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1. Introduction

Conventional fossil fuels are no longer sus-
tainable for a sustainable development of
our society. As a result, the majority of
countries are eager to develop an alterna-
tive supply of renewable energy.[1]

Among the possible strategies, Hydrogen
has many favorable features such as effi-
ciency, zero emissions, and renewability.[2]

Electrochemical water-splitting is one of
the most studied methods for the produc-
tion of highly pure H2 on short time
and with a restricted impact on the
environment.[3–5] Indeed, supplying the
electrochemical water-splitting with renew-
able energy would guarantee the production
of green hydrogen. To efficiently split water,
the two half reactions, the hydrogen evolu-
tion reaction (HER) and the oxygen evolu-
tion reaction (OER), should be assisted
with highly active electrocatalysts.
Recently, water electrolysers in alkaline
media attract the interest of scientific com-

munity for promising and sustainable performances, allowing the
scalable production of low-cost hydrogen from renewable
sources.[6] In this scenario, the OER is a limiting reaction, involv-
ing the transfer of four electrons through reactions at high bar-
riers. One of the most famous mechanisms is Krasil’shchikov’s
Path. In alkaline media, it is described by Equations (1)–(3),
where M denotes surface-active sites[7,8]

MþOH� ↔ MOHþ e� (1)

MOHþOH� ↔ MOþH2O þ e� (2)

2MO ! 2Mþ O2 (3)

The mostly active materials for OER, Ir2O, and RuO2, are still
not sustainable being too rare and costly.[9,10] Thus, great atten-
tion has been aimed on the use of not-critical materials, such as
Ni (hydro) oxide and Fe (hydro) oxide, which reduces the cost of
the entire device giving a significant stability and catalytic activ-
ity in alkaline electrolyte.[5,11–13]

In the framework of sustainable economy and pollution,
reducing disposal and contaminants coming from the final prod-
uct of a synthesis route has to be taken in consideration.
Unfortunately, the mostly used synthesis techniques for oxides
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Electrochemical water-splitting, sustained by renewable energy, is aimed at green
H2 production. Efficient and sustainable electrocatalysts are required for a proper
energy transition. Oxygen evolution reaction (OER) in alkaline electrolyte can be
pursued by using earth-abundant elements-based catalysts, such as Ni oxy-
hydroxides. A proper optimization of intrinsic properties and synthesis procedure
is still needed. Herein, the synthesis of Ni/NiO nanoparticles (NPs) through a
physical and green technique, pulsed laser ablation in liquid (PLAL), is presented.
Ablating a Ni target in deionized water, at different ablation times, leads to NP
dispersions used for realization of OER electrode onto graphene paper. Ion-beam
analysis of catalysts amount and homogeneity of NP-based electrode is per-
formed for the electrode optimization in terms of electrochemical performances.
An overpotential at 10 mA cm�2 of 306 mV is achieved for 40 μg cm�2 of catalyst,
while lowering the catalyst amount to 8 μg cm�2, unprecedented turnover fre-
quency of 0.20 s�1 and mass activity of �1.3 A mg�1 are reached. These data
show that Ni/NiO NPs produced by PLAL are highly effective for OER in alkaline
media and encourage the use of PLAL as a green and efficient technique for
electrocatalyst production.
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are chemical based and mostly require vacuum systems or high
temperature and pressure.[14]

Pulsed laser ablation in liquid (PLAL) is a physical technique
that allows the production of pure and ligand-free nanoparticles
(NPs) focusing a high-power pulsed laser beam focused on a
solid target immersed in a liquid. PLAL doesn’t need pressure
or high-temperature systems because the interaction between
the laser and the target generated itself a high temperature and
pressures self-confined in the limited space coincident with the
laser spot. Also, no pollutant waste is generated in obtaining the
final product, making this technique “green”.[14] PLAL is an easy-
to-use and quite versatile technique; in fact, varying the liquid
environment in which the ablation takes place, different material
composition could be obtained. Hence, ablating a metallic target
in oxygen-rich liquid environment, such as deionized water,
metal–oxide nanostructures could be synthetized. PLAL has been
recently considered as a green synthesis technique of nanomate-
rials which have been exploited in hydrogen storage, production,
and sensing.[15] Recently, laser-based production of metal oxides
NSs for water-splitting application has been reported.[16–18]

