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Abstract

An experimental analysis was performed to optimize the structure of Ni-Ni(OH),/NiO core-shell nanowire
electrodes for improving their application in pseudocapacitors. Thickness and composition of the active
phase shell were compared after thermal treatments at 40, 70 and 300°C. A Ni(0) core was found by XPS in
the electrode treated at 40°C, it was still present after a temperature increase to 70°C but with a lower
Ni(OH),/NiO ratio of the active phase shell, and disappeared after annealing at 300 °C, with a corresponding
increase of the charge transfer resistance. The capacitance values increased from 40 to 70°C and drop to a
minimum for the electrode treated at 300°C. A tailoring of the capacitance of the nanowire electrodes by
controlling their length was evaluated. A constant capacitance per nanowires length unit was attained
between 5 and 21 pm, indicating that the corresponding mass transfer resistance was negligible over the
explored range. These results evidence the relevance to tightly control the thickness and ratio between the
Ni(OH), and NiO in the nanowires shell and provide a guideline to optimize the capacitance of the electrode

by controlling the nanowire length.
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1. Introduction

The increase in the energy demand and the need to reduce the environmental impact of conventional
energy production systems have motivated over the past decade an unprecedented interest of academics
and industries towards the production of electric energy from renewable sources, including wind, solar and
geothermic. These clean energy sources are recognized as a sustainable alternative to fossil fuels, but they
are characterized by a discontinuous nature, making the development of reliable electric energy storage
systems a crucial step towards the green energy transition [1, 2].

In this framework, electrochemical capacitors have attracted considerable attention due to their high-power
density, long life cycling stability and fast energy delivery [3, 4]. However, electrochemical capacitors suffer
from very low energy density (5-10 Whkg™), especially if compared with batteries (120-170 Whkg™) [5, 6].
In order to overcome this limitation, researchers have recently focused on the development of hybrid
supercapacitors, which are composed of a pseudocapacitive electrode and capacitive-type electrode. With
capacitive-type electrodes, energy storage is enabled by charge separation at the double layer forming at
the electrode/solution interface. These electrodes are typically produced by employing high surface area
carbonaceous materials to ensure satisfactory electric conductivity and high specific capacity [7, 8].
Differently, in the pseudocapacitive materials the energy storage is attained by both double layer formation
at the solid/electrolyte interface and reversible fast redox reactions [9]. Pseudocapacitive materials thus
merge the advantages of battery and purely capacitive-type materials. This allows improving the energy
density as compared to purely-capacitive electrodes, ensuring at the same time energy delivery rates that
may hardly be attained with only pseudocapacitive electrodes.

Noble metal oxides such as RuO, and IrO, are known as the most effective pseudocapacitive electrode
materials, but the high cost and toxicity limit their application [9-12]. Transition metal oxides/hydroxides
have been extensively studied due to their high specific capacitance and good cycling stability. In addition,
synthesis methods have been developed allowing effectively controlling the morphology of transition metal
oxides nanostructures and thus tailor the electrochemical performances to the targeted application objective
[13-19]. Among the transition metals, Ni-based materials are the more attractive, which can be explained by
their high theoretical capacitance, abundance, environment friendliness, and good thermal and chemical
stability. Particularly, numerous studies have reported the application of NiO and Ni(OH), materials in the

production of supercapacitor electrodes (e.g. [20-25]). On the other hand, NiO and Ni(OH), suffers from low
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conductivity originating from their intrinsic semiconductor or insulator nature, which increases the overall
resistance and limits the kinetics of faradaic conversion reactions. Further, swelling and shrinkage take place
during the charge and discharge of NiO and Ni(OH),, owing to the different densities of the oxidized and
reduced forms, which can hinder the cycling stability [20].

In order to improve the electrode conductivity, the coupling of NiO and/or Ni(OH), to high conductivity
materials has been exploited. The dispersion of NiO and Ni(OH), over porous carbonaceous materials
allowed improving the electronic conductivity, increasing, at the same time, the specific surface area [12,
26-31]. However, this strategy is limited by the large resistances at the interface between the active phase
and the carbon materials and by the hydrophobic nature of carbon materials hindering the effective soaking
of the electrolyte[32]. These obstacles can be overcome by the dispersion of the NiO and Ni(OH), phases
over metallic foams. An alternative converse voltage method leading to the formation of molecular structure
with abundant defects, lattice disorders, and connecting holes, enhancing the performance of Co-based
electrodes was recently published [33]. The approach commonly implemented includes the application of Ni
foams. These are characterized by a reticular and porous structure (pore diameter~1 mm) yielding a specific
surface ranging from about 10 to 100 m™. Therefore, the deposition of nanoporous NiO and Ni(OH),
nanostructures is imperative with nickel foams to increase the specific surface area between the electrolyte
and the active phase and thus ensure satisfactory capacitance values (500-2500 Fg™!). To this purpose, the
synthesis of disparate NiO and NiOH, nanoporous structures, including, for example, nanoparticles [34],
nanoflakes [35] nanotubes [36] and nanowires [37] was evaluated.

