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g r a p h i c a l a b s t r a c t
Synthesis of low atomicity Ni nanoclust
ers is carried out in 10 nm diameter mesoporous alumina allowing the production of zerovalent ligand-free Ni
nanoclusters estimated in 13 atoms. The size and shape of the Nickel entities inside the pores can be controlled by the current density applied during
the reduction process. The nanoclusters show a superior performance as catalysts for the reduction of methylene blue.
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a b s t r a c t

Non-noble metal nanoclusters synthesis is receiving increased attention due to their unique catalytic
properties and lower cost. Herein, the synthesis of ligand-free Ni nanoclusters with an average diameter
of 0.7 nm corresponding to a structure of 13 atoms is presented; they exhibit a zero-valence state and a
high stability toward oxidation and thermal treatment. The nanoclusters formation method consists in
the electroreduction of nickel ions inside an ordered mesoporous alumina; also, by increasing the current
density, other structures can be obtained reaching to nanowires of 10 nm diameter. A seed-mediated
mechanism is proposed to explain the growth to nanowires inside these mesoporous cavities. The size
dependence on the catalytic behavior of these entities is illustrated by studying the reduction of methy-
lene blue where the nanoclusters show an outstanding performance.
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1. Introduction

Metal nanoclusters (NC) are a new class of materials which
attract a great interest due to their new properties, related to their
unique geometric and electronic structures [1–4]. The intrinsic fea-
tures of these entities do not change monotonically; therefore, the
controlled synthesis of these assemblies is highly relevant.

Although nanoclusters from noble metals are still the most
studied systems [5–11], other elements such as Ni, Co, Fe and Cu
are increasingly explored due to their interesting properties
regarding magnetism and catalysis, their abundance and lower
cost [12–15]. However, their synthesis showed to be an elusive
subject, bringing new challenges due to their tendency to oxidize
and the potential formation of unexpected intermediates or prod-
ucts [16]. Furthermore, if the element has magnetic properties (i.e.,
Ni, Fe, and Co), then the aggregation due to magnetic interactions
between nanoparticles may occur and few examples can be found
regarding their zerovalent nanoparticle synthesis.

In the case of Ni, organic-coated nickel nanoparticles (NiNPs)
have been synthesized using microemulsion techniques [17], laser
decomposition [18], or the reduction of metal ions in the presence
of different organic ligands [19,20]. These ligands passivate the
surface of the nanoparticles providing stability and yielding diam-
eters of 5 nm or above. Crooks and coworkers [21] successfully
synthesized NiNPs by reducing Ni ions inside dendrimers and
obtained NPs with diameters smaller than 4 nm. Alonso et al.
[12] could synthesize NiNPs smaller than 2 nm diameter using Li
as reductant in an organic solvent. Synthetic approaches for
preparing well defined Ni materials below the 2 nm size range
are limited. Kumar et al. [22] synthetized Ni nanoclusters via a
microplasma process, where the as-grown nanoclusters were
deposited with an electrostatic precipitator onto carbon-coated
Cu grids for a thoroughly characterization; however, no further
ways of stabilization were shown. On the other hand, some groups
were able to synthesize Ni nanoclusters capped with thiol deriva-
tives ligands. Calderon et al. [16] carried out the synthesis of alka-
nethiol coated NiNPs obtaining a material comprised of some form
of Ni(II)-alkanethiol polymer in coexistence with ultrasmall Ni
clusters; while Joya et al. [23] were able to synthesize clusters
capped with 2-phenylethanethiol in a well-established stoichiom-
etry. Ni nanomaterials have shown to be excellent catalyst for a
diverse group of reactions including hydrogen transfer [24], reduc-
tion of organic dyes from hazardous wastes [25], hydrogen produc-
tion [26], water oxidation [23], among others. Additionally, the
synthesis of Ni nanowires have attracted the interest in fields like
catalysis [27] and magnetism [28,29].