In particular, among transition metal–oxide nanomaterials,
nickel oxide has generally achieved lots of interest due its prop-
erties such as catalysis, energy storage, magnetism, optics, anti-
bacterial activity, gas sensing, and biosensing.[19–24]

Nickel-based NSs have been synthetized via laser ablation in
liquids ablating nickel target in different liquids, such as water.
The laser-based synthesis of Ni-based nanostructures for water-
splitting has been recently reported. In particular, the synthesis is
usually combined with electrophoretic deposition as an easy
OER–electrode preparation method.[17,18] Unfortunately, the OER
performance obtained are not quite competitive in terms of extrin-
sic parameters (i.e., overpotential) and low attention has been
devoted to the intrinsic activity of the electrocatalyst.

Here, in this article, we present the synthesis of Ni/NiO NPs
obtained ablating a nickel target in deionized water with a nano-
second pulsed laser at different ablation time (5, 10, and 20min).
The as-synthetized NPs are transferred onto graphene paper
(GP) varying the deposition technique, that is, drop casting
and spin coating, and the amount of NPs dispersion. Rutherford
backscattering spectrometry (RBS) measurement is employed for
analyzing the homogeneity of the NPs distribution and the catalyst
amount measurement. We observed that the spin-coating results in
a better homogeneity. Thus, the OER activity is studied for the sam-
ples loaded with Ni/NiO NPs obtained at different ablation time.
An overpotential at 10mA cm�2 of 306mV was achieved for
40 μg cm�2 of catalyst, while lowering the catalyst amount to
8 μg cm�2, a turnover frequency (TOF) of 0.20 s�1 andmass activity
of �1.3 Amg�1 were reached.

2. Experimental Section

2.1. Synthesis of the Ni/NiO NPs

A pulsed (10 ns) Nd:Yttrium Aluminum Garnet Laser (Quanta-
ray PRO-Series pulsed Nd:YAG laser), operating at wavelength of
1064 nm, mean output power 5W, and repetition rate of 10Hz,
was used to ablate a nickel target (purity 99.99%, diameter 25mm,
thickness 0.1mm) in deionized water (resistivity 18MΩ cm).[25]

The nickel target was placed at the bottom of a Teflon cylindrical
vessel and mersed with 8mL liquid (Figure 1a).

The laser beam was focused with a lens (focal length 10 cm)
and the laser fluence per pulse was 10 J cm�2. Ni/NiO NPs were
produced at different ablation time (t: 2, 5, 10, and 20min). The
Ni target was weighted before and after the ablation to extract the
amount of Ni ablated for each synthesis performed. For this mea-
surement, a microanalytical balance (Sartorius M5) with a sen-
sitivity of 100 μg was used. Thus, the ablated mass derived for
each synthesis was an experimental error of 0.2 mg. The obtained
NP dispersion was stored at 4 °C for the stability of the solution
and avoided NPs agglomeration.

2.2. NPs Characterization

Surface morphology of the NPs was analyzed by using a scanning
electron microscope (SEM, Gemini field-emission SEM Carl
Zeiss SUPRA 25, FEG–SEM, Carl Zeiss Microscopy GmbH,
Jena, Germany).

The nanostructures’ crystalline structure was analyzed by
X-ray diffraction (XRD) technique. The sample for this analysis
was realized by drop casting 0.5 mL of NP dispersion (at t= 5
min) onto Corning glass and drying in ambient condition.
The XRD measurement was done in grazing incidence mode
(θinc = 0.2°) using a Smartlab Rigaku diffractometer, equipped
with a rotating anode of CuKα radiation (λ= 1.54184 Å) operating
at 45 kV and 200mA.

