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Abstract: Nowadays, more than ever, environmental awareness is being taken into account when it
comes to the design of novel materials. Herein, the pathway to the creation of a colloid of spherical,
almost purely metallic nickel nanoparticles (NPs) through pulsed laser ablation in ethanol is presented.
A complex description of the colloid is provided through UV-vis spectroscopy and dynamic light
scattering analysis, ensuring insight into laser-induced nanoparticle homogenization and size-control
of the NPs. The transmission electron spectroscopy revealed spherical nanoparticles with a narrow
size distribution, whereas the energy-dispersive X-ray spectroscopy accompanied by the X-ray
photoelectron spectroscopy revealed their metallic nature. Furthermore, an example of the application
of the colloidal nanoparticles is presented, where a quick, five-min ultrasound modification results in
over an order of magnitude higher current densities in the titania-based electrode for the oxygen
evolution reaction.

Keywords: nickel nanoparticles; pulsed laser ablation; oxygen evolution reaction;
electrochemical performance

1. Introduction

The interest in metal nanoparticles (NPs) is at an all-time high, due to them being able to perform
in a plethora of applications, such as sensing [1], catalysis [2], antibacterial devices [3], and many
more [4–7]. They are often synthesized using laborious, chemical methods leaving behind a trail of
waste and byproducts. With growing concerns for the natural environment, other synthesis strategies
are being developed, where the use of harmful compounds is minimized, simultaneously retaining
high-purity products. One of such methods is pulsed laser ablation in liquid (PLAL), where only
the metal plate and transparent solvent are used [8]. In the PLAL technique, the irradiation of solid
target by laser causes the formation of plasma plume at solid-liquid interface, which contains neutral
atoms, ions and electrons from the target. Next, plasma is adiabatically expanded and created shock
wave increases the temperature and pressure inside the plasma. The vapor layer is formed due to
the expansion and condensation of plasma as its energy is transferred to the solution. The vapor
layer grows, forming the cavitation bubble and during the bubble expansion its pressure decreases as
well as the temperature, and the solid crystallization occurs leading to the formation of nanoparticles.
In the last stage, the bubble collapses and the nanoparticles are released into the liquid. The thorough

Materials 2020, 13, 4068; doi:10.3390/ma13184068 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0001-7664-9584
https://orcid.org/0000-0002-0247-3851
https://orcid.org/0000-0001-7577-3399
http://www.mdpi.com/1996-1944/13/18/4068?type=check_update&version=1
http://dx.doi.org/10.3390/ma13184068
http://www.mdpi.com/journal/materials


Materials 2020, 13, 4068 2 of 13

description of nanoparticle creation by pulsed laser ablation in solution can be found in the work of
Huang et al. [9]. In this process, the pulsed, nanosecond lasers are most commonly employed, and laser
wavelength and fluence determine the size of the obtained NPs. For the highest efficiency, the laser
beam should be focused slightly behind the target surface. Additionally, to prevent consecutive
laser hits onto the same area and the creation of deep cavities, often slow rotation of the target is
employed [10,11]. When oxidized nanoparticles are desired, frequently water is used as a medium,
whereas organic solvents such as acetone or ethanol are common for metallic nanoparticles [12,13].
As stability is a concern when it comes to the usability of such colloids, the use of surfactants is quite
common, such as cetrimonium bromide (CTAB) [14,15]. Unfortunately, these additives will inevitably
affect the chemical properties of the obtained nanoparticles, which in certain applications is undesirable.
Finally, PLAL allows for immediate dispersion of the nanoparticles in the solution, where they can
be easily transported and used whenever needed. The most commonly created nanomaterials are
the noble metal nanostructures. For example, silver nanoparticles are used in the food industry as
an antibacterial agent and in sensing, enhancing Raman signal in SERS (Surface-enhanced Raman
Spectroscopy) [16,17]. Gold nanomaterials are on the other hand the most prevalent materials in
cancer research and drug delivery [18,19]. Whereas platinum is irreplaceable as a catalyst and is often
applied toward effective hydrogen evolution reaction [20]. The abovementioned materials, however,
have one thing in common, they are quite scarce and expensive. Therefore, lots of research towards
the use of non-noble metals as a cheaper alternative is being conducted. The nickel nanostructures,
especially, draw much attention. It has been found that nickel nanomaterials can exhibit unprecedented
compressive strength [21], have pesticidal properties [22], perform in fuel cells [23], or can be used
as an effective catalyst [24]. Moreover, the versatility of nickel allows it to be synthesized in various
forms, such as foam, wires, spheres, shells, or tubes [25–28]. There are numerous works in which
PLAL technique was introduced to obtain nickel nanoparticles. For example, Nikov et al. [29] studied
nanosecond laser ablation of Ni in distilled water and ethanol. The authors observed the presence
of bimodal size distribution, namely formation of nano- and microparticles. Interestingly, in the
microscopic level, the NPs obtained in ethanol are bigger, while in nanoscale level the selected liquid
did not influence the NP dimensions significantly. Moreover, three different wavelengths (355, 532
and 1064 nm) were used and the increase in average diameter was observed with the increased laser
wavelength. Additionally, the authors showed that applying magnetic field indicates the possibility
of controlled particle separation, depending on their size. The morphology of NiNPs obtained via
PLAL technique was also reported by Torrisi et al. [30]. The NPs were produced for 20 min using the
1064 nm wavelength and it was shown that the concentration decreases with the increased fluence and
process duration as the laser light is absorbed in the solution, leading to the partial fragmentation of
NPs and hence the reduction in mean size distribution. The optical and morphological properties of
NiNPs formed during laser irradiation by applying 532 and 1065 nm wavelength were also studied
by Tan et al. [31]. It was found that the intensity of absorption peak was dependent on the laser
wavelength and the laser pulse energy, while the size of NPs remains constant regardless of the
chosen wavelength. The effects of laser fluence onto nanoparticle dimensions were investigated by
Safa et al. [32] and it was proven that the size of NiNPs is decreasing with the increasing fluence of
laser pulse.