In this work, we present the controlled synthesis of nickel enti-
ties from nanocluster to nanowires by using a hexagonally
arranged porous alumina as a matrix. They are synthetized using
a galvanostatic pulsed electrodeposition method, allowing the
growth of 0.7 nm clusters when reduction current densities below
5 mA cm�2 are used. The nanoclusters are characterized by AFM
and X-ray absorption spectroscopy (XAS) techniques presenting a
high stability toward oxidation and thermal treatment. On the
other hand, negligible effects in cluster size are observed when
the alumina presents pore diameters between 5 and 18 nm, denot-
ing the formation of a stable structure. Furthermore, by controlling
the current of the electrodeposition process, the growth of these
clusters toward greater entities is observed, allowing the synthesis
of thin nanowires. The approach presented here provides the
means for the synthesis of ligand-free highly stable zerovalent Ni
nanoclusters with a narrow size distribution. Finally, the Ni growth
process at different current densities is discussed and the perfor-
mance of the Ni nanoclusters (NiNC) as catalyst is exemplified
studying the reduction of methylene blue showing an outstanding
efficiency.
2. Experimental

2.1. Materials and methods

All reagents were analytical grade. Water (18 MO cm�1) was
provided by a Millipore Simplicity equipment.

2.2. Nanoporous alumina (Al/Al2O3)

Working electrodes are prepared from aluminum 1145 (99.5%)
with a surface of 6 mm2. Surface pretreatment consisted in an elec-
tropolishing with ethanol:HClO4 5:1 at 18 V for 1 min. The cleaned
surface was exposed to an acid electrolyte (15% H2SO4) at room
temperature and a constant potential of 15 V was applied to the
aluminum for 1 min, using a lead plate as counter electrode in
front of the working electrode. Once the electrode was anodized,
it was left 5 min in the acid environment. This step thinned the
oxide barrier of the pores. The system is rinsed with water, dried
with nitrogen current and ready for the next step. In this way a
reproducible nanoporous structure is obtaining with the following
characteristics: 11 ± 1 nm pore diameter, 1 lm depth and 35 nm
interpore distance [30]. For pores sizes of 5 and 18 nm the applied
anodization potentials were 10 and 25 V, respectively. SEM images
of the alumina nanostructures are shown in Fig. S1 of the Elec-
tronic Supplementary Information.

2.3. Synthesis of Ni cluster (Al/Al2O3/NiNC) and other structures

Ni electrodeposition was carried out using a solution containing
100 g/L NiSO4�6H2O, 45 g/L NiCl2�6H2O and 45 g/L H3BO3 at pH 4.5
as the electrolyte. Anodized aluminum and a gold plate were used
as the working and counter electrodes, respectively. The different
structures were obtained by electrodeposition performed at differ-
ent current densities (J), ranging from �3 to �50 mA cm�2. Three
steps are involved in the electrodeposition process: (i) metal depo-
sition at �J mA cm�2 for 8 ms; (ii) application of J mA cm�2 (2 ms)
to decrease the capacitive oxide layer and interrupt the electric
field at the interface where it is being deposited; (iii) no current
is applied for 500 ms, to recover the ion concentration in the pores
by diffusion from the solution. In total, 3000 pulses were per-
formed, otherwise is noted.

2.4. Ni clusters dispersion

In order to obtain an aqueous dispersion of the clusters, Al/
Al2O3/NiNC system was immersed in a 0.1 M NaOH solution during
30 min. Alumina is dissolved, yielding a solution with a high alumi-
nate content.

2.5. Non contact-AFM measurements

XE-100 instrument (Park Systems Corporation) was used in
non-contact mode. 20 mL of diluted Ni clusters dispersion in an
aqueous solution was dropped onto a mica sheet, washed with
Milli-Q water, and dried under nitrogen flow.

2.6. XAS techniques

Electronic and atomic structural parameters were determinate
by X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) experiments, respectively.
Ni K-edge EXAFS and XANES spectra were measured at room tem-
perature in fluorescence mode at the XAFS2 beamline at the Labo-
ratorio Nacional de Luz Síncrotron (LNLS, Campinas, Brazil). An
ionization chamber was used to detect the incident flux and a



Fig. 1. (A) Left: NC-AFM topography images of Ni nanoclusters deposited on mica substrates. Center: section analysis of the lines of AFM images. Right: Histogram
distributions heights. (B) Normalized XANES spectra at the Ni K-edge and EXAFS oscillation (inset) of bulk Ni reference (black line) and Al/Al2O3/NiNC at room temperature
(green line) and at 350 �C (blue line). (C) Fourier transform of the EXAFS oscillation and the corresponded fittings (gray trace) for a bulk Ni reference (black) and the Al/Al2O3/
NiNC sample at room temperature (green) and at 350 �C (blue). The Table in the inset summarized the average coordination number (NNi-Ni) and average interatomic distance
(RNi-Ni) obtained from the fitting. Ni nanoclusters were grown at a current density of �3 mA cm�2 in a nanoporous alumina of 11 nm diameter. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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15-element germanium solid state detector was used to sense the
fluorescence signal from the sample. Data were processed using
ATHENA with the AUTOBK background removal algorithm [31].
The spectra were calibrated in energy using a foil of metallic nickel
as reference. The EXAFS oscillations v(k) were extracted from the
experimental data with standard procedures using the Athena pro-
gram. The k3 weighted v(k) data, to enhance the oscillations at
higher k, were Fourier transformed. The Fourier transformation
was calculated using the Hanning filtering function. EXAFS model-
ing was carried out using the ARTEMIS program which is part of
the IFFEFIT package [31]. All measurements were performed with-
out dissolving the alumina matrix.
2.7. Catalytic reduction of methylene blue