To realize the electrode, the NPs were dropped onto GP sub-
strate. The amount of catalyst loaded and its homogeneity over
electrode was evaluated by RBS (2.0MeVHeþ beam at normal inci-
dence) with a 165° backscattering angle by using a 3.5MV HVEE
Singletron accelerator system (High Voltage Engineering Europa,
Netherlands). RBS spectra were analyzed by using XRump soft-
ware.[26] From the RBS analysis, the atomic density (at cm�2) of
the catalyst (Ni) was extracted integrating the Ni RBS signal peak.
The resolution of the spectrometry was given by Poisson statistics.
This allowed the evaluation of the error in the dose determination
by considering 1=

ffiffiffiffi

N
p

, withN number of events (counts). The dose
obtained allowed us to quantify the catalyst mass, or catalyst load-
ing, in milligrams considering the molar mass of Nickel.

2.3. Electrode Realization

After the NPs synthesis, the NP dispersion was casted onto GP
substrate (1� 1.5 cm2, 240 μm thick, Sigma Aldrich, St. Louis,
MO, USA) first rinsed with deionized water and dried in N2

to clean its surface. The catalyst loading mass and deposition
techniques were varied to study the effects on electrochemical
performance during OER in alkaline media. The amount of NP
dispersion in one drop was fixed at 20 μL. Two different deposi-
tion techniques were used: the drop casting and the spin coating.

We named electrodes with the number of drops and the depo-
sition technique (e.g., NiO3D refers to the electrode realized by
drop casting (D) 3 drops of the NP dispersion on the GP, while
NiO3S referred to 3 drops spin coated (S) on GP). In summary,
four electrodes were realized as reported in Table 1. All the elec-
trodes were characterized after drying the dispersion casted on
the GP using a hot plate at 80 °C for 1 h.
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2.4. Electrochemical Analysis

All the electrochemical measurements were performed at room
temperature and atmospheric pressure. Electrochemical analyses
were performed using a Versastat-4 potentiostat in a three-
electrode setup using 40mL of 1 м KOH (pH= 14) as the sup-
porting electrolyte. A Pt wire was used as the cathode, a saturated
calomel electrode (SCE) as the reference electrode and the GP
with the Ni/NiO NPs as working electrode. Each electrode
was stabilized performing a cyclic voltammetry (CV) at a scan
rate of 10mV s�1 in the potential range 0–0.7 V versus SCE.
Then, linear sweep voltammetry (LSV) at scan rate of 5 mV s�1

in the same potential windows was done. The LSV curves report
the potential in the x-axis versus RHE obtained

ERHE ¼ ESCE þ 0.242þ 0.059 pH V½ � (4)

From the LSV data, the overpotential (η) versus RHE was derived.
For the comparison among the different electrodes, the η at

10mA cm�2 was considered. Electrochemical impedance spec-
troscopy (EIS) was performed with a superimposed 10mV sinu-
soidal voltage in the frequency range 104 ÷ 10�1 Hz at a potential
just after the onset potential (the minimum potential at which a
reaction product is formed at an electrode).

The extracted uncompensated resistance (Ru) was used for the
iR drop determination. The potential of the polarization curves
obtained from the LSV measurements was corrected with the iR
(i is the current) as follows

ERHE iR drop free ¼ ERHE � iRu V½ � (5)

Then, the Tafel slopes were derived reporting the overpotential as
a function of the log of the current density. After the extrinsic
OER activity determination, the intrinsic catalytic activity of
the PLAL–electrocatalysts was studied calculating the TOF and
the mass activity. TOF expressed the rate of production of oxygen
molecules per active site. Among the approach reported in liter-
ature, we evaluated TOF as follows[27]

TOF ¼ i
4nF

s�1½ � (6)

where i is the measured current at a fixed overpotential, 4 are the
electrons involved in the OER, F is the Faraday constant, and n is
the number of moles of the active sites. Mass activity was calcu-
lated dividing the current density 10mA cm�2 by the catalyst

Table 1. Electrode preparation.

