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Abstract: Nickel hydroxide 3-Ni(OH), nanolamellae with high aspect ratios were grown via chemical
bath deposition (CBD) on both smooth and textured nickel foil. Depending on bath composition
and/or the presence of an additive, thin foam-like nanolamellae to stacked lamellae were obtained.
The used CBD method is highly cost-effective, as it is faster and requires less chemicals than typical
hydrothermal methods, and it is readily implementable for large-scale production. The influence of
surface texture on the final morphology and its effect on capacitive performance was investigated.
Herein, we show how subtle changes in the concentration can drastically influence the morphology,
which, in turn, drastically impacts the supercapacitive performance of the electrode. Also, the use
of a textured surface significantly impacts the morphology, with vastly better cycling performance
than samples made on a relatively smooth substrate. The measured specific capacitance values
of the best sample were 1961 Fg~! at 5mVs~! and 1998 Fg~! at 1 Ag~! under potentiostatic and
galvanostatic conditions, respectively. This sample also retained 100% of its initial specific capacitance
when discharged at a very high current density of 40 Ag~!. These values are substantially enhanced
compared to previously reported data using a nearly analogous method (CBD with higher reagent
conc.), with our method, cost-wise, offering economic advantages relative to results obtained with
similar materials and other methods (e.g., hydrothermal).

Keywords: nanolamellae; nickel hydroxide; chemical bath deposition; supercapacitors; electrochemical
energy storage; surface modification

1. Introduction

Nickel hydroxide is an important component as an electrode material in energy storage
devices such as batteries and supercapacitors. Supercapacitors based on pseudocapacitance
derive their capacitive properties from changes in oxidation state during a redox reaction,
where the generated charge is proportional to the applied potential difference. The presence
of multiple oxidation states is a salient feature of transition metals. Their oxides—or hydrox-
ides in certain cases—are not only often chosen based on their capacitive properties but also
their combined chemical and physical properties, such as conductivity, corrosion resistance,
thermal stability, and low-cost processability, together with morphology control, which,
in turn, influences surface area/porosity. Ni is an earth-abundant material whose oxides
and hydroxides have high chemical and thermal stability. They are an environmentally
friendly materials and relatively cheap when compared to the prohibitive cost of RuO,,
despite the latter displaying better capacitive performances [1]. Ni(OH), has garnered some
attention due to its high theoretical capacitance of 2082 Fg~! within a 0.5 V potential win-
dow [2]. One of the highest specific capacitance values reported for Ni(OH), on Ni foam is
3152 Fg~! [3], although this value drops by ~48% after 300 cycles. The foam is made
by coating reticulated polymer foam with Ni metal using either electroplating or CVD,
which adds to the foreseeable cost of manufacture [4]. This highlights the need to further
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improve the cycling stability of such systems while reasonably maintaining or enhancing
capacity retention.

Current synthetic methods used to produce Ni(OH), are generally encompassed by
techniques such as electrochemical deposition/templating [3,5,6], sol-gel processing [7,8],
hydrothermal techniques [9-13], and chemical bath deposition (CBD) [14-16]. Electrochem-
ical deposition often yields a-Ni(OH),, with specific capacitance in the range of 578 Fg~!
to 3152 Fg~! [3,5], with the latter having poor cycling performance due to adhesion prob-
lems [3]. The sol-gel method is used to generate Ni(OH), but mostly as a precursor for
NiO formation, as an annealing step is required to calcine the film [7,8]. The range of
specific capacitance obtained from hydrothermal and CBD are 324 [13] to 1778 [12] Fg~!
and 398 [14] to 1098 [15] Fg~!, respectively. However, the hydrothermal method requires
the use of an autoclave, temperatures near or above 100 °C, and synthesis time in the
order of tens of hours. For example, one of the highest specific capacitances reported for
-Ni(OH), using the hydrothermal method required 24 h autoclaving at a temperature
of 120 °C [12], which inevitably leads to an increase in terms of both financial cost and
carbon footprint for this method. Moreover, a binder is necessary to anchor the crystals
onto a substrate for electrochemical characterization, which decreases the extent of the
available active surface area. The CBD method provides a low-cost alternative, resulting
in crystals grown directly on a substrate over a relatively shorter period of time. A major
advantage of the CBD method over the hydrothermal method lies in its suitability for
large-area processing and upscalability, which positively counterbalances its drawbacks,
such as limited control for epitaxial growth (thin films <30 nm [17], as defined by the height
of film with respect to the plane of the substrate) and chemical waste; the latter can be
mitigated via recycling protocols.

Nevertheless, both the hydrothermal and CBD methods provide a major platform to a
wide variety of accessible (meso, micro, and nano) morphologies, such as flakes [9], rib-
bons [10], lamellae [11], tubes [18], rosettes [11], flower-like morphologies [19], spheres [20],
sheets [21], and belts [13]. These morphologies, in turn, significantly influence the capac-
itive performance. It has been suggested that smaller crystallite size [10] and ultrathin
nanoscale [22] features, which lead to higher surface area and pore size tailoring [23], have
the potential to improve access for the electrolyte, thereby enhancing capacitive perfor-
mance. Out of the two (« and 3) polymorphic forms of nickel hydroxide, the brucite-like
hexagonal (3 structure is generally obtained when using bases such as ammonium hydrox-
ide, KOH, and NaOH. Other additives and combinations thereof have been extensively
used to understand their influence on the final morphology. Amines such as ethylenedi-
amine and hexamethylenetetramine (HMTA) have been used to generate lamellae or flakes;
chelating agents such as dimethylglyoxime produce tubular structures. Buscaglia et al. [11]
systematically investigated the formation of numerous morphologies under the influence
of organic additives including polymers, surfactants, and cellulose. However, very little
attention has been paid to the influence and/or effect of textured surfaces of a substrate on
the resultant morphology of 3-Ni(OH),.