The catalytic reduction reaction of methylene blue (MB) was
performed in an aqueous solution inside a quartz cuvette. Methy-
lene blue (MB) solution and hydrazine hydrate solution were
mixed and HCl was added to adjust the pH to 8.5. Immediately
24 mm2 of the Al/Al2O3/NiNC were exposed to 0.7 mL of the solu-
tion containing 0.06 M hydrazine and 3.3 � 10�5 M MB, previously
deoxygenated with N2. The cuvette was immediately placed in the
sample holder and the progress was monitored by recording the
absorbance with a UV–Vis spectrophotometer at room tempera-
ture. Then, for catalytic studies, the changes in absorption at 665
nmwith respect to time were measured. Control experiments were
carried out using Al/Al2O3 where the electrodeposition step was
not carried out. The amount of Ni in the aluminum samples were
determined by inductively coupled plasma mass spectrometry
(ICP-MS) (3iA Institute, University of San Martin, Argentina). The
experiments were collected in duplicated and a value of 2.4 ± 0.4
mg of Ni in 24 mm2 aluminum sample was obtained when a current
of 3 mA cm�2 is applied.
3. Results and discussion

3.1. Ni nanocluster: Synthesis and characterization

A hexagonally ordered porous alumina with a structure of 11
nm pore diameter, 35 nm interpore distance and 1 mm depth was
generated at the top of an aluminum rod. This structure was used
as template for the synthesis of Ni nanoclusters. Nickel was elec-
trodeposited from a 0.57 M Ni(II) solution at pH 4.5 using galvano-
static pulses involving three steps: first, metal deposition at �3 mA
cm�2 to reduce the nickel ions; then, the application of 3 mA cm�2

for a shorter time to decrease the capacitive oxide layer; and,
finally, no current is applied to recover the ion concentration in
the pores (see Experimental Section for details). After 3000 cycles,
no changes were observed in the appearance of the aluminum in
contrast to previous works, where the deposition of nickel into alu-
mina yields a colored product [32].

In order to determine the presence of possible formations of Ni
inside the pores, the alumina was dissolved in sodium hydroxide to
obtain a suspension of the entities. The suspension was investi-
gated by atomic force microscopy (AFM) drop coating a mica sub-
strate. This technique has atomic resolution along the vertical axis.
AFM topography image and vertical section profiles of different
clusters are presented in Fig. 1A. AFM results show the presence



Fig. 2. Histogram distributions heights (n = 100) obtained from AFM images for Ni clusters samples produced at �3 mA cm�2 inside nanoporous alumina of 5, 11 and 18 nm
pore diameter.
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of clusters with an average height of 0.7 ± 0.1 nm (n = 100); the
narrow distribution, confirms the formation of symmetrical parti-
cles with a sub-nanometric size.

The formation of nanoclusters inside the porous structure was
studied in situ by XANES and EXAFS techniques. XANES spectra
can be considered as a sensible fingerprint, which allows a direct
comparison between spectra of samples and standard compounds,
where their different features give information about the oxidation
state and local atomic structure. Fig. 1B shows XANES spectra at
the Ni K-edge of the Al/Al2O3/NiNC sample (green line) 1and a
metallic Ni reference (black line). These results indicate that the
nickel electrogenerated in the nanoporous alumina is in its zerova-
lent form. It is important to mention that this measurement was car-
ried out one month after the synthesis and they were in contact with
air during this period. This remarkable resistance to oxidation can be
attributed to the change from a metal conductor behavior to a
molecular like behavior, where a band gap between the HOMO
and LUMO appears [33].