Sample NiO3D NiO5D NiO3S NiO5S

Amount of dispersion [μL] 60 100 60 100

Deposition technique Drop casting Drop casting Spin coating Spin coating

Figure 1. a) Schematic of pulsed laser ablation in liquid (PLAL) setup. b) From the left, nanoparticle (NP) dispersion obtained at 2, 5, 10, and 20min of
ablation. c) Mass of Ni target ablated varying the ablation time.
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mass. The catalyst mass and the number of moles were derived
from the Ni dose value obtained through the RBS measure-
ments. Chronoamperometry analysis was employed to study
the stability of the PLAL-based electrode in a 1 м KOH electrolyte
for 12 h at a constant current density of 10mA cm�2.

3. Results and Discussion

3.1. Ni/NiO NPs: Synthesis and Characterization

Figure 1a shows the schematic of PLAL process used for the syn-
thesis of Ni/NiO NPs. The laser beam (λ ¼ 1064 nm) is focused
by the lens onto the Ni bulk target immersed in 8mL deionized
water. Due to the interaction of the laser beam with the target, in
few hundreds of picoseconds, a plasma plume is made up. A
mechanical shockwave is then released as the plasma rapidly
grows and led to a vapor phase called cavitation bubble contain-
ing vaporized liquid and ablated material. Temperature and pres-
sure conditions are out of physical equilibrium allowing the
definition of the chemical composition and structure of nano-
structures. Depending on pulse energy and pulse duration,
the bubble collapses after hundreds of microseconds releasing
NPs in the liquid.[14,28] For each synthesis, we kept constant
the liquid volume and the laser fluence.

The laser fluence was estimated by diving the mean output
power of the laser, 5W, by the laser spot area on the target in
a pulse measured with SEM.[28] We varied the ablation time from
2 to 20min. Hence, we obtained 4 NP dispersions.

Regarding the structural properties of the NPs, we report in
Figure S1, Supporting Information the XRD pattern characteriz-
ing the 5min obtained dispersion dropped onto corning glass.
The XRD pattern shows the peaks referred to the cubic Ni
and the cubic NiO. The two peaks, two dominant peaks at 2θ
values of 44.60° and 51.98°, refer to Ni (111) and Ni (200) while
those at 37.33° and 43.38° correspond to NiO (111) and NiO
(200). No structural changes were seen in the other samples
obtained at a different ablation time. As expected, NiO presence
is due to the oxidation of Ni NPs because the ablation occurs in
oxygen-rich environment.[29–32]

Figure 1b shows the solution’s color became browner increas-
ing the ablation time. This is related to an increase in the concen-
tration of NPs in the colloid as the time for which the synthesis
occurs increases.[28] For a proof of concept, we weighted the Ni
target before and after each synthesis. As Figure 1c shows, increas-
ing the ablation time, a higher amount of Ni target is ablated. The
trend of the ablatedmass increasing the ablation time is not linear.
The incremental ratio seems to decrease at higher values of time,
maybe due to some laser-scattering effects from the ongoing
formed NPs in solution, hence reducing the ablation rate.[31,33]

The ablation time is considered a key parameter for the produc-
tivity of the PLAL technique, indeed.[28]

3.2. Electrode Preparation

After the synthesis, the best procedure for electrode preparation,
in terms of the approach to transfer the NPs from the solution to
the substrate, was investigated. We fix the attention on the NP
dispersion at t= 5min trying to obtain the highest homogeneity

as possible. We compared the uniformity of the NPs distribution
onto GP using drop casting or spin coating, 3 or 5 drops. The
drop area of the GP substrate was 1 cm2.

RBS analysis (spot area of 1 mm2) was carried out in some
points of the electrode to study the homogeneity of the NPs dis-
tribution and to derive the Ni dose for each electrode (Figure 2).

