sustainable and environmental friendly
transports as well as electronic portable devices with high autonomy
has stimulated the development of energy storage systems as batteries
and supercapacitors. Supercapacitors are considered the direction of
future commercialization and applications due to their ability to stand
a very large number of charge and discharge cycles, increased power
density and increased lifetime with relatively low maintenance costs.
However, despite the current research and development achievements,
electrochemical supercapacitors still lack improved performance

in terms of energy density. In order to overcome this drawback it is

of paramount importance to develop new electrode materials with
optimal properties [1].

Extensive research has been performed on improvements of
supercapacitors performances [2-4]. Supercapacitors electrodes
demand a combination of several characteristics, such as: high
conductivity, high surface area, corrosion resistance, temperature
stability, controlled pore structure and low cost. Recent trends on the
use of metallic oxides for supercapacitors show that transition metal
oxides, possessing multiple oxidation states, which enable reversible
redox reactions for pseudocapacitance generation, are desirable [5].
Among these, RuO, shows very high specific capacitances (Sc), which
result from faradaic processes involving the transition between various
oxidation states of Ru ions. These redox processes are accompanied
by proton intercalation in order to preserve the electroneutrality of
the oxide [6]. Other oxides of transition metals such as Co,0,, NiQ,
SnO,, MnO,, PbO, and V, 0, are being investigated as electrodes
for supercapacitors in aqueous electrolytes. Recently, Ni-Co based
systems have been proposed as materials for redox electrochemical
supercapacitors electrodes due to their multiple oxidation states and
high theoretical specific capacitances [4, 7]. Co,O, is well known by
its excellent reversible redox behavior, high conductivity, long term
performance and good corrosion stability [4]. The pseudocapacitance
of this oxide originates from the following redox reaction [8]:
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Co,0,+H,0 + OH & 3Co00H + e

Co(OH), is also an attractive material due to its layered structure and
large interlayer spacing, which warrants a high surface area and fast ion
insertion/desertion rate that occurs during the following reaction [4, 8]:

Co(OH),+ OH & CoOOH + H,0 + e

Nickel oxide is considered an alternative electrode material for
supercapacitors due to its easy synthesis, relatively high specific
capacitance, environment friendliness, and low cost [4]. The redox
reaction of nickel oxide in KOH electrolyte can be expressed as [9]:

NiO + OH- & NiOOH + e

The challenges in using NiO based electrode materials involve poor
cycle performance and high resistivity. The conductivity of nickel
oxide can be improved by introducing cobalt ions into the nickel
oxide matrix [4]. Nickel-cobalt binary metal oxides such as nickel
cobaltite (NiCo,0,), have shown increased conductivity and improved
electrochemical activity when compared to their single oxides due to
the combined contributions from both nickel and cobalt ions in the
oxide structure [10].

On the other hand, porous 3D structures act as conductive networks
and enable the access of ions and electrons to the active sites on
the surface, resulting in a better electrochemical response of the
electrode. These structures include, among others, NiO nanorods [11],
Ni(OH), nano-flakes formed on carbon nanotubes and nickel
foams [12], all of them presenting very good results. In this context,
the properties of dendritic structures have been less explored.
However, 3D dendritic structures fabricated, for example, using the
H, bubble template [13] are promising candidates for supercapacitor
electrodes due to their high surface area and porosity.

In the present work, electrodeposition of Ni-Co films with a 3D
dendritic structure was performed on stainless steel substrates from
chloride-based electrolytes. Stainless steel substrates are cheap,
mechanically stable and corrosion resistant, making them very
attractive for electrode fabrication. Using a square wave-form in
the cathodic domain and applying different current densities, the
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film morphology was tailored in order to develop the 3D branched
dendritic structures with a large open porosity, supported in a
continuous compact layer. Thus, with this innovative approach it
was possible to fabricate a new 3D dendritic Ni-Co film structure
on stainless steel electrodes using current densities one order of
magnitude lower than those typically found in the literature [14,
15]. This strategy opens a new array of technical possibilities for
fabrication of supercapacitor electrodes using cheaper and reliable
routes. The work highlights the effect of the applied current on the
mechanism of formation of the 3D dendritic structures and gives
relevant insights concerning the composition and morphology of
these dendritic structures with ability to be used as electrodes for
redox supercapacitors.