As mentioned above, the electrochemical performance of Ni(OH), very much depends
on the morphology of the nanostructure, as well as on substrate/substrate-heterostructure,
regardless of the crystal variant (x- or 3-Ni(OH),). Most promising are Ni-based substrates,
where NiOH; can grow binder-free and ready-to-use. For instance, Li et al. reported on the
hydrothermal synthesis of 3-Ni(OH), on Ni foam with a maximum pseudocapacitance of
1470 F/g at 2 A/g and a relatively high retention rate [24]. Carbon nanomaterials, together
with modified Ni(OH),, can also be advantageous to boost performance, as described by
Xin et al. [25], who synthesized BO, ™ -intercalated «-NixCo(;_y)(OH), on reduced graphene
oxide in a hydrothermal process and obtained pseudocapacitance values of up to 2170 F/g,
albeit with a relatively moderate retention rate. In another process, Chen et al. [26] re-
ported on the fabrication of 3-Ni(OH); flakes via alkaline etching of NiAl-double-layered
hydroxide. The samples were mixed with acetylene black and PVDF and subsequently
pasted on Ni foam for characterization. The pseudocapacitance values and the retention
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rate were moderate, with maximum values of 850 F/g and 50%, respectively. To enhance
the conductivity of hydrothermally synthesized Ni(OH), lamellae, Kim et al. [27] deposited
colloidal Au-nanoparticles on them. The samples for electrochemical characterization
were prepared using acetylene black, PVDE, and Ni foam, similarly to [26]. The higher
conductivity imparted to Ni(OH), via Au-NPs entailed a maximum pseudocapacitance of
1979 F/g, compared to 1325 F/g for pristine samples. From the above, it appears that
Ni(OH);, is mostly synthesized via hydrothermal methods, and in the majority of cases,
sample preparation for electrochemical characterization involves mixing the active material
with a binder (PVDF) and carbon black before pasting on a metal electrode, preferably Ni
foam. Herein, we take advantage of the CBD method to generate different morphologies of
3-Ni(OH), lamellae via specific tailoring of the chemical bath composition. The nanostruc-
tures are grown binder-free directly on both smooth and textured nickel substrates, which
serve as back contacts. This method simplifies both the synthesis procedure and the ensuing
device characterization, rendering both cost-effective and easy to handle. Furthermore, ef-
fects of the different morphologies obtained as a result of both the substrate surface texture
and additives on the pseudocapacitance performance are systematically investigated to
help define optimum process windows for the targeted functionality. Moreover, the method
incorporates the advantages of a potentially large-scale implementation, while limiting the
inherent downsides of the hydrothermal method. Herein, we show that the current method
can lead to high capacitive performance, together with high retention rates, while pursuing
a cost-effective procedure driven by our efforts to reduce our carbon footprint.

2. Materials and Methods
2.1. Chemicals

Nickel chloride hexahydrate (NiCl,.6H,0O), hexamethylenetetramine (HTMA), and
polyethyleneimine (PEI), were purchased from Sigma-Aldrich, Darmstadt, Germany. Ace-
tone and isopropanol-99.9% (IsPOH) were acquired from Walter CMP Gmbh (Kiel, Ger-
many). Additionally, 25% ammonium hydroxide (NH4OH) and potassium hydroxide
(KOH) were supplied by Carl Roth Gmbh (Karlsruhe, Germany). All chemicals were of
analytical-grade purity. All solutions were prepared with deionized water (>18 MQ)/cm).

2.2. Sample Preparation

Nickel foil (99.98%, 0.075 mm thick) substrates purchased from Goodfellow Cambridge
Ltd. (Huntingdon, UK) were cut to about (1.5 x 3) cm? and sequentially sonicated for
10 min in acetone, IsPOH, and water. The inclined substrate (working surface facing
bottom of beaker) was immersed in a beaker containing the growth solution. NiCl,-6H,O
(0.18 g, 40 mM, pH = 3.60) and HMTA (0.14 g, 50 mM, pH = 6.72) were dissolved by stirring
(5 min.) in 20 mL of water, followed by sequential and drop-wise addition of PEI (75 uL,
pH = 6.80), and 25% NH4OH (6 mL, pH = 12.25), which were further stirred for 10 min. The
sample prepared using this method was labelled sample 1; sample 2 contained nearly the
same reagents, although with less 25% NH4OH content (0.6 mL). Sample 3 was prepared
in the presence of only NiCl,-6H,O (0.18 g, 40 mM, pH = 3.60 and 25% NH;OH (6 mL,
pH = 12.25)). In a typical experiment, a parafilm-covered flask was placed in an oil bath for
2 h that was preheated to 96 °C such that the chemical bath was maintained at 85-88 °C.
Subsequently, the nanolamellae anchored on the substrate were thoroughly rinsed with
DI water and blown dry in air. The nickel spikes were galvanically electrodeposited on
cleaned nickel foil according to a literature report [28]. Briefly, the Ni foil was anodized
in 1 M KOH at 1 A for 30 s, then dipped in 20 wt% H;SO, and rinsed excessively with
water. A nickel electrolyte containing NiCl,-6H,O (0.8 M), NH4Cl (3.7 M), and boric acid
(1 M) as pH buffer kept at 60 °C was used to deposit the nickel spikes at 2 Adm~2 for
2 min. Only the front side of the sample was coated, as both edges and the back side were
masked. The textured Ni substrate was then briefly dipped in 20 wt% H,SOy, neutralized
with 25% NH4OH for 5 min, and dried in air to render it more hydrophilic. The textured
surface of the substrate was then subjected to the three aforementioned growth conditions
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(similar to samples 1, 2, and 3), generating new morphologies labelled samples 4, 5, and 6.
Table 1 summarizes the reagent compositions and preparation conditions for all the samples.
Samples 1, 2, 3, 4, 5, and 6 had mass differences of 95, 68, 811, 59, 138, and 454 pg/ cm?,
respectively. The mass of each sample was computed based on the mass difference between
the as-prepared film and the initial weight of the substrate before growth.