As reported in Figure 2a, the RBS measurement was done in
four different spots of the dropped area to check the Ni amount
distribution. Figure 2b shows the RBS spectrum centered in the
Ni backscattering energy region: the signal at energy of 1.53MeV
refers to Heþ ion backscattered from Ni present at the sample
surface, while data at lower energy refer to backscattering events
occurring below the surface. The plot reports the RBS of NiO3S,
NiO5S, NiO3D, and NiO5D samples. Integrating the Ni RBS peak,
the Ni amount can be obtained within an experimental error of
1–2%. The values of the Ni dose are listed in Table 2.

The RBS curves of Figure 2b reflect a difference in the amount
of Ni dropped in each sample. The 5-drops samples contain
almost two times more material compared to 3-drops samples.
Ni peaks profile of the drop-casted samples appears larger indi-
cating a thicker NPs film.

Regarding the Ni distribution over the drop area, Figure 2c
shows the values of Ni dose in four different points of each
sample. The obtained Ni dose values for the main points
analyzed were used to extract a mean value and a standard devi-
ation ðσ2Þ. As reported in Figure 2c, the drop-casted samples
show higher values of σ2 compared to the spin-coated ones,
as expected.

To better detail the homogeneity of NiO3S, we performed RBS
measurements in eight different points of the electrode surface.

To test if any difference in NP dispersion solution occurs by
varying ablation time, we prepared few electrodes with NP dis-
persion solutions obtained at the three-ablation time (5, 10, and
20min). Given the previous results, we spin-coated 3 drops of
dispersion (NiO3S samples), Figure 3a,b compares the plan-view
SEM images for t= 10 and 20min. The Ni/NiO NPs are orga-
nized in a uniform and dense film covering the substrate con-
taining spherical NPs.

The NPs size ranges approximately around 10 nm of diameter.
From the SEM images, the 20min sample seems to contain
more material than the 10min, as expected.

We have already observed, in Figure 1c, that the amount of Ni
ablated in 20min is higher compared to the 10min. Figure 3c
reports single-spot RBS measurements, confident of the unifor-
mity of the NPs distribution on the electrode surface as discussed
previously.

The Ni dose obtained for the three electrodes are listed in
Table 3. Analyzing the RBS peaks, the Ni peak for the NiO3S

20min is the largest, pointing out the thickest Ni NPs film.
As Figure S2, Supporting Information, shows, this is also
reflected on the Oxygen peaks’ profile. The Ni and O peaks of
the 5 and 10min samples are thinner compared to the
20min. Basing on the thickness of the NiO3S 5 and 10min,
we estimate an average thickness of about 20 nm while the thick-
ness of the Ni NPs in the 20min results about 90 nm.[34] This
could be associated to the higher concentration of the solution
which, for the same volume of NP dispersion, results in a denser
NPs-drop area. Also, the NiO3S 20min RBS profile has a
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pronounced left-hand asymmetry for the Ni and O peaks.
This is typically observed with the increase of the roughness
of the film analyzed.[35] This asymmetry could be slightly
noted also for the RBS spectra shown in Figure 2b. However,
this could be useful for the comparison of the electrodes
obtained using the same volume of colloid related to the different
ablation time.

3.3. OER Activity with the Variation of Ablation Time

The electrochemical measurements were performed in 1.0м KOH.
In the discussion, we will focus the attention on the electrochem-

ical results obtained for those electrodes realized with the NPs

obtained at different ablation time. The electrochemical outcomes
for the electrodes used for testing the optimization of the electrode
preparation are discussed in the Supporting Information. Table S1,
Supporting Information, lists all the data regarding the extrinsic
OER parameters from the electrochemical analysis.

After performing 40 CV cycles in the range 0–0.7 V for the
stabilization of the electrode, the LSV measurement was done.
Figure 4a shows the LSV curves. The potential is reported versus
RHE and 100% corrected with the iR drop value. The uncompen-
sated resistance, Ru, was extracted fitting the EIS curves obtained
just after the onset potential.[36,37]

Figure 4b collects the EIS curves obtained for each tested elec-
trode. Comparing the three electrodes LSV, the NiO3S 20min
results with the best performance.