Due to Ni flexibility and the wide range of possible applications, we wanted to present guidelines
for the creation of metallic, spherical, Ni nanoparticles with a narrow size distribution, as well as
characterize their key physical parameters. Moreover, we provide an example of modification with
created colloid, using it to enhance the efficiency of oxygen production in the TiO2-based electrode by
over an order of magnitude. Due to the easily adjustable TiO2 nanotubes (NTs) morphology, facile
production, high surface area, and stability [33–39], together with nickel nanoparticles, they have
become a very strong, yet eco-friendly, duet for further research. The electrochemical properties
of hybrids composed of Ni nanoparticles electrodeposited onto titania nanotubes were shown for
example by Chen et al. using nickel sulphate as NPs precursor [40]. It was reported that the size
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and amount of nickel nanoparticles have a huge impact onto the light absorption and therefore
onto the light-to-heat conversion and energy harvesting. Such material also exhibits electrocatalytic
activity towards methanol oxidation [41] and improved visible light photocatalytic activity through
the introduction of impurity bands below the conduction band of titania [42]. Typically, reports
show that titania NTs can be decorated by NiNPs via wet-impregnation [43], sputtering followed by
dealloying [44], ultrasound deposition from NiCl2 [45] or electrodeposition realized under the constant
current [40]. Nevertheless, in the vast majority of cases, additional thermal annealing above 300 ◦C
is applied to decompose nickel precursor, which provides a stable integration with titania support
or ensures crystallization of Ni particles. Herein, only five-min long contact of TiO2 with Ni colloid,
followed by short drying, is sufficient to obtain the hybrid structure composed of NTs and NPs. Indeed,
despite no changes in morphology, the change to the electrochemical activity was found and over
an order of magnitude enhancement of current densities in oxygen evolution reaction was observed.
We, therefore, present an analysis of not only NiNPs created with pulsed laser ablation in liquid but
the decorated titania-based electrode as well.

2. Materials and Methods

The titania nanotubes were synthesized by electrochemical oxidation of the titanium foil in the
two-electrode system. First, the titanium sheet (0.127 mm × 35 mm × 25 mm, 99.7% pure, Strem)
was ultrasonically cleaned for 10 min in acetone, ethanol, and deionized (DI) water. After drying in
air, the foil was immersed in an electrolyte based on diethylene-glycol, containing 0.3 wt % NH4F,
0.5 wt % HF, and 7 wt % DI water where it underwent anodization process at a thermostat-controlled
temperature of 40 ◦C. The voltage was controlled by in-house build hardware with the ramp-up rate set
to 0.1 V/s up to 30 V, where it was kept for two hours after which it was gradually lowered at the same
rate. Afterward, the samples were rinsed with ethanol and dried in air. To obtain the crystalline anatase
phase, the nanotubes were calcined in a furnace (Nabertherm, Lilienthal, Germany) at 450 ◦C for two
hours. The 1064 nm pulsed Nd:YAG laser (6 ns, Quantel, Lannion, France) was used to synthesize
nickel nanoparticles via pulsed laser ablation in liquid. The nickel plate (1 mm × 15 mm × 15 mm,
99.5%, HMW Hauer GMBH & Co., Rottenbach, Germany) was ultrasonically cleaned for 5 min in
acetone and ethanol, and placed into a 20 mL beaker, which was given slow rotation by electric rotator
to reduce the impact of consecutive laser pulses. The glass vessel was filled with 5.4 mL of ethanol
and the laser spot size was ca. 1 mm2. The pulse fluence was set to 14.2 J/cm2 and the number of
pulses was adjusted between 10 and 40 thousand via the laser control panel. Afterwards, 0.7 mL of the
nanoparticle-rich solution was transferred to Eppendorf tubes along with NT-covered foil and placed
in an ultrasonic bath for 5 min. The samples were then dried on a hot-plate at 40 ◦C for 5 min.