Table 1. Summary of the reagent compositions and preparation conditions of the samples.

Synthesis Procedure Sample #

40 mM NiCl,-6H20 + 50 mM HMTA, dissolution
in DI water by stirring + drop-wise addition of

75 uL PEI and 6 mL of 25% NH,OH; stirring; Sample 1
chemical bath maintained at 85-88 °C for 2 h

Smooth Ni substrate .
Same reagents and conditions as above but less Sample 2
NH,OH (0.6 mL) p
Same basic reagents and conditions as for sample Sample 3

1 but without the addition of HMTA and PEI

Textured Ni substrate Same conditions as sample 1 Sample 4
(see Section 2.2 for the

electrochemical preparation of
the textured Ni substrate) Same conditions as sample 3 Sample 6

Same conditions as sample 2 Sample 5

2.3. Characterization Methods

The samples were investigated by X-ray diffraction (XRD) (X'Pert Pro, PANalytical,
Almelo, The Netherlands) in grazing incident geometry with a fixed angle of 1.5°, a step
size 0.05° using monochromatic Cu Ko radiation (A = 1.5418 A), and a scanning range (20)
of 10-90°. A Bruker Raman microscope (532 nm laser diode) was used to acquire spectra
over a range of 70-3700 cm !, with a spectral resolution of 3-5 cm !, using a backscattering
configuration with a 20 x objective. Data were collected from numerous spots on the sample
and recorded with a fully focused laser power of 20 mW. Each spectrum was accumulated
ten times, with an integration time of 15 s. The Raman signal was recorded using a CCD
camera. A silicon substrate with a Raman peak position of 520 cm™! was used to calibrate
the spectral frequency. The topography of the nanostructured surfaces was characterized
using a high-resolution scanning electron microscope (Ultra Plus, ZEISS, Jena, Germany).
The electrochemical experiments were performed at room temperature in a standard three-
electrode cell using fresh KOH (1 M) as electrolyte, which was degassed (>30 min) prior to
each experiment. Cyclic voltammetry (CV) measurements in a range of 0.25 V to 0.75 V
were recorded at different scan rates using an electrochemical work station (Zahner, IM6e,
Kronach, Germany). Charging-discharging tests and long-term stability tests at different
current densities were performed using a source meter (Keithley2400, Keithley, Cleveland,
OH, USA). A Pt mesh and Hydroflex probe (Reversible H, reference electrode) were used
as counter and reference electrodes, respectively. All potentials are reported with respect to
a normal hydrogen electrode (NHE).

3. Results and Discussion
3.1. Structural Characterization of the as-Prepared Samples

The XRD patterns of the as-prepared films of samples 1 to 6 are shown in Figure 1a—f,
respectively.

The diffraction peaks at 19.3°, 33.2°, 38.6°,59.1°, 62.7°, 70.5°, 72.8°, and 82.6° are
attributed to reflections (001), (100), (101), (110), (111), (103), (201), and (202), respectively,
of the 3-Ni(OH); phase with a hexagonal brucite [29,30] structure according to PDF 00-
014-0117. The XRD patterns for all the samples are similar, with the exception of Figure 1b,
where only (100), (101), and (110) are observed at low intensity. The comparatively low-
intensity peaks for sample 2 (Figure 1b) qualitatively point towards a sample made up of
smaller constituents, implying a relatively thinner sample. Sample 4 (Figure 1d) also shows
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relatively broader reflexes, whereas sample 5 (Figure le) points towards mixed, sharp
broad-base reflexes. In contrast, sample 6 (Figure 1f) has well-defined, sharp reflexes. There
is a greater level of order within the ab plane than along the ¢ direction, as the (100) peaks
are noted to be sharper than the (001) and (101) counterparts. The average crystallite size
of 3-Ni(OH); thin film was calculated on the basis of full width at half maxima intensity
of the XRD peak for the (100) plane [30,31] using the Scherrer formula (K = 0.9) [32]. The
particle size was found to be approximately 25, 21, 32, 18, 30, and 35 nm for samples 1 to
6, respectively. Figure 1g shows the XRD pattern of the Ni foil, with peaks observed at
44.6°,52.0°, and 76.6°, which are ascribed to the (111), (200), and (220) reflexes, respectively,
consistent with Ni (PDFE. 01-070-0989). The X-rays penetrate the entire film, as these Ni
peaks are observed in all samples.

a
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c Sample 2
S c
.d Sample 3
—
c |d
~ Sample 4
>
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tTJ Sample 5
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Figure 1. XRD patterns of the as-prepared samples: (a) standard procedure 3-Ni(OH), sample 1,
(b) sample 2 made with lower ammonia content, and (c) sample 3 made only in the presence of nickel
chloride hexahydrate and ammonia. Samples 4, 5, and 6 shown in (d—f), respectively, were made
using similar procedures as samples 1 to 3 but on a nickel nanospikes surface. The last XRD pattern
(g) corresponds to the reflexes observed on the bare Ni foil. Vertical bars at the bottom denote the
standards for Ni (black) and 3-Ni(OH), (blue).