An alternative strategy includes the direct growth of active material on metallic nanowire arrays standing
over a conductive substrate [38, 39]. As compared to the aforementioned nickel foams, these nanowire
electrodes exhibit a specific surface area order of magnitudes larger and they are characterized by a regular
porous structure, which can enhance mass transfer. Nanowires can be either directly grown over a
conductive substrate by hydrothermal synthesis [38] or they can be produced by electrodeposition into the
nanopores of a template [40], the latter strategy ensuring improved control over the nanowire aspect ratio
and length distribution [41]. In addition, the hydrothermal synthesis route typically yields metal
oxide/hydroxide nanowires, thus requiring a thermal reduction to generate a metallic nanowires core, while
metallic nanowires can be directly produced by template electrodeposition [38]. While a sufficiently thick

nanoporous shell of the active phase need to be deposited over the surface of metallic nickel foams, the



considerably larger specific surface area of nanowire electrodes ensures that satisfactory capacitance values
can be attained by introducing a few nanometres uniform shell, composed of Ni(OH), and/or NiO, covering
the nanowire metallic core.

Controlling the thickness and the composition of the active phase shell is pivotal to optimize the electrode
performances. Increasing the shell thickness can increase the faradaic contribution to the capacitance but it
decreases the electronic conductivity [42], while varying the ratio NiO/Ni(OH), can significantly improve
electrochemical performances as compared to pure NiO or Ni(OH), active phases [43].

The strategy that is commonly implemented to control thickness and the composition of the active phase
includes the thermal treatment of the electrodes. This strategy was extensively implemented to optimize the
composition of the active phase in pseudocapacitors produced by dispersion of Ni(OH), on porous
carbonaceous materials and metallic foams. On the other hand, only few studies investigated the impact of
thermal treatment on the performance of nickel nanowires electrodes. In addition, these studies exclusively
focused on oxide nanowires produced by the hydrothermal route. No study has in contrast evaluated the
impact of thermal treatment on the performances of nanowire electrodes produced by template
electrodeposition, though electrodeposition can considerably simplify the nanowire synthesis and the thermal
treatment as compared to the hydrothermal route [44].

It should be emphasized at this point that the optimization of the electrode performances by thermal
treatment is invariably limited by the need to maintain an active phase shell thin enough to avoid charge
transport limitations (e.g. electronic conductivity, proton transport through the hydroxide phase). An
effective strategy that can be exploited to increase the electrode capacitance is increasing the thickness of
the overall electrodes, which corresponds, for nanowire electrodes, to increase the nanowire length. This
allows increasing the mass of the active phase without modifying the thickness of the active phase shell
covering the nanowires. However, increasing the nanowire length increases the resistance to the transport
of the redox species through the electrolyte solution and a threshold nanowire length may be found above
which the specific electrode capacitance is decreasing with further increasing the nanowire length. Yet, no
study has systematically investigated how this strategy can be effectively implemented to tailor the
capacitance of nanowire electrodes.

In this article, an experimental study is presented analysing the influence of thermal treatment and nanowire

length on the performance of nickel nanowires electrodes produced by template electrodeposition. In order



to overcome the limitation of traditional template electrodeposition dictated by the growth of nanowires over
an insulating substrate, a technique recently developed in our group was implemented. This includes
uniformly growing the metallic nanowires until the alumina nanopores are completely covered by a thin
metallic film. Alumina can then be selectively dissolved leaving a nanowire array standing over a thin metallic
plate, which can work as current collector. Nanowire electrodes produced by this technique were treated at
different temperatures in water (at 40 and 70 °C) and air (300 °C) and then evaluated for the application as
positive electrodes in pseudocapacitors. Finally, the possibility to tailor the capacitance of the nanowire

electrodes by controlling the nanowire length during the electrodeposition is analysed.

2. Experimental Section

2.1 Electrodes synthesis

The nickel nanowire electrodes (NiNW) were synthesized by an electrochemical method previously
developed by the authors (see refs. [44, 45] for a detailed description including a schematic of the method).
Nanowires were synthesized by electrodeposition into the nanopores of an alumina template generated by
one-step anodization of low-purity aluminium. Electrodeposition was performed in a magnetically stirred
three-electrode jacketed glass cell at constant temperature of 35+0.2°C. A 25 x 20mmgraphite foil,
Ag/AgCl saturated electrode and the anodic alumina template with exposed area of 1.3cm? were used as
counter, reference and working electrode, respectively. The electrodeposition bath employed to perform the
electrodeposition was a diluted nickel Watts bath with 30 gL' NiSO, 7H.0, 45 and 45 gL H;BOs;. The
electrodeposition was performed by applying a constant voltage signal of -8V vs Ag/AgCl for 100ms and
then the current was kept at zero for 2000 ms. These two pulses were repeated until the alumina nanopores
were filled. A second electrodeposition was then performed to deposit a thin nickel film, which worked as
current collector, over the filled alumina template by. This second electrodeposition was performed under
the same conditions of nanowire electrodeposition but an electrolytic bath with 300 gL NiSO, 7H,0 was
used. The second electrodeposition was carried out until transferring a charge of 60 C, which yielded a
nickel film of about 6 um. Finally, alumina and aluminium were completely removed by selective etching in
NaOH 6M at 40°C and 70°C. Hereafter, electrodes produced by etching at 40 and 70°C are referred to as
NiNW40 and NiNW70, respectively. An additional electrode, referred to as NiNW300, was obtained by

annealing in air the nanowire electrode at 300°C for 1h.
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2.2 Electrode characterization