The absorbance spectra of the Ni colloid and Ni-decorated titania were obtained via the PerkinElmer
dual-beam spectrophotometer (Lambda35, PerkinElmer, Waltham, MA, USA) at a scanning speed
of 120 nm/min, while the X-ray diffraction (XRD) patterns were recorded using Bruker D2Phaser
diffractometer (Bruker, Billerica, MA, USA) with Cu Kα radiation. The X-ray photoelectron spectroscopy
(XPS) studies were carried out for Ni nanoparticles obtained at 40 thousand pulses and deposited
onto Si substrate and titania support using Escalab 250Xi spectroscope (Thermo Fisher, Waltham,
MA, USA) equipped in Al Kα monochromatic X-ray source, operating at 20 eV pass energy. Charge
compensation was provided utilizing a flood gun, with the final calibration based on the signal derived
from adventitious carbon (C1s at 284.6 eV). Images of nanoparticles were provided by transmission
(TEM, JEOL ARM 200F equipped with energy-dispersive X-ray spectrometer - EDX, JEOL Ltd., Tokyo,
Japan) and scanning electron (FE-SEM FEI Quanta FEG 250, Thermo Fisher, Waltham, MA, USA)
microscopes, while their size and zeta potentials were determined by dynamic light scattering device
(DLS) Anton Paar Litesizer 500 (Anton Paar, Gratz, Austria).

The electrochemical properties were studied in 0.5 M NaOH (deaerated with Ar) using Autolab
PGStat 302N (Autolab, Utrecht, Holland) in a three-electrode system. Prepared samples acted as a
working electrode, the platinum mesh was used as a counter electrode, and Ag/AgCl/0.1M KCl as
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a reference electrode. For UV-vis illumination, the AM 1.5 simulator (Oriel LS0500, LOT-Quantum
Design GmbH, Darmstadt, Germany) was used. Before each measurement, cyclic voltammetry sweeps
were performed to reach the chemical equilibrium. The linear voltammetric investigations were carried
out from −1 to +1 V, with a sweeping speed of 10 mV/s. The electrochemical impedance spectra (EIS)
were recorded in open circuit conditions in the dark and under UV-vis irradiation. The spectra were
registered in the frequency range from 20 kHz to 0.1 Hz with 10 mV amplitude and with 10 point per
decade providing 49 points. Before spectra recording, the electrode was conditioned for 10 min

3. Results and Discussion

3.1. Colloid Characterisation

The analysis of the zeta potential and size distribution of the nanoparticles was investigated via
dynamic light scattering technique, and the appropriate results are presented in Figure 1.
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Figure 1. Relative frequency number (a) and volume (b) weighted by the nanoparticle size distribution
for colloids varying in the number of applied laser pulses.

The zeta potential for the as-prepared colloids was determined at 29 ± 3 mV, which indicates
that the nanoparticles are stable in the solution [46]. Figure 1a shows the NP hydrodynamic size
distribution by their number and indicates that shorter irradiation time allows the creation of smaller
nanoparticles (ca. 16 nm at 10 thousand pulses). Over time, however, only nanoparticles bigger than
25 nm are present. This is due to the laser-induced heating of the solution, which substantially lowers
zeta potential during modification, increases Brownian motion, and therefore promotes agglomeration
of the nanoparticles [10,46,47]. Figure 1b shows the volume-weighted size distribution of the particles
in the colloid. Despite the low number of big particles (~500 nm), they visibly contribute to the overall
volume in the colloid. Their presence might be explained by the detachment of the bigger chunks of the
Ni plate into the solution when ablation was first initiated. Nonetheless, during the process they were
split into smaller pieces, which confirms that laser irradiation might be used for homogenization of
the nanoparticle solutions, or breaking-down aged solutions in which the nanoparticles have already
agglomerated [29,48,49].

The optical transmission spectra are shown in Figure 2.
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Figure 2. Transmission spectra obtained from pulsed laser ablation in liquid (PLAL) synthesis of nickel
nanoparticles for 10–40 thousand laser pulses.

As could be expected, the absorbance of the investigated solution rises with the number of pulses
and therefore the number of nanoparticles present. In all investigated cases, the absorbance rises with
photon energies nearing total absorption at ca. 210 nm for synthesis with 10 thousand laser pulses
and 260 nm for 40 k. Moreover, a slight absorption band is present at ca 370 nm, which gets more
intensive with the number of pulses used and can be assigned to oxidized nickel [50,51]. Interestingly
though, literature regarding the absorbance spectra of nickel particles is very inconsistent as some
researchers report no absorption bands in the spectrum [52,53], while others claim multiple bands are
present [54–56].

The TEM images from the dried nanoparticle colloid over the Cu grid reveal the size and shape of
the obtained nanoparticles. Figure 3a shows that the nickel NPs are spherical, while Figure 3b presents
their size distribution.
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We can see that most of the nanoparticles detected can be included in the 10 ± 5 nm range.
The EDX measurements (Table 1) give insight into the nanoparticle composition and indicate Ni:O
ratio of ca. 54:1, which means that the particle is nearly purely metallic, while the detected oxygen is
only residual.

Table 1. EDX data taken from two measurement sites indicated in Figure 3a.

Element Energy (keV) At.(1) % At.(2) %

C 0.227 16.46 14.89
O 0.525 1.58 1.48
Ni 7.471 81.96 83.64

This result lies in line with the UV-vis investigation, where only a faint band from oxidated nickel
was detected. The difference in the NP diameter and hydrodynamic diameter provided by the DLS
comes from a relatively large electric double layer, raising the measured hydrodynamic diameter of
the nanoparticles.