Further insights can be provided by Raman scattering experiments, which can com-
plement the structural analysis obtained from XRD patterns. 3-Ni(OH), belongs to space
group D334 [33]; according to group factor analysis, four active Raman modes (2A14 + 2Eg)
are predicted out of the 12 optical modes [30,34]. Figure 2 shows the spectra of the samples
collected on Ni foil; there are no significant differences amongst them, and they correlate
well with typical B-Ni(OH), Raman spectra reported in the literature [30,34]. Four main
peaks are observed for all six samples at 313, 449, 868, and 3580 cm~ 1L, Despite the presence
of these peaks being characteristic of 3-Ni(OH),, the assignment of the transitions is de-
batable [30,34]. Nevertheless, since 3-Ni(OH); has a hexagonal scalenohedral symmetry,
which is isostructural to Mg(OH); (brucite) [29,30], Hall et al. [30] suggested an assignment
that parallels that of brucite. The intense peak at 3580 cm ™! is associated with the stretching
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of free hydroxyl [10,35]. The lower Raman intensity observed for sample 2 correlates
well with the lower intensity noted from its XRD patterns. This implies less growth of
-Ni(OH);, possibly resulting smaller lamellae for sample 2. The Raman spectra of samples
4 and 5 are also relatively less intense than the other samples but are more resolved than
those of sample 2, as further elaborated upon in Section 3.2. Other intermediary peaks
are also observed from the Raman spectra and ascribed to second-order modes; the broad
peak observed at ~2900 cm~! is correlated with a C-H stretching mode due to surface
hydrocarbon, and the sharp and relatively weak peak at 3645 cm ™! is also attributed to
surface O-H stretching, which is suggested to arise from stacking disorder in 3-Ni(OH),
lamellae [30].
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Figure 2. Raman spectra of the as-prepared samples: (a) standard-recipe 3-Ni(OH); (sample 1),
(b) sample 2 made with lower ammonia content, and (c) sample 3 made only in the presence of nickel
chloride hexahydrate and ammonia. Samples 4, 5, and 6 shown in (d—f), respectively, were made
using similar procedures as samples 1 to 3 but on a nickel nanospikes surface. The Raman spectrum
of the bare Ni foil is shown in (g). A break in the x-axis between 1500 and 2500 cm~1, along with a
combined offset of the spectra, is warranted to improve clarity.

3.2. Morphological Characterization and Growth Mechanism of the B-Ni(OH)2 Samples

(a) Growth on smooth Ni substrates

SEM images of the as-prepared 3-Ni(OH), samples (1, 2, and 3) grown on Ni foil are
shown in Figure 3.
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Figure 3. SEM images of the prepared samples: (a) standard-procedure -Ni(OH), (sample 1),
(b) sample 2 made with lower ammonia content, and (c) sample 3 made only in the presence of nickel
chloride hexahydrate and ammonia. The cross sections show (d) thin and large-area nanolamellae for
sample 1, (e) thin but smaller-area nanolamellae for sample 2, and (f) stacked disc-like nanolamellae
for sample 3.

Sample 1 (Figure 3a), generated from NiCl,.6H;O, PEI, and ammonia, has a foam-
like morphology composed of thin lamellae that are observed to grow longitudinally
(perpendicular to the plane of the substrate). Their lateral dimensions are in the range of
few microns, with a height of ~1.2 um (Figure 3d). Sample 2 (Figure 3b), produced with a
relatively lower ammonia content than samples 1 and 3, has, at first glance, a needle-like
morphology. However, it is actually composed of similar, albeit smaller, lamellae that are
more compact than those in sample 1. Smaller lamellae are observed in the cross-sectional
view (Figure 3e), and they exhibit lateral dimensions in the range of several tens of nm,
with a height of ~250 nm. Sample 3 (Figure 3c), made only in the presence of NiCl,.6H,O
and ammonia, exhibits a disc-like morphology, with a propensity towards stacking. These
lamellae have an average height of ~600 nm and consist of thin layers stacked together
(Figure 3f). All samples show lamellae that appear to be tapered, that is, they are thicker
at the base and become progressively thinner towards the top. Moreover, the lamellae in
sample 1 seem to curl up. These combined features make it very challenging to gauge a
sensible estimate of their average thickness.

The longitudinal growth and tapering of the nanolamellae can be explained in terms
of both concurrent thermodynamics and kinetics of the growth mechanism. 3-Ni(OH); has
a brucite structure; its nucleation and growth are suggested to occur on its lowest energy
plane, i.e., the (001) plane [19,36]. The other exposed surface planes of an individual lamella
have a relatively higher surface energy, increasing the thermodynamic favorability for the
nanolamellae to grow anisotropically, that is, perpendicular to the plane of the substrate, in
order to minimize surface energy contribution [37].

(b) Growth on textured Ni substrates

SEM images of the as-prepared (3-Ni(OH), samples (4, 5, and 6) grown on the textured
Ni foil are shown in Figure 4. The textured nickel foil surface shown in Figure 4a has
numerous spiky nickel structures protruding up to 500 nm (Figure 4b) from the surface.
Each individual spike has a pentagonal base with rough facets that provide access to more
nucleating sites than a non-textured surface. Sample 4 (Figure 4c), generated by a similar
method as sample 1, has a morphology similar to that of sample 2 (Figure 3b), that is, small
lamellae are intertwined between the nickel spikes. Unlike sample 1, we do not observe
the formation of large lamellae, despite using a similar concentration of reagents. They
exhibit lateral dimensions in the range of several nanometers, with a height of ~350 nm
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(Figure 4d), which is marginally larger than sample 2 but significantly smaller than sample
1. The presence of more nucleation sites in sample 4 due to its textured nature leads to the
formation of more lamellae but of smaller size due to reagent depletion over the course of
the reaction. Sample 5 (Figure 4e), which was made using a lower ammonia concentration,
produces a surface with two distinct types of morphology. The upper region of the sample
is strewn with disc-like structures (similar to sample 3 but with smaller lateral dimension),
whereas the bottom is completely covered with a heavily curled-up lamellae structure. The
underlying lamella structure is even smaller than that observed in sample 2, despite using
a similar concentration. This observation, again, points to the influence of the textured
surface, which provides more nucleation sites and causes a reduction in the size of the
lamellae. The concentration of ammonia being lower in this case also generates less nickel
amine complex that leads to such structure. Whereas over the course of the reaction, the
remaining reagents, i.e., nickel chloride and HMTA, react together, the latter decomposes
to form ammonia, which leads to subsequently favored growth of the upper-lying disc
structure (Figure 4f) that was observed for sample 3 (where only ammonia and nickel
chloride were used). Figure 4gh depict the morphology and a cross-sectional view of
sample 6, respectively, when only nickel chloride and ammonia are used on a textured
nickel foil. Here, much larger and nearly hexagonally shaped lamellae are formed. They
are relatively thick due to the stacking of several lamellae. They are haphazardly angled
with respect to each other, most likely due to the slanted angles offered by nickel spikes.
Some of those lamellae exhibit lateral dimensions in the range of several micrometers, with
a magnitude of ~2 um (Figure 4h).