Field emission scanning electron microscopy (SEM, Zeiss Auriga) was employed to characterize the
morphology and size of NiNW electrodes. Focused ion beam (FIB, Orsay Physics Cobra Ga column) was used
to generate electrode cross sections. The chemical composition of the electrodes was determined by energy
dispersive X-ray spectroscopy (EDX, Bruker QUANTAX 123 eV). The surface atomic composition of samples
was analysed by X-ray Photoelectron Spectroscopy (XPS, Omicron NanoTechnology modified M-XPS system).
The spectra were excited by Mg Ka photons (hv= 1253.6 eV) and monochromated Al Ka photons (hv=
1486.7 eV). Experimental spectra were theoretically reconstructed by a curve fitting procedure making use
of symmetric pseudo-Voigt functions (linear combinations of pure gaussian and pure lorentzian peaks) and
iteratively fitting the background to a Shirley or a linear function. XPS atomic ratios (given with £10%
associated error) between relevant core lines were calculated from experimentally determined area ratios
corrected for the corresponding theoretical cross sections [46] and for a square root dependence of the
photoelectrons kinetic energies. The samples were conductive and did not need energy scale corrections, as
verified by the correspondence, within the associated experimental error, of Ni 2p energy position for
metallic Ni in samples NiNW40 and NiNW70 with the corresponding data reported in the literature [47] and
by the overlapping of O 1s peaks among all three samples NiNW40, NiNW70 and NiNW300.

2.3 Electrochemical characterization

The electrochemical characterization of the synthesized electrodes was performed by cyclic voltammetry
(CV), galvanostatic cycling (GC) and electrochemical impedance spectroscopy (EIS) experiments. All the
experiments were carried out using a three-electrode jacketed glass cell at constant temperature of 25°C.
Ag/AgCl, platinum spiral and the NiNW electrode with an exposed area of 0.5 cm? were the reference,
counter and working electrode, respectively. A KOH 1M electrolyte solution was employed. CVs were
performed at scan rates of 10, 20, 50, 100, 200 mV/s, while GCs were performed at constant current density
of 2, 4, 8, 12, 15, 20 mA/cm™ within a potential range of 0-0.4V. EIS was performed in the 40kHz—1Hz
frequency range, using 5mV amplitude AC pulse. All the specific capacitance values reported throughout the

manuscript were computed by using the total electrode weight, which includes the weight of the active



phase (Ni oxide/hydroxide) constituting the external shell of the nanowires and the weight of the nickel film

used as current collector.

3. Results and discussion

SEM cross-sectional images of the nickel nanowires electrodes treated at different temperatures are shown
in Figure 1. Low magnification images (Fig.1-A-B-C) did not evidence any significant difference between the
electrodes treated at 40°C and 70°C (NiNW40, NINW70). With both these two latter electrodes, a compact
and ordered nanowires array with a thickness of about 4 ym was found. Differently, irregularly shaped
nanowires and a non-uniform distribution of the nanowire length across the array were evidenced by SEM
analysis of the electrode treated at 300°C (NiNW300). This can be attributed to the formation of oxidized
species, which can lead to a change in the nanowire volume. High magnification SEM images (Fig.1-D,E,F)
evidenced the presence of irregular flakes on the surface of the NiNW40 electrode. These structures are
typically formed during nickel electrodeposition owing to the concurrent precipitation of nickel hydroxide
induced by local pH increase. This pH increase can be determined during the nickel electrodeposition by the
hydrogen evolution reaction [48]. In this respect, it should be remarked that the electrodeposition method
that was implemented to fill the alumina template involves the application of cathodic potentials allowing for

water the electrochemical reduction on the nanowire surface [49, 50].



Figure 1: SEM cross-sectional images of the Ni NWS electrodes treated at 40 °C (A, D - red
border), 70°C (B, E — blue border) and 300°C (C, F — green border).

Table 1. Electrodes composition [at.%] obtained from EDX and XPS analysis.

EDX [at%] XPS [at%]

Ni | O | Ni® | NiO | Ni(OH), | Ni%Ni**
NINW40 84.3 | 15.7 19.9 3.4 | 76.6 0.25
NINW70 | 84.5| 15.5 22.8 22.8 54.3 0.29
NiINW300 69.5 30.5 - 66.7 33.3 -

Electrode

Electrode bulk and surface compositions were respectively characterized by EDX and XPS analysis. Bulk and
surface atomic percentages of Ni and O measured with these two methods are reported in Table 1 (no trace
or negligible percentages were found for all the other elements present in the electrolytic bath and the
substrate).