The high-resolution X-ray photoelectron spectroscopy data were recorded to determine the
chemistry of the NiNPs directly after laser ablation, and again after their deposition on the surface of
the TiO2NTs. The composition of the NiNPs formed by laser ablation is straightforward, and the Ni2p
spectra are presented in Figure 4.
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Figure 4. Deconvoluted XPS spectra for nickel nanoparticles placed on Si wafer (a,b), and onto titania
nanotubes (c–e). Measurements were performed in the energy range of nickel (a,c), oxygen (b,d),
and titanium (e).

A single peak doublet was used for the deconvolution model, with Ni2p3/2 peaking at 855.7 eV,
which is characteristic for Ni(OH)2 forming a shell over the metallic core [57,58]. The Ni(OH)2 is
characterized by significantly split spin-orbit components (by 17.7 eV) and strong satellite features,
where Ni2p3/2 of Ni(OH)2 satellite peaks are located at 861 eV, as indicated in Figure 4a [59].
The deconvolution of the Ni2p spectra recorded for NPs placed on the TiO2NTs (Figure 4c), however,
shows more complex surface chemistry, revealing an additional peak doublet. The Ni2p3/2 peak located
at 853.7 eV belongs to NiO, with the Ni2p3/2 NiO satellite merging with Ni(OH)2 at approximately
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861 eV [58,60]. Based on the proposed deconvolution, the share of the dehydrated NiO in the
TiO2NTs decorated with NiNPs is around 20%. However, it should be noted that the observed
change is not parallel with the modification of TiO2 chemistry, based on recorded Ti2p spectra
(Figure 4d), with Ti2p3/2 peaking at 459.0 eV [61,62]. Finally, the O1s spectra for Ni colloid (Figure 4b)
reveal the presence of multiple components; therefore, two spectral components were proposed for
deconvolution. The primary signal peaking at 531.4 eV is characteristic for Ni(OH)2 species; however,
its high share with respect to Ni2p peak is due to the presence of air-grown adventitious carbon
contaminations [63,64]. The second, weaker O1s component is positively shifted at 1.7 eV and should
be interpreted as SiO2 signal from the silicon substrate for the nanoparticles but also C–O species of
air-grown contaminants [65,66]. Thus, this signal was excluded from further analysis. In Figure 4e,
the O1s spectra dominated by strong TiO2 component (530.2 eV) can be seen. Full deconvolution data
are shown in Table 2.

Table 2. Binding energies (BE) of core levels: Ni2p, Ti2p and O1s present for the Ni nanoparticles, and
the chemical analysis (in at. %).

Ni2p Ti2p O1s

NiO Ni(OH)2 TiO2 Ti-O Ni/OH

BE (eV) 853.7 855.7 459.0 530.2 531.4

NiNP (%) – 17.8 – – 82.2

NiNP@TiO2 (%) 1.0 3.9 24.9 54.4 15.8

3.2. Electrode Morphology

The images of the geometry, provided by the SEM, are shown in Figure 5.
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Figure 5. (a) Top and (b) side SEM image of the TiO2 nanotubes after ultrasonic-treatment in a
nickel bath.

The as-anodized nanotubes are about 800 nm long, have an inner diameter of 120 nm, a wall
thickness of 11 nm, and are separated by 90 nm, which is consistent with our previous study [37].
Their overall morphology is not altered by ultrasonic bath modification either, aside from a few bald
patches of detached NTs (Figure S1). Although titania platform has ultrasound-supported contact with
the Ni-rich colloid, no NPs can be seen either over the rims nor along the tubular walls.
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3.3. Electrochemical Performance

The linear voltammetric sweeps (Figure 6) showcase how quick and simple ultrasound bath
modification can influence material properties.Materials 2020, 13, x FOR PEER REVIEW 8 of 14 

 

 
Figure 6. Linear voltammograms of the modified titania nanotubes investigated in the dark (dotted line) 
and under simulated AM 1.5 light (solid line). 

In the presented curves, the presence of nickel is apparent at +0.55 V where oxidation of NiO to 
NiOOH occurs [67], and passivation of the surface defects can be observed at ca. +0.9 V [68]. At the 
potentials below oxygen evolution reaction (OER), the reference sample has the highest current 
densities, which trend downwards with the amount of nickel deposited. The ultrasound-induced 
detachment of a small number of nanotubes might be responsible for the reduction in materials’ active 
surface area (Figure S1) [69]. This phenomenon is, however, heavily dependent on the geometry of the 
nanotubes used, as our group has previously shown the absence of any ultrasound-induced changes in 
densely-packed NTs [70]. On the other hand, the nickel nanoparticles may be responsible for higher 
recombination of light-generated charge carriers, which can also explain lower photocurrent values [71]. 
In the dark at +1.0 V, the reference sample reaches a current density of 56 μA/cm2 and twice as much under 
simulated solar radiation, which is not enough to produce meaningful amounts of gaseous product. 
Simultaneously, dipping the nanotubes in the nickel nanoparticle solution results in modified titania 
exhibiting much greater current densities compared to bare substrate, confirming that NiNPs provide 
titania platform with the activity toward efficient oxygen evolution. Ultrasound bath-coating with 
nanoparticles created by 40 thousand laser pulses raises the obtained currents over 13-fold, up to 780 
μA/cm2 at +1.0 V vs. Ag/AgCl/0.1M KCl. It should be also pointed out that the electrode labelled as 40k 
being polarized in the anodic limit and exposed to radiation does not change its response regarding 
dark conditions, while for others the irradiation enhances recorded currents in the whole potential 
range. Such behavior is due to the fact that the oxygen evolution reaction (OER) dominates the total 
response and as a result the photoactivity is simply hidden [72]. Therefore, with a simple, quick, and 
easy step, the obtained current densities can be boosted by over an order of magnitude where, in case 
of structural optimizations [35], or doping [72], only a few percent increase is often observed. 