3.3. Discussion of the Growth Mechanisms

The nucleation and growth mechanisms of the of 3-Ni(OH); lamellae are exemplary
discussed with reference to the smooth substrate and samples 1-3. A schematic depiction
of these mechanisms is rendered in Figure 5.

Kinetically, the steps leading to the formation of 3-Ni(OH), can be explained in the
following terms: the combined action of NiCl,-6H,O and ammonia results in the formation
of a deep blue solution containing [Ni(NH3)6]2*(aq). With increasing temperature, the
complex decomposes to nickel ions, along with the evolution of ammonia. The latter
then supplies the reaction with hydroxyl ions, which combine with Ni ions, leading to
nucleation of 3-Ni(OH), on the substrate. The freshly formed 3-Ni(OH), nuclei are attached
randomly onto the surface. This is described as the incubation period, during which the
newly formed particles are stable in solution. As the reaction proceeds, pH and ammonia
concentration decrease. This induces the particles to coalesce with each other to form
hierarchical structures. Secondary nucleation can form thicker clusters at the base of the
substrate. Anisotropic growth, along with ensuing Ostwald ripening [38], is promoted in
the direction of the bulk solution, as the latter has a relatively higher reagent concentration
than at the substrate surface. Lateral growth is suppressed when the lamellae come into
contact with each other [19]. Tapering of the lamellae occurs as the concentrations of
reagents are depleted, thereby terminating the reaction.

In the case of sample 3, since Ni salt and ammonia are the only two reagents, the
formation of 3-Ni(OH), is dependent on the rate of decomposition of the amine complex
and the rate of uptake of the hydroxyl ions from solution. We suspect that the growth rate
is relatively slow with respect to the other samples, as we further elaborate upon shortly.
The growth and stacking of the disc-like morphology (Figure 5c) may be a result of the
initial formation of thinner lamellae that have unsatisfied bonds on the exposed surfaces
with higher surface energy. These provide apt new nucleation sites, which, over time,
slowly induce a self-oriented assembly; stacked morphologies eventually form (as seen
in Figure 3c) due to an interlayer chemical reaction, which is common within brucite-like
structures [39,40].
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Figure 4. SEM images of the prepared samples: (a) Textured nickel substrate composed of nanospikes.
(b) Cross-sectional SEM showing the nanospikes protruding to about 500 nm above the surface.
(c) Sample 4 made with the same standard procedure as sample 1 but with a morphology mimicking
that of sample 2. (d) Cross section of sample 4 showing nanolamellae with a lateral dimension of
350 nm. (e) Sample 5 made with lower ammonia content displaying a hierarchal structure; the upper
structure comprises disc-like stacked lamellae sitting atop smaller, non-stacked lamellae. (f) The
upper disc-like structure of sample 5 has a lateral dimension of 400 nm. (g) Sample 6 made only in
the presence of nickel chloride hexahydrate and ammonia generates large-surface-area lamellae that
are stacked. The cross-sectional SEM (h) shows that the large lamellae have a lateral dimension of
2 um.
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Sample1
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K Sample 3 /

Figure 5. Schematic (not to scale) depicting a possible growth mechanism for (a) standard-procedure
B-Ni(OH); (sample 1), (b) sample 2 made with lower ammonia content, and (c) sample 3 made

only in the presence of nickel chloride hexahydrate and ammonia. The larger green arrow indicates
catalyzed growth of nanolamellae in (a), whereas the smallest red arrows indicate suppressed growth
with ammonia as the limiting reagent and (c) moderate growth of a stacked morphology when no
other additives are present.

Various species can be added to the growth solution as either promoters or inhibitors
of growth and nucleation of a particular crystal facet, thereby enabling tailoring of the
crystal morphology. HMTA is a non-ionic cyclic tertiary amine that is capable of forming a
bidentate ligand bridging two metal ions (with oxidation state +2) in solution such that
it behaves as a Lewis base [41]. It is also known to decompose to formaldehyde and
ammonia under our current reaction conditions [42]. PEI is an additive used to obtain
high-aspect-ratio structures, as it promotes longitudinal growth [43]. In the case of sample
1, when HMTA is added to NiCl,.6H,O, a light blue/green solution is detected; then, when
PEl is added, a light purple coloration is observed, indicating that the additives are form
complexes with Ni?* in solution. Further addition of ammonia results in a typical deep
blue-colored solution, suggesting the overwhelming formation of a Ni amine complex.
Sample 1 yielded thinner and much larger individual flakes, as observed in Figure 3a. In
this reaction, both the amine complex and HMTA decompose in solution to produce nickel
ions, ammonia, and formaldehyde. The decomposition of HMTA provides a constant
supply of ammonia, mitigating the pH drop due to the natural evolution of ammonia via
evaporation [11], thus behaving as a pH buffer [41]. This excess of ammonia provides an
ample supply of hydroxyl ions, which catalyze [9] the formation of 3-Ni(OH),, as depicted
in Figure 5a.