2. EXPERIMENTAL PROCEDURES
Electrodeposition
Stainless steel substrates (AISI 304 from Goodfellow) were polished
with 500, 800, and 1000 grit SiC abrasive paper, thoroughly rinsed
with distilled water, and dried with jet of compressed air. The Ni-Co
alloy was electrodeposited on these substrates from an aqueous
electrolyte containing 0.07 M CoCl,.6H,0, 0.03 M NiCL.6H,O and
0.5 M H,BO,. The electrolyte pH value was set at 5.5 by addition of NaOH.
Electrodeposition was performed in a conventional three-electrode
electrochemical cell, using a platinum (Pt) plate as counter electrode
and a saturated calomel electrode (SCE) as reference. The process was
carried at room temperature.
A Voltalab PGZ 100 potentiostat from Radiometer was used for the
simultaneous electrodeposition of cobalt and nickel by imposing
a square-wave cathodic current. The upper current limit (i) was
varied from -3 to -5 mA cm2 and the lower current limit (i,) was
varied from -5 to -50 mA cm2. The pulse duration was the same for
both current limits (50 s) and a total of 20 cycles was applied in each
electrodeposition experiment.

Characterization

The microstructure and chemical composition of the deposited Ni-Co
films were analyzed by scanning electron microscopy (SEM, Hitachi
$2400) and energy dispersive X-ray spectroscopy (EDS, Rontec
standard detector), respectively.

The electrochemical characterization of Ni-Co alloys was performed
by charge-discharge curves in 1 M KOH electrolyte with current density
of 1 mA cm. The electrochemical characterization has been acquired
in the electrochemical cell configuration described above, using the
electrodeposited Ni-Co alloy as working electrode.

3. RESULTS AND DISCUSSION

The dependence of the electrodeposited mass, measured
experimentally, with the lower (more negative) pulse limit current (i.)
is depicted in Figure 1. For comparison purposes, the theoretical
mass, calculated from Faraday’s law, is also shown. This calculation
was performed assuming the average molar mass of Ni and Co

and the total charge of electrodeposition. It is observed that the
electrodeposited mass increases proportionally with the modulus
of i,. Furthermore, for i,=-10and -15 mA cm?, the deposited mass
is very close to the theoretical value. Assuming that the current
efficiency for the electrodeposition process is given by the ratio
between the experimental and theoretical values, in that current
range the efficiency of the Ni-Co electrodeposition is ca. 97 %. When
more negative i, values are applied, the deposited mass starts to
deviate from its theoretical value, and a decreased in the deposition
current efficiency is observed, being approximately 83 % for

i, =-40 mA cm?. This deviation can be explained by more intense H,
evolution, occurring simultaneously with Ni-Co deposition [16].
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- Dependence of the deposited mass (experimental and predicted by
Faraday’s law) on i, for Ni-Co deposition.

The chemical composition of the electrodeposited Ni-Co films was
determined by EDS, and its dependence on i, is shown in Figure 1. As
it can be observed, for i,values more positive than -15 mA cm?, the
atomic percentage of Co in the electrodeposited Ni-Co alloy is higher
than that in deposition electrolyte. Hence, in this current range, the
Ni-Co deposition reveals its typical anomalous behavior with the less
noble metal (Co) being preferentially deposited [17]. This anomalous
deposition is often found in the iron-group binary alloys [17] and,
although this phenomenon has been extensively reviewed in the
literature, it is still not fully understood [17, 18]. When the applied
i, is in the range -15 to -30 mA cm?, the atomic percentage of Co
and Ni in the deposit approaches that of the electrolyte (Figure 2),
which indicates an “equilibrium” deposition behavior. This effect is in
accordance with literature data reported for galvanostatic deposition
of Ni-Co alloys [17]. In conclusion, the results obtained in this work
show that the Co content decreases with increasing current density
and, at sufficiently high current densities (more than -20 mA cm?) the
metal ratio of the deposit approaches that of the electrolyte.
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- Dependence of the Ni and Co contents in the deposited film with
i,.=-3 mA cm?, determined by EDS, on the i, value. Horizontal dashed lines
represent the atomic percentage of Ni and Co in the electrolyte.