3. (Table 1). For both Ni and O, identical bulk atomic percentages were found in the NiNW40 and NiNW70

electrodes. However, as compared to these two latter electrodes, an O atomic percentage twice larger was
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Figure 2. Ni 2p3/2,1/2 photoemission spectra of NiNW40-70-300 electrodes (A). O1s
photoemission regions of NiNW40 (B), NiNW70 (C) and NiNW300 (C).

found by EDX in the NiINW300 electrode. In order to assess in-depth the surface composition of the NiNW40,
NiNW70 and NiNW300 electrodes, angle-dependent XPS measurements were conducted by recording
spectra at progressively more grazing angles. At the two extreme values (53 and 83°), the calculated escape
depths are 1.5 and 0.30 nm for metallic Ni, [51] 1.7 and 0.35 nm for NiO, and 2.6 and 0.52 nm for oxygen
[52]. The three samples showed substantial differences as a result of the distinct treatment undergone by
each of them. A comparison among the Ni 2p photoemission regions taken at 53° from the three samples is
displayed in Figure 2-A and at% values are reported in Table 1, while the curve fitting of Ni 2p spectra are
collected in SI (Figure S2). The most evident difference resulting from Ni 2p peaks is the presence of a
narrow component at low binding energy (BE) for samples NiNW40 and NiNW70, which is absent in
NiNW300. This distinctive feature is further reflected in the Ni Auger spectrum (Figure S1), where again the
NiNW300 lineshape is largely different from the other two, both of which present a sharp maximum peak at
~845 eV (kinetic energy scale), characteristic of metallic Ni. It is also evident how the Ni 2p lineshape of

sample NiNW300 is indeed unique in the series, since its maximum, located at ~854 eV, is not reproduced
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by either two samples. By comparison with relevant XPS literature [52, 53], sample NiNW300 only presents
Ni(II) oxide/hydroxide species, which are present in NiNW40 and NiNW70 samples in addition to a metallic
Ni component. The assignment comes from the lineshape and BEs of Ni2p and Auger lines. The nature of
the Ni(II) species has been obtained by analysis of the O 1s region, displayed in Figure 2-B-C-D, and
confirmed by a comparison with literature reports. In fact, O 1s is a complex region, where three
components are immediately evident. In the full series, the peak envelope reveals, after curve-fitting, the
presence of oxide and hydroxide plus chemisorbed water, at different relative amounts. Table 1 resumes the
relevant quantitative ratios among Ni 2ps;,; and O 1s peak components, showing how the surface
composition of the three samples can be somehow simplified into a Ni-Ni(OH), electrode (NiNW40), a NiO
electrode (NiINW300) and an intermediate case (NiNW70). Remarkably, XPS angle-dependent measurements
(Fig.S2), have disclosed the core-shell nature of the nanowires. In fact, passing from 53° to 83°, samples
NiNW40 and NiNW70 show the presence of a terminating layer of Ni(OH), over an inner NiO deposit, the
latter being grown on metallic Ni. With reference to the escape depth for metallic Ni at 83°, we can infer
that the thickness of the oxide layer formed by NiO and Ni(OH), is lower than 0.30 nm. Referring to the
escape depth for metallic Ni at 53°, the thermal oxidation at 300°C produces an outer layer predominantly
composed of NiO with a thickness higher than at least 1.50 nm. A final remark concerns the angle-
dependent behaviour of the Ni 2p peak, where it is clear how the surface composition significantly varies
only in the case of the NiNW40 sample, for which an intensification of the hydroxide-related component is
shown in Figure Fig.S2.

In order to evaluate the capacitive characteristics of the produced electrodes, cyclic voltammetry
experiments were carried out. Figure 3 and Fig.S3 present the cyclic voltammetry curves recorded with the
fabricated nanowire electrodes at different scan rates. In all the reported curves, cathodic and anodic redox
peaks can be clearly distinguished indicating that Faradaic processes significantly contribute to determine the

electrode capacitance. The redox peaks can be associated to the following two main reversible reactions

[54]:
NiOOH + e~ S NiO + OH™ (1)
NiOOH + H,0 4+ e~ S Ni(OH), + OH™ (2)
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NiNW40, NiNW70 and NiNW300 exhibit redox peaks over the same potential range.
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Figure 3: Cyclic voltammery curves of NiNW40, NINW70 and NiNW300 at various scan rates in 1 M
KOH.