Large-surface-area lamellae are promoted by PEI, and stacking is limited, as any
unsatisfied bonds on the high-energy surfaces are either alleviated by adsorption [9] of
un-reacted molecules (HMTA or formaldehyde) or terminated by hydroxyl ions, leading
to the formation of thinner lamellae [10,11]. HMTA can also render the lamellae flexible,
analogous to other amines [44], which leads to curling at the top edges of the lamellae,
especially when the reaction is nearing the termination step. This further assuages any
dangling bonds. Sample 2 produces smaller lamellae (Figure 3b) than sample 1, despite
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the presence of a similar concentration of additives as sample 1. It is reasonable to believe
that the lower ammonia content used in this case has a profound effect on the morphology.
The lower ammonia content behaves as a limiting agent (as illustrated in Figure 5b), where
less nickel amine complex is formed, thereby leading to a smaller structure. Engineering
different morphologies is not a trivial matter [11]; thinner lamellae are promulgated to
offer better supercapacitive performance [9]. Control of the thickness of the individual
lamellae is dependent on the method used to produce them. It has been suggested that
the concentration of Ni ions [45] controls the thickness, which correlates well with the
lower concentration we used as compared to other literature reports. In our case, we argue
that an equivalent concentration of both Ni?* ions and ammonia is required for optimal
morphological control of thin lamellae. The rate at which growth occurs can also affect the
thickness of the lamellae. In general, the kinetics of the reaction are undoubtedly influenced
by additives, temperature, and time of reaction. It has been observed that carrying out such
a reaction at a lower temperature (70 °C) results in thicker lamellae with reduced capacitive
performance [16]. Thus, the presence of HMTA and a slightly higher temperature (85 °C)
promote the growth of thinner lamellae. Decreasing time results in the formation of smaller
crystal structures [38] but usually requires higher concentrations of reagents to obtain
morphologies with large surface areas. However, we have shown that our CDB method
makes use of fewer reagents and takes less time. This enhances its viability to reduce
cost and to control the morphology of 3-Ni(OH), while attempting to attain improved
capacitive performance.

3.4. Electrochemical Characterization of the Electrodes

In this study, cyclic voltammetry (CV) is used to potentiostatically determine the
electrochemical properties of 3-Ni(OH); film electrodes. In general, two strong peaks (See
Figures 6a,b and Sla—d) are observed in each curve, which correspond to the faradaic
oxidation/reduction reactions. It is interesting to note that sample 4 is characterized by
rather sharp oxidation and reduction peaks that are more akin to “battery-like” behavior.
This might be amenable to the very fine lamellae nanostructure obtained for this sample
on the textured Ni substrate. As discussed later with respect to the galvanic charging—
discharging studies, one might attribute both a pseudocapacitor and battery-like character
to this sample.
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Figure 6. Exemplary CV curves collected at different scan rates for sample 1 (a) and sample 4 (b);

sample 1 was prepared following the standard procedure. Sample was 4 prepared using a similar

standard procedure as that for sample 1 but on a textured substrate. The CV curves of the other
samples are shown comparatively in Figure S1 (Supplementary Materials).

Figure 7 shows the specific capacitance of the samples calculated from the cyclo-
voltammograms at different scan rates in 1 M KOH. The scan rates were, 5, 10, 15, 20,
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and 25 mV s~ 1. The faradaic reaction proceeds according to the mechanism expressed by
Reaction (1):
Ni(OH); + OH™ <> NiOOH + HyO + e~ (1)
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Figure 7. The specific capacitance vs. the scan rate of the different samples calculated from the
potentiostatic data (Equation (2)).

Reaction (1) is diffusion-limited, as it depends on the rate at which the hydroxyl ions
interact with the electrode at its interface [2,9]. In all cases, as the scan rate is increased, the
potential of the oxidation peak and the potential of the reduction peak shift towards more
positive and negative values, respectively. The current densities recorded for all six samples
are also observed to increase with increasing scan rates. Focusing on the oxidation peaks,
higher current densities are recorded for samples 1 and 6, whereas sample 5 has the lowest
current density, with intermediary current densities are noted for the other samples. At
higher scan rates, the rate of ion/electron diffusion is relatively faster, thereby limiting the
participation of inner active sites; less interfacial material and faster ion/electron mobility
contribute to the lowering of the overall resistivity of the surface, giving rise to higher
current densities [2,9]. Therefore, a lower scan rate is preferable to promote slow diffusion
of hydroxyl ions, enabling all active sites to sustain the redox reaction. The latter provides
a better gauge of the specific capacitance of the surface under potentiostatic conditions.