In the Nyquist plots shown in Figure 7, the real and negative imaginary components of the complex 
impedance Z are plotted on the horizontal and vertical axis, respectively. 

Figure 6. Linear voltammograms of the modified titania nanotubes investigated in the dark (dotted
line) and under simulated AM 1.5 light (solid line).

In the presented curves, the presence of nickel is apparent at +0.55 V where oxidation of NiO
to NiOOH occurs [67], and passivation of the surface defects can be observed at ca. +0.9 V [68].
At the potentials below oxygen evolution reaction (OER), the reference sample has the highest current
densities, which trend downwards with the amount of nickel deposited. The ultrasound-induced
detachment of a small number of nanotubes might be responsible for the reduction in materials’ active
surface area (Figure S1) [69]. This phenomenon is, however, heavily dependent on the geometry
of the nanotubes used, as our group has previously shown the absence of any ultrasound-induced
changes in densely-packed NTs [70]. On the other hand, the nickel nanoparticles may be responsible
for higher recombination of light-generated charge carriers, which can also explain lower photocurrent
values [71]. In the dark at +1.0 V, the reference sample reaches a current density of 56 µA/cm2 and
twice as much under simulated solar radiation, which is not enough to produce meaningful amounts
of gaseous product. Simultaneously, dipping the nanotubes in the nickel nanoparticle solution results
in modified titania exhibiting much greater current densities compared to bare substrate, confirming
that NiNPs provide titania platform with the activity toward efficient oxygen evolution. Ultrasound
bath-coating with nanoparticles created by 40 thousand laser pulses raises the obtained currents over
13-fold, up to 780 µA/cm2 at +1.0 V vs. Ag/AgCl/0.1M KCl. It should be also pointed out that the
electrode labelled as 40k being polarized in the anodic limit and exposed to radiation does not change
its response regarding dark conditions, while for others the irradiation enhances recorded currents
in the whole potential range. Such behavior is due to the fact that the oxygen evolution reaction
(OER) dominates the total response and as a result the photoactivity is simply hidden [72]. Therefore,
with a simple, quick, and easy step, the obtained current densities can be boosted by over an order of
magnitude where, in case of structural optimizations [35], or doping [72], only a few percent increase
is often observed.

In the Nyquist plots shown in Figure 7, the real and negative imaginary components of the
complex impedance Z are plotted on the horizontal and vertical axis, respectively.
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material recorded in dark and under UV-vis irradiation.

Regarding dark conditions, the impedance in the medium and high frequency regime is related
to the internal resistance and charge transfer at the titania NTs/Ti substrate interface, respectively,
while the highest frequency limit is related to the electrolyte resistance [73]. Since the measurements
were performed in the same electrolyte and both electrodes (reference and Ni-decorated) are based on
the substrate consisting of titanium plate overgrown by the ordered nanotubes, the similar shape of
the spectra indicates that the presence of Ni nanoparticles does not change the internal resistance of
TiO2NTs. In the lower frequency range, where the signal is attributed to the Nernstian diffusion within
the electrolyte (mHz range) and the electron transport at the electrode/electrolyte impedance (1–100 Hz
range), the dark impedance is higher for the modified material. It results from the reduced diffusion
of charges within the material pores [74] due to the presence of the nanoparticles probably located
mostly in the surface zone of titania. When both the materials were exposed to light the decrease in the
impedance is observed in the whole frequency regime, suggesting that photogenerated electron-hole
pairs lower the overall electrode resistance [75]. Nevertheless, the difference in the impedance spectra
recorded in both conditions is much higher for 40k sample due to the facilitated charge transfer kinetics
supported by incorporated nickel species.