EXAFS technique was employed to establish the nanoclusters
structural characteristics in situ. It provides information about
the average coordination number, type and distance between
neighboring Ni atoms without altering the geometry of the sam-
ple. EXAFS oscillations at the Ni K-edge for an Al/Al2O3/NiNC sam-
ple and a bulk Ni reference are shown in Fig. 1B (inset). In both
cases, the oscillation is similar, confirming that Ni clusters are
in similar atomic local structure configuration than in bulk Ni.
Also, the oscillation in the case of Ni clusters is attenuated respect
to the reference bulk sample, as it is expected when the size is
reducing.

The corresponding k3-weighted Fourier Transform (FT) without
phase correction of the EXAFS data and its fitted to the theoretical
scattering formulas can be observed in Fig. 1C. The FT of the EXAFS
spectrum at the Ni K-edge of Al/Al2O3/NiNC sample (green dots)
was fitted using only a Ni-Ni shell, and no evidence of a Ni-O pair
was found. An important decrease in the average coordination
number (NNi-Ni = 5.8 ± 0.7) respect to the bulk nickel (NNi-Ni = 12)
is observed (black dots), indicating that only a coordination shell
around the Ni absorber atoms is present, being most of the atoms
located at the surface. Then, this decrease in the average coordina-
tion number can be explained in terms of the drastic decrease in
the particle size. Assuming spherical clusters, estimates of the par-
ticle average size can be made from a correlation with the average
coordination number NNi-Ni. The average diameter obtained is (0.7
± 0.1) nm, in good agreement with the average height found by
AFM. Considering the average coordination number and average
1 Please note that Figs. 1, 4, 7 will appear in B/W in print and color in the web
version. Based on this, please approve the footnote 1 which explains this.
interatomic distance with their respective uncertainties (Fig. 1C,
inset), an atomicity of 13 ± 3 can be proposed based on the calcu-
lations reported for these parameters [34,35]. A similar estimation
can be derived using the diameters for Ni clusters of different
atomicity recently reported [22].

These nanoclusters also present a high stability to thermal
treatments. A XAS spectrum was taken after the sample was
heated to 350 �C for 2 h under an air atmosphere to observe the
electronic and structural changes could produce the heat treat-
ment. Fig. 1B (blue line) shows the XANES spectrum of the sample
heated to 350 �C; where practically no changes are observed after
thermal treatment, indicating that the Ni remains in the zerovalent
state. Further, Fourier transform (Fig. 1C (blue line)) of the sample
after the thermal treatment presents a first sphere of coordination
with a distance and amplitude similar to that found before the
heating process. Sample fit shows that the average coordination
number obtained is slightly higher than the one found in this sam-
ple before the thermal treatment; this could indicate that some
clusters have begun to coalesce due to the thermal energy.
3.2. Growth mechanism: from Ni clusters to nanowires

To further elucidate the mechanisms of the cluster growth we
analyze the influence of different parameters. Alumina with differ-
ent pore diameters (5, 11 and 18 nm) were tested; for the smallest
diameter, the nanocluster height distribution obtained by AFM is
the same, while for the biggest, a slight increase in the cluster
height distribution is observed (Fig. 2). The narrow size distribu-
tion at pores of 5 and 11 nm can be considered a direct conse-
quence of the template-based synthesis [21]. However, the fact
that even in 18 nm pores the main population corresponds to clus-
ters of 0.7 nm height is indicative that we are in the presence of a
stable superatom structure [36].

It is important to notice that increasing the current applied
from �3 to �5 mA cm�2 new nucleation centers can be formed,
without an appreciable change in the size of clusters (Fig. 3). In this
sense, we can conclude that cathodic current densities below 5 mA
cm�2 allow the synthesis of clusters with a well-defined structure.
Increasing the current electrodeposition to �10 mA cm�2, the pres-
ence of Ni nanoparticles begins to be observed. AFM analysis of the
Ni structures formed in this condition still shows an important
presence of clusters of less than 1 nm together with the nanoparti-
cles (Fig. 3, right). The simultaneous presence of the two different
atomic entities suggests that at higher currents the number of clus-
ters in the same pore increases facilitating the formation of larger
particles, probably due to the partial sintering of the clusters in the
confined pore, yielding a bimodal size distribution. Also, the ICP-
MS analysis shows that in this case the amount of Ni in the pores



Fig. 3. Histogram of distributions heights obtained from AFM images for three Ni samples produced at different electrodeposition current densities.