The specific capacitance of the samples at different scan rates was determined from
the CV curves using the following equation:

C— 1 /Vfinal |I|
T 2AVm vy AV /dt

AV @)

where C is the specific capacitance, Viyitiar/final is the starting/end potential for one cycle,
AV is the voltage range (Vfiua—Vinitiar), m is the mass of the electrode material, |11 is the
instantaneous current at a given potential, and (dV /dt) is the scan rate. A graph of the
specific capacitance vs. scan rate for all six samples is shown in Figure 7. All samples
show a decrease in specific capacitance with an increase in scan rate (Figure 7), as the
specific capacitance is inversely proportional to the scan rate. It should be noted that
the behavior of sample 4 is in line with that of the other samples, which also stresses its
pseudocapacitor character.
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The values of the specific capacitance computed at a scan rate of 5 mVs~! were found
to be 1957, 1928, 158, 1916, 994, and 925 Fg’1 for samples 1 to 6, respectively (Figure 7).
The large span of these values underlines the drastic impact of structural morphologies
on electrochemical performance. Under the current potentiostatic conditions, sample 1,
with large-surface-area lamellae, shows the highest specific capacitance. The thin lamellae
are irregularly interconnected, forming macropores (Figure 3a). This promotes more
accessibility for the electrolyte, which can interact more efficiently with the large surface
area during the charge transfer reaction. Moreover, the thin lamella structure decreases
the ion diffusion pathway within the active material. Furthermore, volume expansion or
electrode swelling [46—48] is known to result from ions diffusing within 3-Ni(OH),. Thus,
more interspatial voids enhance the expansion, which is the case in sample 1. In contrast,
stacking, which is present in sample 3, is deemed to inhibit such swelling, curtailing the full
use of all active sites. Sample 2 offers thin lamellae, albeit with smaller area, which gives
rise to a specific capacitance of 1928 Fg~! at a scan rate 5 mVs~!; however, a rapid decrease
to 930 Fg~! at a scan rate of 25 mVs ! entails a 48% specific capacity retention. Sample 3
provides neither the highest specific capacitance nor the best specific capacity retention;
the latter drops to a mere 46% when the scan rate is increased from 5 to 25 mVs~!. Sample
1 preserves a 62% specific capacity retention (from 1957 to 1215 Fg~! at 5 and 25 mVs ™!,
respectively) under potentiostatic conditions. Sample 4 retains 58% specific capacity when
the scan rate is changed from 5 to 25 mVs~! from an initial specific capacitance of 1916 Fg~!
at5mVs L. The latter value is very close to that of sample 2, with which it shares similitude
in terms of morphology. However, the textured substrate of sample 4 imparts it with what
seems to be a better stability with increasing scan rate. Samples 5 and 6 have intermediary
specific capacitances of 993 and 925 Fg~! at 5 mVs ™!, respectively. Under potentiostatic
conditions, the specific capacity retention correspondingly drops to 48% and 70% when the
scan rate is increased to 25 mVs~!. Sample 4 has a better specific capacitance than sample
3, with which it shares similar topographic morphology, due to the nature of the textured
surface of the substrate. Similarly, the large surface area of the lamellae present in sample
6 (Figure 4g) affords for a better capacitance when compared to sample 3. However, the
specific capacitance of both samples 4 and 5 is much lower than that of samples 1, 2, and 4
due to stacking of the lamellae. As pointed out earlier, this lies in the stacking morphology,
which inhibits full use of all active sites.

Under potentiostatic conditions, the voltage window and scan rate (dV /dt) are fixed,
while the variation in current density is monitored. However, a better gauge of super
capacitive performance is achieved using galvanostatic charging/discharging. This enables
the use of various constant current densities to be supplied to the electrode under a
stable potential window while the time taken for both the charge and discharge cycle(s) is
monitored. All samples present profiles for charging and discharging that are non-linear,
confirming the pseudocapacitive nature of the electrodes (See Figures 8 and S2) (a double-
layer capacitor ideally affords a triangular-wave-like profile for a charge—discharge cycle).
The specific capacitance is calculated from the constant current discharge curve using
Equation (3):

I-At
€= m-AV ®)
where C is the specific capacitance, m is the mass of the electrode material, I is the dis-
charge current, AV is the potential window, and At is the time taken to discharge the
supercapacitor.
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Figure 8. Charge—discharge curves collected at different current densities for (a) sample 1 (standard-
procedure (3-Ni(OH); on a flat Ni substrate) and (b) sample 4 (similar procedure but on a textured Ni
substrate). The charge—discharge curves of the other samples are shown in Figure S2 (Supplementary
Materials). The small “bumps” in the low-rate charging—discharging curve of sample 4 are probably

due to measurement artifacts.

Once more, the behavior of sample 4 differs from that of sample 1, exhibiting plateau-
like charging-discharging curves over a long span of time. As mentioned above, this
could be ascribed to a “battery-like” character; its high retention rate observed in Figure 9a
(see below) further supports the mixed character of this sample. Similar behavior was
observed by Long et al. on carbon nanofoam MnOx nanocomposite electrodes [49]. The
values of specific capacitance calculated from galvanostatic discharge measurements at low
current density are marginally higher than the values computed from the potentiostatic
measurements. This is consistent with literature reports and is ascribed to the slow and more
efficient diffusion of ions/electrons through the interfacial surface of the electrode during
the charge transfer process [2]. However, the propensity of a capacitor to be discharged at a
high rate would be advantageous for its commercial implementation. Under galvanostatic
conditions, that is, constant current density, both sample 1 and sample 4 have the highest
specific capacitance; both samples have thin individual lamellae that can sustain higher
current densities (Figure 9a) while maintaining their redox behavior. The large surface area
of the individual lamellae in sample 1 can explain its better performance, despite the smaller
surface area of the individual lamella; sample 4 has a better specific capacitance than sample
1. This is due to the nature of the textured substrate providing a better conducting pathway.
Sample 2 corroborates this finding, as it has a similar morphology to that of sample 4, but
the absence of a textured substrate surface limits both its specific capacitance and redox
behavior at higher current densities (Figure 9a). Other samples, such as sample 3, 5, and
6, with thick individual lamellae that are also stacked, have low specific capacitance and
are not able to sustain large current density. Nevertheless, sample 5 and 6 have a relatively
higher specific capacitance than sample 3 due to the textured surface of the substrate
(Figure 9a). As mentioned before, the pseudocapacitance is diffusion-limited and depends
on the rate at which the electrolyte ions interact with the electrode [2,9]. Samples with
stacked morphology afford limited access to all sites; they cannot sustain the redox reaction
at higher current densities, making them less suitable for commercial use. Consequently,
according to our galvanostatic experiment, electrodes with thin and large-area lamellae
grown in the presence of a textured substrate have enhanced specific capacitance.
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Figure 9. (a) Specific capacitance calculated based on galvanostatic discharge cycle(s) at different
current densities for all six samples. (b) The capacity retention properties for samples 1 to 6 monitored
using current densities of 30, 20, 3, 40, 6, and 6 Ag_l, respectively.