4. Conclusions

The eco-friendly synthesis of the nickel nanoparticles via pulsed laser ablation in liquid was
demonstrated. The UV-vis and EDX investigation revealed nearly pure, metallic form of nickel,
with only a residual amount of oxygen included in the hydroxide surface species. The DLS study shows
that laser processing has a homogenizing effect on the nanoparticles, while their size could be controlled
by the management of the temperature of the solution during the process. Facile modification of the
titania nanotubes was performed via only five-min long immersion in NiNPs suspension without any
additional chemicals, further purification step or high-temperature annealing. According to EDX and
XPS analysis, nanoparticles contain a metallic core covered with the hydroxide shell. Although the
SEM inspection does not confirm the presence of nanoparticles embedded in the ordered titania system,
the results of electrochemical investigations indicate significant change in the materials activity both in
dark and under irradiation. The recorded impedance spectra reveals significant decrease in impedance
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for the modified titania irradiated by the solar light, suggesting efficient charge separation and
collection at the back contact. Moreover, the incorporation of the nickel nanoparticles provides Faradaic
activity attributed to the NiO to NiOOH redox reaction and over an order of magnitude boosted OER
performance. The proposed approach, in which any complex metal precursor or organic surfactants
are not utilized, can be regarded as a promising alternative to wet chemistry modification methods.
We hope that the presented results will inspire researchers to take advantage of the laser-assisted routes
used for the nanomaterials synthesis, as they can be eco-friendly, time and cost-efficient.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/18/4068/
s1, Figure S1: SEM images of the titania nanotubes indicating spots where the nanotubes detached during
ultrasound treatment.

Author Contributions: J.W.: Investigation, methodology, data curation, visualization, writing—original draft; J.K.:
investigation; J.R.: investigation, formal analysis; K.G.: resources, writing—review and editing; K.S.: resources,
funding acquisition, validation, supervision, writing—review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This work received financial support from the Polish National Science Centre: grant no.
2017/26/E/ST5/00416.

Acknowledgments: The authors acknowledge support offered by Anton Paar in the form of Liteziser 500 for the
DLS analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reguera, J.; Langer, J.; Jiménez de Aberasturi, D.; Liz-Marzán, L.M. Anisotropic metal nanoparticles for
surface enhanced Raman scattering. Chem. Soc. Rev. 2017, 46, 3866–3885. [CrossRef] [PubMed]

2. Liu, L.; Zhang, X.; Yang, L.; Ren, L.; Wang, D.; Ye, J. Metal nanoparticles induced photocatalysis. Natl. Sci. Rev.
2017, 4, 761–780. [CrossRef]

3. Slavin, Y.N.; Asnis, J.; Häfeli, U.O.; Bach, H. Metal nanoparticles: Understanding the mechanisms behind
antibacterial activity. J. Nanobiotechnol. 2017, 15, 65. [CrossRef]

4. Hanske, C.; Sanz-Ortiz, M.N.; Liz-Marzán, L.M. Silica-Coated Plasmonic Metal Nanoparticles in Action.
Adv. Mater. 2018, 30, 1707003. [CrossRef] [PubMed]

5. Hoseinnejad, M.; Jafari, S.M.; Katouzian, I. Inorganic and metal nanoparticles and their antimicrobial activity
in food packaging applications. Crit. Rev. Microbiol. 2018, 44, 161–181. [CrossRef] [PubMed]

6. Sharma, A.; Goyal, A.K.; Rath, G. Recent advances in metal nanoparticles in cancer therapy. J. Drug Targeting
2018, 26, 617–632. [CrossRef]

7. Yan, Y.; Warren, S.C.; Fuller, P.; Grzybowski, B.A. Chemoelectronic circuits based on metal nanoparticles.
Nat. Nanotechnol. 2016, 11, 603–608. [CrossRef]

8. Zeng, H.; Du, X.-W.; Singh, S.C.; Kulinich, S.A.; Yang, S.; He, J.; Cai, W. Nanomaterials via Laser
Ablation/Irradiation in Liquid: A Review. Adv. Funct. Mater. 2012, 22, 1333–1353. [CrossRef]

9. Huang, H.; Lai, J.; Lu, J.; Li, Z. Pulsed laser ablation of bulk target and particle products in liquid for
nanomaterial fabrication. AIP Adv. 2019, 9, 015307. [CrossRef]

10. Waag, F.; Gökce, B.; Barcikowski, S. Ablation target cooling by maximizing the nanoparticle productivity in
laser synthesis of colloids. Appl. Surf. Sci. 2019, 466, 647–656. [CrossRef]

11. Resano-Garcia, A.; Champmartin, S.; Battie, Y.; Koch, A.; En Naciri, A.; Ambari, A.; Chaoui, N.
Highly-repeatable generation of very small nanoparticles by pulsed-laser ablation in liquids of a high-speed
rotating target. Phys. Chem. Chem. Phys. 2016, 18, 32868–32875. [CrossRef]

12. Vadavalli, S.; Valligatla, S.; Neelamraju, B.; Dar, M.H.; Chiasera, A.; Ferrari, M.; Desai, N.R. Optical properties
of germanium nanoparticles synthesized by pulsed laser ablation in acetone. Front. Phys. 2014, 2. [CrossRef]

13. Valverde-Alva, M.A.; García-Fernández, T.; Villagrán-Muniz, M.; Sánchez-Aké, C.; Castañeda-Guzmán, R.;
Esparza-Alegría, E.; Sánchez-Valdés, C.F.; Llamazares, J.L.S.; Herrera, C.E.M. Synthesis of silver nanoparticles
by laser ablation in ethanol: A pulsed photoacoustic study. Appl. Surf. Sci. 2015, 355, 341–349. [CrossRef]