The wider cathodic peak arising at ~0.21 V can be attributed to the reduction of NiOOH to Ni(OH)2 (Eg.
(2)), while the smaller cathodic peak at ~0.18 V can be imputed to the conversion to NiO. In the CV of the
NiNW40 electrode, only the peak around 0.21V is detected, evidencing that the contribution of the oxidation
to NiO is absent or negligible. As the temperature treatment is increased, with the NiNW70 electrode, a peak
corresponding to the oxidation to NiO arises besides the wider cathodic peak at 0.21V determined by the
formation of the Ni(OH)2 phase. Finally, with increasing the temperature to 300 oC, the peak at 0.21V
corresponding to the formation of the Ni(OH)2 becomes barely distinguishable, suggesting that charging and
discharging proceed by oxidation to NiOOH and successive exclusive formation of the NiO phase, which is
evidenced by the peak at ~0.18V. The two identified cathodic peaks shift to lower potential values (i.e. more
cathodic) with increasing the scan rate (Fig.3B-D), indicating that the electrode discharging process is

governed at sufficiently cathodic potentials by diffusion.
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During the anodic scan of any electrode, at the lowest scan rate (Fig.3A), a peak can be clearly identified
around 0.4V, which can be imputed to the formation of NIiOOH by oxidation of Ni(OH), and NiO. Further
increasing the potential beyond this peak, a current rise is determined around 0.45V by the oxidation of OH’,

i.e. by the oxygen evolution reaction (OER), catalysed by the oxidized Ni species [55, 56]:

40H > 0,+ H,0+ 4e” (3)

As the scan rate is increased (Figs.3B-D), the NiOOH oxidation peak shifts to larger potentials, which can be
imputed to the limitations determined by proton diffusion through the electroactive phase NiOOH for Eq.2
and OH" diffusion from NiOOH to the bulk electrolyte for Eq.1 [42]. With increasing the scan rate, the anodic
peak eventually reaches the upper limit of the investigated potential window, thereby overlapping with the
current rise generated by the O, evolution reaction. This latter reaction takes place at potential values close
to the upper limit of the potential window (~0.45V), which is evidenced by the sharpt Remarkably, the
potential value at which the OER is found to start in Fig. 3 is very close to the best value reported by recent
electrocatalysis studies [57, 58], suggesting that the proposed electrode structures may configure a
competitive OER electrocatalyst. A detailed evaluation of this application would then deserve to be
investigated by separate studies.

Figure 4-A displays the capacitance computed from the cyclic voltammetries recorded at different scan rates

by using the following formula:

1
C =
vAEM

Jot i(E)dE @)

where v is the scan rate, AE is the potential window, i is the current, E, and E. are the start and the end
potential of the cyclic voltammetry, respectively, and M is the total weight of the electrode or the geometric
surface depending on whether the specific or the areal capacitance is computed, respectively. In accordance
with Eq. 4, the capacitance is proportional to the area enclosed by the CV curve (Eq.4). By the application of
Eqg. 4, it was found that the capacitance increases with increasing the temperature of the treatment in water

from 40 (NiINW40) to 70°C (NiINW70) (Fig.4-A-B), while a much lower capacitance value was found for the
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by thermal treatment in air at 300 °C (NiNW300). This result was partly unexpected in what temperatures
around 300 °C are typically adopted to maximize the capacitance of nickel electrodes [42].

It is important to remark that, as compared to the NiNW40 and NiNW70 electrodes, the NiNW300 electrode
was characterized by a larger NiO content (Tab.1), which is in agreement with literature data. Particularly,
previous studies evidenced that Ni(OH), is progressively dehydrated with increasing the temperature up to
200-250 °C, while transition from Ni(OH), to NiO takes place around 300 °C [42]. The lower capacitance
attained, in contrast with the results reported by previous studies, with the NiNW300 electrodes may be then
explained by the following mechanisms:

- Increased thickness of the external nickel oxide shell generated by the treatment at larger
temperature. Since the diameter of the nanowire is not significantly varying during the thermal
treatment, increasing the thickness of the oxide shell implies that the metallic Ni core becomes
thinner, which increases the electrical resistance. The XPS analysis corroborates this hypothesis
evidencing, for the NiNW300 electrode, a lack of the metallic Ni core as compared to the NiNW40
and NiNW70 electrodes.

- The bulk NiO contributes negligibly to the capacitance owing to the large resistance of OH- diffusion
into NiO [42]. Therefore, thickening the NiO phase beyond a very thin layer covering the nanowire
surface can only deteriorate the electronic conductivity without increasing the faradaic contribution
to the capacitance.

- Oxide formation taking place during the nanowire thermal treatment is accompanied by swelling,
which can decrease the specific surface area of the electroactive phase and generate, at the same
time, structural defects compromising the electrical contact with the underlying metallic nickel.
These effects become more relevant as the nanowire thickness undergoing oxidation is increased.

The above detailed mechanisms can decrease the current density recorded during the CV (Fig.3), ultimately
resulting in a reduced electrode capacitance (Eq. 4). In order to quantify the impact of the metallic core
thinning, EIS experiments were performed with the produced electrodes. Figure 4 shows the Nyquist plots of
the different electrodes. Electrodes spectra can be described by the equivalent circuit model Ro(RW)(Ca)Cp
(Fig.4-B), where R, is the combination of ionic and electronic resistances, intrinsic resistance of the
electrodes and contact resistance at the electrode/current collector interface, Ry is the charge transfer

resistance related to the electroactive surface area of the electrode, Cqy is the double layer capacitance, C; is
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the pseudo-capacitance, and W is the Warburg impedance [54, 59]. No significant difference was found
between the model parameter values estimated for the electrodes NiNW40 and NiNW70 by fitting to EIS
data (Table S1). R, and R varied from to 8.01 and 0.22 Q, respectively, for the NiNW40 electrode, to 7.97
and 0.23 Q, respectively, for the NINW70 electrode. A significantly larger R, equal to 9.89 Q, was found, in
contrast, for the NiNW300 electrode, which can be explained by the increased thickness of the external
oxide shell.