Fig. 4. Normalized XANES spectra at the Ni K-edge of Al/Al2O3/NiNC produced at
�3 mA cm�2 (dark green) and �10 mA cm�2 (light green). A Ni reference (dashed
black line) and a NiO reference (dashed gray line) are also plotted. Regions 1 and 2
show the two areas that allow distinguishing the Ni oxidation state. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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is 4 times greater than the one obtained when �3 mA cm�2 is
applied.

In the presence of these larger nanoparticles, the XANES spectra
show a strong contribution of NiO as it is shown in Fig. 4, indicating
the oxidation of the nanoparticles. It can be observed that the pat-
terns for the oxidized and elemental species are different; two fea-
tures are useful to discern between an elemental Ni sample and an
oxidized one. In the region close to 8330 eV (area 1 in Fig. 4), Ni(0)
presents a shoulder, that it is not observed once the element is oxi-
dized. On the other hand, the rising absorption edge leads to a
Fig. 5. Left: SEM image of the Ni nanowires. Ni electrodeposition was carried out at �50
pulse number applied. The electrodeposition is carried out at �25 mA cm�2.
sharp intense peak referred as ‘‘white line” (area 2 in Fig. 4), which
is proportional to the oxidation state of the absorbing element. In
the figure, the spectra for Ni samples obtained by applying �3
and �10 mA cm�2 (dark and light green lines, respectively) are
plotted together with Ni and NiO spectra as references (black
and gray dashed lines, respectively). It can be noted that the sam-
ple synthesized at �3 mA cm�2 fits with the Ni(0) spectrum in the
critical areas, while the one produced at �10 mA cm�2 is interme-
diate between the two cases. This result is in agreement with the
AFM experiments where two types of entities are present at �10
mA cm�2, one with an average size below 1 nm, in accordance to
the Ni(0) clusters observed for the �3 mA cm�2 case; while the
other one corresponds to Ni nanoparticles, which, due to their size
and metallic behavior, may be oxidized. From the linear combina-
tion of the two reference spectra an estimation of the degree of oxi-
dation can be obtained, yielding a ratio of 70% oxide and 30%
elemental Ni.

Finally, if a current density of �25 mA cm�2 is applied, Ni nano-
wires can be synthesized (Fig. 5), in accordance with previous
results published by Goselle and coworkers for Ni in nanoporous
alumina with wider diameters [32,37]. The nanowire height can
be controlled by the number of pulses or the current density
applied. The height of the nanowires was determined by SEM using
a QBSE detector, which allows distinguishing elements due to their
different atomic weights, therefore the presence of Ni in the porous
alumina is enhanced. As an example, Fig. 5 (left) shows the nano-
wires formed when 3000 pulses and �50 mA cm�2 are applied.
Also, the length can be increased applying more pulses (Fig. 5,
right). Therefore, the growth process is guided by the porous size
(diameter) and by the charge passed (length), leading to nanowires
of 10 nm diameter with a narrow height distribution.

In order to understand the first steps of the growth mechanism,
we explored the features of the Ni entities after a short number of
mA cm�2 and 3000 pulses were applied. Right: Ni nanowire length as a function of



Fig. 6. Normalized XANES spectra at the Ni K-edge of Al/Al2O3/NiNC produced at
�25 mA cm�2 applying 5 pulses (black), 50 pulses (blue) and 100 pulses (light
blue). Ni and NiO references are plotted as in Fig. 4. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. (Top) Pseudo-first order plot of methylene blue reduction using different Ni
structures generated at: �3 mA cm�2 (green circles),�10 mA cm�2 (blue diamonds)
and �25 mA cm�2 (red triangles). Al/Al2O3 (black rectangles) is presented as control
experiment. Absorbance was followed at 665 nm. (Bottom) Effect of removing (light
green, open circles) or maintaining (dark green, closed circles) the clusters support
after tr. In both cases the reaction is carried out using Al/Al2O3/NiNC (�3 mA cm�2)
as catalyst. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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pulses (5, 50 and 100) using �25 mA cm�2. Fig. 6 shows the XANES
spectra at the Ni K-edge for the nanoparticles formed in these con-
ditions. From the beginning (5 pulses, black trace), it can be
observed that the particles are mostly in the oxidized form, sug-
gesting that they are mainly as nanoparticles. However, also a con-
tribution of elemental Ni is observed; therefore, the presence of
nanoclusters cannot be ruled out, following the same behavior that
the one observed for NP grown at �10 mA cm�2. As the number of
pulses increases, the shape of the spectrum gets closer to the NiO,
confirming the formation of a bulk-like structure. Overall, our
results are compatible with the presence of clusters in this first
steps of electrodeposition coexisting with oxidized nanoparticles.