14. Abdi, S.; Dorranian, D. Effect of CTAB concentration on the properties of ZnO nanoparticles produced by
laser ablation method in CTAB solution. Opt. Laser Technol. 2018, 108, 372–377. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://www.mdpi.com/1996-1944/13/18/4068/s1
http://www.mdpi.com/1996-1944/13/18/4068/s1
http://dx.doi.org/10.1039/C7CS00158D
http://www.ncbi.nlm.nih.gov/pubmed/28447698
http://dx.doi.org/10.1093/nsr/nwx019
http://dx.doi.org/10.1186/s12951-017-0308-z
http://dx.doi.org/10.1002/adma.201707003
http://www.ncbi.nlm.nih.gov/pubmed/29736945
http://dx.doi.org/10.1080/1040841X.2017.1332001
http://www.ncbi.nlm.nih.gov/pubmed/28578640
http://dx.doi.org/10.1080/1061186X.2017.1400553
http://dx.doi.org/10.1038/nnano.2016.39
http://dx.doi.org/10.1002/adfm.201102295
http://dx.doi.org/10.1063/1.5082695
http://dx.doi.org/10.1016/j.apsusc.2018.10.030
http://dx.doi.org/10.1039/C6CP06511B
http://dx.doi.org/10.3389/fphy.2014.00057
http://dx.doi.org/10.1016/j.apsusc.2015.07.133
http://dx.doi.org/10.1016/j.optlastec.2018.07.009
http://mostwiedzy.pl


Materials 2020, 13, 4068 11 of 13

15. Khan, M.N.; Bashir, O.; Khan, T.A.; AL-Thabaiti, S.A.; Khan, Z. CTAB capped synthesis of bio-conjugated
silver nanoparticles and their enhanced catalytic activities. J. Mol. Liq. 2018, 258, 133–141. [CrossRef]

16. Biswal, A.K.; Misra, P.K. Biosynthesis and characterization of silver nanoparticles for prospective application
in food packaging and biomedical fields. Mater. Chem. Phys. 2020, 250, 123014. [CrossRef]

17. Tavakkoli Yaraki, M.; Daqiqeh Rezaei, S.; Tan, Y.N. Simulation guided design of silver nanostructures for
plasmon-enhanced fluorescence, singlet oxygen generation and SERS applications. Phys. Chem. Chem. Phys.
2020, 22, 5673–5687. [CrossRef] [PubMed]

18. Sztandera, K.; Gorzkiewicz, M.; Klajnert-Maculewicz, B. Gold Nanoparticles in Cancer Treatment. Mol. Pharm.
2019, 16, 1–23. [CrossRef]

19. Kong, F.Y.; Zhang, J.W.; Li, R.F.; Wang, Z.X.; Wang, W.J.; Wang, W. Unique Roles of Gold Nanoparticles in
Drug Delivery, Targeting and Imaging Applications. Molecules 2017, 22, 1445. [CrossRef] [PubMed]

20. Yan, X.; Li, H.; Sun, J.; Liu, P.; Zhang, H.; Xu, B.; Guo, J. Pt nanoparticles decorated high-defective graphene
nanospheres as highly efficient catalysts for the hydrogen evolution reaction. Carbon 2018, 137, 405–410.
[CrossRef]

21. Sharma, A.; Hickman, J.; Gazit, N.; Rabkin, E.; Mishin, Y. Nickel nanoparticles set a new record of strength.
Nat. Commun. 2018, 9, 4102. [CrossRef] [PubMed]

22. Elango, G.; Roopan, S.M.; Dhamodaran, K.I.; Elumalai, K.; Al-Dhabi, N.A.; Arasu, M.V. Spectroscopic
investigation of biosynthesized nickel nanoparticles and its larvicidal, pesticidal activities. J. Photochem.
Photobiol. B 2016, 162, 162–167. [CrossRef] [PubMed]

23. Eisa, T.; Mohamed, H.O.; Choi, Y.-J.; Park, S.-G.; Ali, R.; Abdelkareem, M.A.; Oh, S.-E.; Chae, K.-J. Nickel
nanorods over nickel foam as standalone anode for direct alkaline methanol and ethanol fuel cell. Int. J.
Hydrogen Energy 2020, 45, 5948–5959. [CrossRef]

24. Yang, J.; Qiu, Z.; Zhao, C.; Wei, W.; Chen, W.; Li, Z.; Qu, Y.; Dong, J.; Luo, J.; Li, Z.; et al. In Situ Thermal
Atomization To Convert Supported Nickel Nanoparticles into Surface-Bound Nickel Single-Atom Catalysts.
Angew. Chem. Int. Ed. 2018, 57, 14095–14100. [CrossRef] [PubMed]

25. Chaudhari, N.K.; Jin, H.; Kim, B.; Lee, K. Nanostructured materials on 3D nickel foam as electrocatalysts for
water splitting. Nanoscale 2017, 9, 12231–12247. [CrossRef]