It is also important to notice that, in the EIS plot of any electrode (Fig.4-B), a linear branch arises over the
mid-low frequency region, which marks the transition to diffusion control of the redox reactions (Egs.1-2).

The
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Figure 4: A) Capacitance values obtained from cyclic voltammetry experiments carried out at different scan
rates. B) Nyquist plot recorded for the different electrodes. Inset the equivalent circuit model employed for
the fitting of the experimental curves

EIS plot of the NiNW300 electrode is characterized the lowest slope of the linear branch, which reflects into
the highest W impedance (Tab. S1). This difference can be partly explained by the increased diffusion of the
OH’ into the NiO of the NiNW300 electrode, as compared to the diffusion of the proton into the Ni(OH),.
Nonetheless, in accordance with XPS characterization, the differences between the diffusion resistances of
the three electrodes could be also justified by the differences in the amounts of chemisorbed water. It is well
known that diffusion in hydrated electrodes can occur by hopping of OH and H* through water molecules.
Accordingly, increasing the amount of chemisorbed water is expected to enhance the diffusion through the

electroactive phase [60]. As it can be inferred from Figure 2, the NINW300 electrode exhibits the lowest

amount of chemisorbed water.
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However, the illustrated EIS analysis cannot sufficiently explain the (statistically) significantly larger
capacitance of the NiINW70 electrode as compared to the NiNW40 electrode, nearly identical EIS spectra
being recorded for these two electrodes (Fig.4). At this point, it is important to remark that, in accordance
with XPS analysis, the electroactive phase of the NiINW70 electrode is characterized by the presence of both
the NiO and the Ni(OH), phases, while it is mainly composed of Ni(OH), in the NiNW40 electrode. Previous
studies evidenced that composite NiO/Ni(OH), electrodes can exhibit capacitances larger than electrodes
with pure active phases, i.e. either NiO or Ni(OH), [43]. This was justified by the difference of the electron
transfer during the faradaic reactions of NiO and Ni(OH),[43]. An alternative explanation could be a
modification of the nanowire surface induced by the partial conversion of Ni(OH), to NiO at 70°C. At this
temperature, the active phase layer is sufficiently thin to maintain the metallic Ni core and the formation of
the NiO phase is accompanied by the appearance of surface redox sites not present in the NiNW40
electrode, which can directly react with the OH to form the NiOOH phase. Since the bulk NiO does not
contribute to capacitance, the partial conversion of Ni(OH), to NiO is expected to be effective only if it covers
a thin layer close to the external nanowire surface, which is the case of the NiNW70 electrode.

Galvanostatic cycling experiments were performed to evaluate electrode performances under varying
charge-discharge rates. The evolution of the potential during cycling at different current densities is reported
in Figure 5-A-B and Fig. S4. Charging for the electrodes NiNW40 and NiNW70 at the lowest current density
of 2.5 mA cm™ above 0.45V determines a constant potential profile, which can be explained by the OER
Eq.3. In order to minimize the contribution of this reaction, the potential range was then restricted as

compared to the cyclic voltammetry experiments to 0-0.4 V.
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Figure 5: Charge—discharge curves at 2.5 mA cm™ (A) and 20 mA cm™ (B). C) Obtained capacitance from
galvanostatic charge-discharge at different current densities. D) Capacitance retention of the NiNW40 and
NiNW70 electrodes at 20 mA cm™

For any electrode, a non-linear potential profile was recorded during cycling, with plateaus appearing around
the potential values corresponding to the reduction and oxidation peaks identified by cyclic voltammetry. In
particular, the sharp linear increase and decrease of the potential can be attributed to double layer charge
and discharge (double-layer capacitance contribution), respectively, while the potential plateaus are
determined by the redox reactions Egs. 2-3 (pseudocapacitance contribution). Capacitances were calculated
from the galvanostatic cycling data by using the following formula:

iAt

"~ AEM (%)

where i is the discharge current, At is the discharge time, AE is the potential window during the discharge
and M is the total weight of the electrode or the geometric surface depending on whether the specific or the
areal capacitance is calculated, respectively. The evolutions of the capacitance values with the current

density for the three different electrodes are reported in Figure 5C. The capacitance follows a non-monotonic