The coexistence of the small clusters and the greater nanoparti-
cles may explain the formation of the Ni nanowires. To date, two
mechanisms have been proposed for the growth of nanowires.
One involves the aggregation of nanoparticles [38,39] and the
other one is a seed-mediated mechanism [40–42]. The last one
involves the formation of nanowires by the catalytic reduction of
metal ions on seed nanoparticles. This catalytic process is proposed
to be induced by metallic nanoclusters. [43,44] Our results support
the seed-mediated mechanism to explain the growth process since
the coexistence of both types of particles is observed in the initial
pulses of the electroreduction process. To further test this hypoth-
esis, gold nanoparticles were synthesized in the same conditions
than Ni. The characterization of these small nanoparticles and
the dependence of its size with the synthesis parameters are
shown in the Electronic Supplementary Material (Table S1). In
the case of Au, where no evidence of nanoclusters is observed,
the nanoparticles cannot growth to form nanowires, supporting
the cluster-catalyzed growth mechanism.
3.3. Catalytic performance

The effect of the size of these Ni entities on the catalytic perfor-
mance was studied by measuring the catalytic activity of a model
reaction, the reduction of methylene blue (MB) by hydrazine.

The kinetics of MB reduction with hydrazine can be monitored
by UV–vis spectroscopy, following the changes in the maximum
absorbance wavelength (kmax = 665 nm) of MB. As the concentra-
tion of reductant was much larger than the MB dye, the reaction
could be considered as a pseudo-first-order reaction respect to
MB. The effect of the structure in the reduction kinetics can be
observed in Fig. 7 (top) where the reduction of MB with hydrazine
was carried out using Ni nanostructures synthesized at different
current densities as catalysts.

When clusters are present the fastest catalytic activity for MB
reduction (green dots) is obtained, demonstrating that this type
of particles is responsible for the catalytic reduction. If the catalytic
system is removed from the solution (Fig. 7, bottom, open green
circles), the slope immediately changes and the pseudo-first order
rate constant equals to the blank sample. This observation shows
the high stability of the clusters inside the alumina and the advan-
tage of using a heterogeneous catalyst that can be easily removed
avoiding further purification steps. These results highlight the rel-
evance of controlling the size Ni entity in catalytic processes.

Once taken into account hydrazine and Ni clusters concentra-
tions, a rate constant value of 7 � 102 s�1 M�2 is obtained for the
reduction of MB, comparable to the one reported for Cu13 clusters
(9 � 102 s�1M�2) [45], that was up to now the hallmark of metallic
particles catalytic activity.
4. Conclusions

Here we show for the first time that the pulsed electrodeposi-
tion of nickel confined in a porous alumina matrix successfully
generates Ni nanoclusters. These clusters are ligand-free; present
a zerovalent oxidation state and a 0.7 nm diameter corresponding
to 13 atoms. The procedure is very robust since nanoclusters are
obtained exclusively even at different pores sizes (5, 11 and 18
nm) and different current densities (�3 and �5 mA cm�2). The
high stability of the obtained clusters can be explained in terms



A.S. Peinetti et al. / Journal of Colloid and Interface Science 516 (2018) 371–378 377
of the formation of superatoms where orbitals are created with a
symmetry similar to atomic orbitals but delocalized throughout
the entire cluster [46]. This delocalization confers the system a
molecular-like behavior and stability, evidenced by its inertness
toward oxidation and thermal treatment.

The synthesis of distinct Ni nanostructures at different condi-
tions provide guidelines to postulate a mechanism regarding the
growth of nanowires in confined systems. The experiments carried
out at higher current densities show the formation of Ni clusters in
its early stages, suggesting that the generation of greater structures
only occurs when the nanoclusters are present. The coexistence of
the small clusters and the greater nanoparticles explains the for-
mation of the Ni nanowires, in accordance with seed-mediated
model proposed for the growth of nanowires [41,42,44,47].

Finally, the clusters presented here show similar catalytic prop-
erties compared to copper clusters of similar size. At the best of our
knowledge, this is the first report demonstrating the outstanding
catalytic properties of ligand-free Ni nanocluster. On the other
hand, the very thin diameter of the Ni nanowires obtained here
(10 nm diameter) may give rise to unique physical properties
[48] and represents an interesting starting point for further studies.
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