Another important characteristic of an electrochemical capacitor is its capacitive
performance. This is measured in terms of capacity retention, which is usually recorded over
a large number of cycles. The cycling capability (or cycling life) of an electrode provides
a measure of its long-term cycling performance (also termed capacitive performance).
Figure 9b shows the capacity retention for samples 1 to 6 over 500 cycles using current
densities of 30, 20, 3, 40, 6, and 6 Ag’l, respectively. The capacitive retention of samples 1 to
61is 87,84, 71,100, 98, and 77%, respectively. Samples prepared on a textured substrate show
better capacitive performance than their counterparts prepared on flat substrates. In general
and as already mentioned, samples with relatively thicker lamellae in stacked morphology
are less promising. Sample 5, which has a hierarchical structure (Figure 4e) consisting of
two distinct morphologies, has a capacitive performance that is observed to first increase
with increasing cycle number (107% at 200 cycles), then decrease. The specific capacitance
of sample 5 is only 482 Fg ! at 6 Ag~!, and such an increase is commonly associated with
incomplete conditioning of the sample prior to measurement. Only with time do both
morphologies slowly begin to contribute to the capacitive performance until it stabilizes.
Sample 4 has the best capacitive performance, as it retains 100% of its initial specific
capacitance when discharged at a higher current density (40 Ag~!) than the other samples.
The values are observed to fluctuate within 100 £ 3% under experimental conditions
over the course of 500 cycles. The enhanced specific capacitance recorded for sample 4
(e.g., 1721 Fg~! at 40 Ag™!) is vastly superior to previously reported data using CBD [15]
(1098 Fg~! at 40 Ag~!) and is better than that reported for similar material made using
the hydrothermal method [12] (1778 Fg~! at 2.5 Ag~!). The specific capacitance obtained
using our relatively fast and cost-effective CBD method is also superior to that of NiO
nanorods obtained via Ni electrodeposition and oxidation in porous anodic alumina but is
inferior to that of NiO nanotubes produced using the same processing method [50]. We
strongly believe that further improvements can be achieved by making use of asymmetrical
electrochemical capacitors, which can expand the current 0.5 V operating potential window
by making use of counter electrodes made of carbon allotropes. Table 2 summarizes our
results and compares them to some of the best results reported in the literature using similar
processing methods.
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Table 2. Summary of the best results obtained in the present work in comparison to some of the best
results published in the literature using CBD or hydrothermal methods.

Crystal Variant Processing Route Capacitance, F/g Reference Remarks
-Ni(OH); CBD 1721 at40 A/gand 1998 at 1 A/g This work Textured Ni
[3-Ni(OH), Hydrothermal 1778 at2.5A/g [12] On Ni foam
-Ni(OH), CBD 1098 at40 A/g [15] On Ni foam
[3-Ni(OH), Hydrothermal 1470 at2 A/g [24] On Ni foam/binder

Contains intercalated

o-NixCo1 _)(OH)2 Hydrothermal 1396 at20 A/g [25] BO,~ anions on rGO
. KOH etching of layered . .

3-Ni(OH), NiAl hydroxide 1471at25A/g [26] On Ni foam /binder

Ni(OH),/Au-NPs Hydrothermal 1927 at1 A/g [27] On Ni foam/binder

4. Conclusions

Tailoring the process conditions of chemical bath deposition allows various morpholo-
gies of 3-Ni(OH), to be deposited on Ni substrates. Different morphologies were synthe-
sized not only to understand their influence on supercapacitive behavior but also to gather
further insights as to how the concentration and presence of different reagents/catalysts
alters the resulting morphology. We found that nanolamellae formation is dependent on an
equivalent amount of Ni?* and ammonia, while additives such as HMTA and PEI promote
the formation of thin nanolamellae with large surface areas. The use of a textured substrate
is not only observed to alter the morphology of the active material but also enhances
the specific capacitance and capacitive performance of the electrode. Stacked (3-Ni(OH),
lamellae afford low-specific-capacitance as ionic diffusion is limited in this such structures,
whereas nanolamellae with larger surface areas have better specific capacitance. We have
shown that 3-Ni(OH); electrode films made under our CBD conditions offer a better spe-
cific capacitance (1961 Fg~! at 5mVs~—! and 1998 Fg~! at 1 Ag~!), with excellent capacity
retention during cycling at 40 Ag~!. CBD is a cost-effective and versatile method apt for
large-scale implementation, as the electrode is grown directly on a substrate over less time
compared to hydrothermal methods. This makes the use of a binder superfluous, while
delivering capacitance results that are advantageously comparable to those published in the
literature. Moreover, our electrodes are made using very low reagent concentrations, yet
still yield enhanced performance when compared to previous literature data (see Table 2).
This provides an elegant method to resolve issues of poor cycling performance associated
with certain electrodes made of similar materials. Our economical method provides a
platform for future implementation of such electrodes as energy storage devices with the
aim of harnessing green energy vectors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi14081644 /s1, Figure S1: The cyclovoltammograms (potentiostatic
condition) of the samples under various scan rates, Figure S2: The charge-discharge behavior
(galvanostatic conditions) of the samples under various current densities.
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