dependence on the treatment temperature. In agreement with the results of cyclic voltammetries, at any
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current density, the capacitance increases with increasing the treatment temperature in water from 40
(NiINWA40 electrode) to 70 °C (NINW70 electrode) and then drops to a minimum with the NiINW300 electrode.
These results clearly evidence the relevance to tightly control the ratio between the Ni(OH), and NiO active
phases. The higher capacitance attained by decreasing the Ni(OH),/NiO ratio in the NiINW70 electrode can
be explained by the different charge transport mechanisms for Ni(OH), and NiO. Charge transport with
nickel hydroxide active phase involves the intercalation and diffusion of H* through the active material bulk.
During charging, H* ions belonging to the Ni(OH), phase combine at the electrode/electrolyte interface with
the hydroxyl ions in solution to generate NiOOH and electrons. The electrons migrate through the active
material to the current collector, while H* ions diffuse from the bulk of the Ni(OH), phase (via solid state
diffusion) to the electrode/electrolyte interface. On discharge, these processes are reversed, with the NiOOH
reacting with water at the solid/electrolyte interface to extract H* ions, which diffuse from the solid-
electrolyte interface to the bulk active material, thus converting NiOOH to Ni(OH), [61]. Differently, the
nickel oxide active phase reacts with OH" ions mainly at sites distributed over the active material surface,
with negligible contribution from OH" diffusion into the material bulk [42, 62, 63].

In order to evaluate the stability of NiNW40 and NiNW70, charge-discharge galvanostatic cycling were
performed at 20 mA cm™ and up to 2000 cycles. Figure 5-D shows the capacitance retention trend over
successive cycles. After 2000 continuous charge—discharge cycles, both the NiNW40 and NiNW70 electrodes
retain the 80% of the initial capacity. This excellent result can be imputed to the structure of the nanowires
array, which allows effectively accommodating the swelling and shrinkage of the active phase taking place
during conversion reactions, thus ultimately preventing the capacity fading [64, 65]. This higher capacitance
retention could pave the way to the application of the produced electrode in supercapacitors.

Influence of the nanowire length

The analysis illustrated in the previous section evidences that an optimal structure exists (thickness,
composition), which can be attained by thermal treatment. Once such an optimal structure is attained, the
only way to increase the electrode capacitance is to increase the nanowire length. Increasing the nanowire
length can increase the mass of the electroactive phase leaving unchanged the active phase layer covering

the nanowires.
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Figure 6: SEM cross-sectional images of the NiNW obtained by electrodeposition using alumina template
produced with different anodization times 2 h (A), 3 h (B), 4 h (C), 8 h (D), 10 h (E-F).

The results discussed so far were obtained by employing electrodes with average nanowire length around 4
pMm. Irrespective of the implemented thermal treatment, all these electrodes were produced by nickel
electrodeposition in alumina templates generated by 2 hours aluminium anodization. On the other hand, the
nanowire length can be easily modified with the implemented synthesis by varying the duration of the
aluminium anodization: increasing the duration of aluminium anodization will result in alumina templates
with longer nanopores, which will allow electrodepositing longer nanowires. The influence of the nanowire
length was analysed by employing only electrodes of the type NiINW70, which were found to exhibit optimal
thickness and composition of the active phase layer. Figure 6 shows the SEM cross-sectional images of the
NiNW70 electrodes synthesized by electrodeposition into the pores of alumina templates produced by 2, 3,
4, 8, 10 h aluminium anodizations. The evolutions of the alumina pore length and of the nanowire length
with the anodization time are reported in Fig.7A. It is important to notice that the nanowire length is not
uniform across the array and the reported nanowire lengths are average values derived from SEM images. In
accordance with Fig.7A, the alumina pore length provides a fair estimation for the average length of the
nanowires up to 3 um pore length (4 h anodization). However, deviations are found, starting from around 4
um pore length, between the alumina pore length and the average nanowire length, which progressively
increase with increasing the pore length. The main motivation behind this deviation is that increasing the
alumina pore length increases the heterogeneity of the nanowire length distribution. SEM images reported in
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Fig. 6 indicate that increasing the nanowire length increases the probability of nanowire breaking, which
causes the appearance of contiguous nanowire arrays characterized by different lengths (see low-
magnification images in Fig.6F). NiNW70 electrodes with different nanowire lengths were tested by
galvanostatic cycling experiments. Figure 7B reports the potential profiles recorded during galvanostatic
cycling. The increase in the nanowires length determines an increase in the loading of the electroactive
material per geometric surface area and thus it is expected to increase the charge-discharge time. This
prediction is consistent with the galvanostatic cycles recorded at current densities of 2.5 and 20 mA/cm2
(Figs.7B-C) with only one statistically significant exception: the electrode capacitance decreases with
increasing the nanowire length from 17 to 21 pm at 2.5 mA cm™ (Fig. 7B). This may be attributed to the
increased number of nanowire breakings found with increasing the average nanowire length that probably
also justifies the voltage drop difference between these two electrodes.

Electrode capacitance values computed by using Eq.5 are reported in Fig.7D. The capacitance increases with
increasing the nanowire length, which can be explained by the active material loading increasing with the

length, and it decreases with increasing the current density owing to the occurrence of mass transfer
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Figure 7: A) obtained nanowires length for different aluminium anodization time. Charge—discharge
curves at 2.5 mA cm™ (B) and 20 mA cm™ (C) for different nanowires length of the electrodes. D)
Capacitance values for the different electrodes and current densities.

limitations. It must be remarked that the specific capacitance values were computed considering the whole
nanowires-based electrodes including the inactive metallic core and the thin nickel film current collector
weights.