26. Wu, Z.; Wang, Z.; Geng, F. Radially Aligned Hierarchical Nickel/Nickel–Iron (Oxy)hydroxide Nanotubes for
Efficient Electrocatalytic Water Splitting. ACS Appl. Mater. Interfaces 2018, 10, 8585–8593. [CrossRef]

27. Pateras, A.; Harder, R.; Manna, S.; Kiefer, B.; Sandberg, R.L.; Trugman, S.; Kim, J.W.; de la Venta, J.;
Fullerton, E.E.; Shpyrko, O.G.; et al. Room temperature giant magnetostriction in single-crystal nickel
nanowires. NPG Asia Mater. 2019, 11, 59. [CrossRef]

28. Pu, J.; Nishikado, K.; Wang, N.; Nguyen, T.T.; Maki, T.; Qian, E.W. Core-shell nickel catalysts for the steam
reforming of acetic acid. Appl. Catal. B 2018, 224, 69–79. [CrossRef]

29. Nikov, R.G.; Nedyalkov, N.N.; Karashanova, D.B. Laser ablation of Ni in the presence of external magnetic
field: Selection of microsized particles. Appl. Surf. Sci. 2020, 518, 146211. [CrossRef]

30. Torrisi, L.; Torrisi, A. Ni, Ti, and NiTi laser ablation in vacuum and in water to deposit thin films or to
generate nanoparticles in solution. Contrib. Plasma Phys. 2020, e202000070. [CrossRef]

31. Tan, M.I.S.M.H.; Omar, A.F.; Rashid, M.; Hashim, U. VIS-NIR spectral and particles distribution of Au, Ag,
Cu, Al and Ni nanoparticles synthesized in distilled water using laser ablation. Results Phys. 2019, 14, 102497.
[CrossRef]

32. Safa, M.; Dorranian, D.; Masoudi, A.A.; Matin, L.F. Characterizing nickel oxide nanostructures produced by
laser ablation method: Effects of laser fluence. Appl. Phys. A 2019, 125, 687. [CrossRef]

33. Paulose, M.; Prakasam, H.E.; Varghese, O.K.; Peng, L.; Popat, K.C.; Mor, G.K.; Desai, T.A.; Grimes, C.A.
TiO2 Nanotube Arrays of 1000 µm Length by Anodization of Titanium Foil: Phenol Red Diffusion. J. Phys.
Chem. C 2007, 111, 14992–14997. [CrossRef]

34. Pasikhani, J.V.; Gilani, N.; Pirbazari, A.E. Improvement the wastewater purification by TiO2 nanotube arrays:
The effect of etching-step on the photo-generated charge carriers and photocatalytic activity of anodic TiO2

nanotubes. Solid State Sci. 2018, 84, 57–74. [CrossRef]
35. Ozkan, S.; Nguyen, N.T.; Mazare, A.; Schmuki, P. Optimized spacing between TiO2 nanotubes for enhanced

light harvesting and charge transfer. ChemElectroChem 2018, 5, 3183–3190. [CrossRef]
36. Nguyen, N.T.; Ozkan, S.; Hwang, I.; Zhou, X.; Schmuki, P. Spaced TiO2 nanotube arrays allow for a high

performance hierarchical supercapacitor structure. J. Mater. Chem., A 2017, 5, 1895–1901. [CrossRef]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.1016/j.molliq.2018.02.130
http://dx.doi.org/10.1016/j.matchemphys.2020.123014
http://dx.doi.org/10.1039/C9CP06029D
http://www.ncbi.nlm.nih.gov/pubmed/32103209
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00810
http://dx.doi.org/10.3390/molecules22091445
http://www.ncbi.nlm.nih.gov/pubmed/28858253
http://dx.doi.org/10.1016/j.carbon.2018.05.046
http://dx.doi.org/10.1038/s41467-018-06575-6
http://www.ncbi.nlm.nih.gov/pubmed/30291239
http://dx.doi.org/10.1016/j.jphotobiol.2016.06.045
http://www.ncbi.nlm.nih.gov/pubmed/27371915
http://dx.doi.org/10.1016/j.ijhydene.2019.08.071
http://dx.doi.org/10.1002/anie.201808049
http://www.ncbi.nlm.nih.gov/pubmed/30203573
http://dx.doi.org/10.1039/C7NR04187J
http://dx.doi.org/10.1021/acsami.7b16953
http://dx.doi.org/10.1038/s41427-019-0160-8
http://dx.doi.org/10.1016/j.apcatb.2017.09.058
http://dx.doi.org/10.1016/j.apsusc.2020.146211
http://dx.doi.org/10.1002/ctpp.202000070
http://dx.doi.org/10.1016/j.rinp.2019.102497
http://dx.doi.org/10.1007/s00339-019-2986-x
http://dx.doi.org/10.1021/jp075258r
http://dx.doi.org/10.1016/j.solidstatesciences.2018.08.003
http://dx.doi.org/10.1002/celc.201801136
http://dx.doi.org/10.1039/C6TA10179H
http://mostwiedzy.pl


Materials 2020, 13, 4068 12 of 13

37. Wawrzyniak, J.; Grochowska, K.; Karczewski, J.; Kupracz, P.; Ryl, J.; Dołęga, A.; Siuzdak, K. The geometry
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