Figure 3 depicts SEM images of Ni-Co films deposited at different
i, values. It can be observed that there is a clear change in growth
type regime as the i, current values become more negative than
-15 mA cm?, when a 3D dendritic morphology starts to nucleate.
In fact, for current densities of -5 and -10 mA cm (Figure 3a, 3b),
the electrodeposited Ni-Co films are smoother, consisting of well-
organised micrometric grains, whose size increases with decreasing
i,. Fori,=-15mA cm?(Figure 3c), most of the Ni-Co film presents an
open porous structure, revealing the formation of dendrites without
significant branching. However, in some locations, more developed
dendrites can also be observed. For i, =-20 mA cm? (Figure 3d),
the density of fully developed dendrites, with relevant secondary
branching, increases as well as their sizes (diameter and height). Each
dendrite consists of several hierarchical assemblies, which develop
from a central longitudinal core, to which several secondary branches
with different lengths and widths are connected.
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- SEM images of Ni-Co electrodeposition by pulse current with
i,=-3mAcm?and i, values of -5 (a), -10 (b), -15 (c) and -20 mA cm™ (d).

Figure 4 depicts the capacitance evolution with the current density
(i, and i) applied in electrodeposition process. The capacitance
values were calculated by charge-discharge curves of the Ni-Co
electrode in 1M KOH electrolyte at a galvanostatic current density
of 1 mA cm?in a potential range of 0 to 0.4 V. An unstable increase
of the capacitance value is observed until -45 mA cm2 due to the
growing of specific surface area. The maximum value of capacitance
(215 F g"") was obtained for i, =-4 e i, = -30 mA cm™ Comparing with
the literature [5, 10, 11, 19] this value is in the range of capacitance
values for transition metals electrodes (50 and 1100 F g') but still far
from the top values.
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Fig. 4 - Dependence of the capacitance of the Ni-Co films with the
electrodeposition current density (i1 and iz), calculated by charge-discharge
curvesin 1 M of KOH.

The effect of KOH concentration in the electrolyte on the charge-
discharge curves of Ni-Co film is represented in Figure 5. It is observed
that a higher concentration of KOH leads to a longer total time for
charge-discharge which means a higher value of capacitance. This
effect can be explained by looking at the redox equations occurring at
the Ni-Co film. Both Co and Ni oxidation reactions are depicted in the
following equations [8, 9]:

Co,0,+ OH +H,0~> 3CoOOH + 1e
Ni(OH),+ OH - NiOOH + H,0 + Te-
According to the equations, OH- is essential for oxidation reactions

of both Ni and Co justifying the increase of capacitance with KOH
concentration.
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Fig. 5 - Dependence of capacitance of Ni-Co film deposited ati,= -3 mA cm?
and i, =-20 mA cm™ with variation of the KOH concentration in the electrolyte:
0 (a), 0.1 (b), 0.3 (c), 0.75 (d), 1 (e), 1.5 (f), 3 g), 6M ( h).

Figure 6 shows the dependence of the discharge specific capacitance
of the Ni-Co films on the charge-discharge cycles numbers. The charge-
-discharge experiments were performed at current density of 1 mA cm?
within the potential window of 0 to 0.4 V in 1M KOH electrolyte. The
discharge specific capacitance decreased to ca. 70 % after 1500 cycles
and then remains constant up to 6000 cycles, indicating that Ni-Co
electrode has relatively good electrochemical stability. The repetitive
charge-discharge cycling does not induce significant changes in the
dendritic structures.
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4. CONCLUSIONS

Ni-Co nanostrutured films are established as good candidates for new
electrochemical supercapacitor materials. A new approach consisting
on applying a square current waveform in the cathodic domain was
successfully applied for the electrodeposition of Ni-Co films. This
approach allows tailoring the properties of the deposited Ni-Co films
(morphology, porosity, chemical composition) through the control

of the electrodeposition parameters. This method has proved to be
effective to fabricate a continuous film over which 3D Ni-Co dendrites
with highly ramified branches and open porous structures were grown.

When the lower limit pulse is less negative, well-organized grain
morphologies were observed for Ni-Co film; the composition follows
the anomalous deposition and the deposited mass is in accordance
with the Faraday law. On the other hand, for more negative values of
the lower limit pulse, there is the formation of a 3D porous network
dendritic structure with a high superficial area and the Ni-Co ratio
approaches that of the electrolyte.

The electrochemical tests confirm that nanostructures
electrodeposited with i, =-4 and i, = -30 mA cm™ show the highest
capacitance (215 F g'). AlImost 70 % of specific capacitance remained
after 6000 cycles. Detailed studies on the electrochemical behavior
of the present materials are under investigation to enhance their
performance.
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