However, increasing the nanowire length can increase the resistance to ion transport (e.g. OH needed for
NiO charging) through the electrolyte solution and thus the nanowire sections closer to the current collector
may provide a contribution to the capacitance lower than the upper nanowire sections, which are closer to
the bulk solution. This implies that successive identical increments in the nanowire length may produce
contributions to capacitance progressively decreasing with the length. Capacitance values reported in Fig.7D
are normalized by the geometric surface area, which is identical for any electrode irrespective of the length,
and thus they cannot quantify how successive increments in the nanowire length contribute to increase the

electrode capacitance. To this purpose, the electrode capacitance values normalized by the length were
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computed and reported in Fig.8A.
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Figure 8. A) Capacitance values normalized per nanowires length. Cyclic voltammetry performed at different
scan rate of electrode with nanowires length of 4 (B), 7 (C) and 21 (D) um. Inset graph report the linear
trend between cathodic peak current and the square root of scan rates

At any current density, the capacitance per length unit slightly decreases as the nanowire length increases
from 4 to 5 ym and then remains nearly constant (i.e. absence of statistically significant variations) with
increasing the nanowire length up to 21 um. The constant capacitance per length unit attained between 5
and 21 um indicates that any section of the synthesized 21 pm nanowire electrode provides an identical
contribution to the capacitance and thus it can be advantageous to further increase the capacitance by
increasing the nanowire length above 21 um. This implies that the resistance to mass transfer in the
electrolyte solution wetting the nanowires is negligible over the selected nanowire length interval. In this
latter interval, the rate of nanowire charging and discharging is mainly dictated by the proton and hydroxyl
diffusion. This is confirmed by the analysis of the cyclic voltammetries reported in Figs. 8B-D for the 4, 7 and

21 um electrodes at scan rate ranging from 1 to 200 mV s™*. The current density at the cathodic peak varies

22



linearly with the square root of the scan rate, indicating that the charging process becomes, at sufficiently

cathodic potentials, limited by diffusion.

4. Conclusions

The influence of thermal treatment and nanowire length on the performance of nickel nanowires electrodes
was reported. The thermal treatment at 40, 70 and 300°C has highlighted the key role played by the
presence of a Ni metallic core for the obtainment of high conductivity electrodes, ensuring low charge
transfer resistance and a corresponding high recorded capacitance. Annealing the electrode at 300 °C led to
the conversion of Ni nanowires to NiO, while the thermal treatment at 40 and 70°C allowed for a tuning of
the electroactive phase composition, preserving the metallic Ni core of the nanowires. For these latter
electrodes the capacitance increased with the temperature of the thermal treatment, while the capacitance
dropped to a minimum for the electrode annealed at 300°C. The higher capacitance attained by decreasing
the Ni(OH),/NiO ratio upon heating at 70 °C can be explained by the different charge storage mechanisms
for Ni(OH), and NiO. Ni(OH), involves the intercalation and diffusion of H* through the bulk active material,
while NiO reacts with OH™ over the active site onto the nanowires surface. The proposed electrochemical
method for the synthesis of nanowires-based electrode has allowed for a tuning of nanowires length by
simple increasing the anodization time for the template production. A constant capacitance per nanowires
length unit was attained varying the nanowires length between 5 and 21 pm, indicating that the resistance
to mass transfer in the electrolyte solution is negligible in this range. The obtainment of electrodes with a
controlled nanowires length opens the possibility to evaluate the presence of limiting mass transfer process
on the capacitance. For all the investigated nanowires lengths, the current density at the cathodic peak,
recorded during the cyclic voltammetries, varies linearly with the square root of the scan rate, indicating that
the charging process is governed by proton and hydroxyl diffusion. The reported results have shown as the
control of the thickness and the composition of the active phase shell, together with an optimal nanowires
length, are pivotal to optimize the electrode performances of core-shell nanowires electrodes. This result
could provide a guideline to optimize the capacitance of devices based on core-shell electrodes and sheds
light on the possibility to tailor the capacity by tuning the material loading per geometric surface area, an
aspect generally lacking in the literature. Future studies should be aimed at further clarifying how the phase

ratio NiO/Ni(OH), and the distribution of the two phases (NiO and Ni(OH),) through the electrode can
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influence the electrochemical performances. To this purpose, mathematical models simultaneously
describing the diffusion of protons through the composite and the reaction of hydroxyl ions at the active
sites of the surface NiO phase should be validated based on the reported experimental results and

thoroughly simulated.
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The role of metallic core, Ni(OH),/NiO ratio and nanowire length was investigated
Capacitance increase lowering Ni(OH),/NiO ratio of the active phase shell
Lack of Ni(0) core leads to an increase of resistance and a lower capacitance

A constant capacitance per nanowires length unit was attained between 5 and 21
um
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