The overpotential at 10mA cm�2 of the NiO3S 20min
electrode is 306mV. This low overpotential for the electrode
containing the highest value of catalyst (38.8 μg) could be
associated to the higher availability of catalyst sites for the
OER activity. Also, the roughness deductible from the RBS
spectra and the SEM image has ensured a good homogeneity
of the NPs film providing more accessible Ni sites for the
OER reaction. Indeed, the overpotential is considered an
extrinsic parameter for the OER activity and it is well reported
the decrease of the overpotential increasing the catalyst

Table 2. RBS-extracted values of Ni dose for the NiO3S, NiO5S, NiO3D, and
NiO5D electrodes.

Sample RBS Ni dose [1017 at cm�2]

NiO3S 0.79

NiO5S 1.51

NiO3D 1.61

NiO5D 2.46

Figure 2. a) Schematic of the Rutherford backscattering spectrometry (RBS) measurement on the drop area (dark box, 1 cm2) of graphene paper (GP)
substrate (grey box). The incident 2MeV Heþ-ion beam has a spot area of 1 mm2 (blue spots). b) RBS plot for each electrode showing Ni peaks. c) The 3D
bar plot showing the RBS Ni dose (proportional to the Ni peak area) measured in four different spots for each electrode. d) The 3D bar plot showing the
map of RBS Ni dose for the NiO3S electrode in eight different points of the dropped area.
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loading.[38,39] The lower availability of material in the 5min. elec-
trode has provide less OER sites, leading the overpotential
increase.

Regarding the OER kinetics, the Tafel slopes are reported in
Figure 4c. The plot shows the presence of two slopes. A lower
slope �45mV dec�1, at the early stage of OER, and a higher
one once the overpotential increases �60mV dec�1.

Focusing on the early stage OER kinetics, it is well known that
in alkaline media the OH� absorption on the electrocatalysts sur-
face and the charge transfer is considered the rate determining
step. Thus, a Tafel slope �45mV dec�1 agrees with this OER
mechanism.[40]

The increases of the slope with the overpotential, instead, is
generally associated to the lower availability of adsorption sites
slowing the kinetics.

We now want to focus on OER intrinsic activity. In Table 3, the
values of TOF and mass activity calculated at a current density of
10mA cm�2 are reported. TOF was calculated extracting the
number of moles from the catalyst mass derived from the Ni
dose for each electrode.

The highest TOF obtained was for the NiO3S 5min of 0.20 s�1.
The NiO3S 5min electrode contains the lowest amount of mate-
rial, thus lowest number of moles for the TOF calculation; how-
ever, it has a high overpotential (Figure 4). The TOF value of the
NiO3S 10min is lower than NiO3S 5min; however, even possess-
ing higher amount of catalyst, it reaches the desired current den-
sity at a lower overpotential. Thus, it gets a compromise of
extrinsic and intrinsic catalytic activity. Once the catalyst loading
increases, the TOF drastically decreases. This is what the NiO3S

20min shows, having the lowest overpotential. Moreover,

Figure 3. a) Scanning electron microscope (SEM) plan view of the NiO3S 10min electrode. b) SEM plan view of the NiO3S 20min electrode. c) Mean RBS
Ni dose obtained for NiO3S at the t= 5, 10, 20 min.

Table 3. OER intrinsic parameters obtained in 1 м KOH electrolyte. TOF and mass activity are evaluated at 10mA cm�2.

Electrode η versus RHE @ 10mA cm�2 [mV] Tafel slope [mV dec�1] Dose Ni [1017 at cm�2] Catalyst loading [μg] TOF [s�1] Mass activity [A mg�1]

NiO3S 337 44/58 0.79 7.7 0.20 1.29

5min

NiO3S 311 45/59 1.06 10.3 0.15 0.97

10 min

NiO3S 306 46/59 3.98 38.8 0.04 0.26

20min
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the Nyquist plots reported in Figure S3a, Supporting Information,
show that the NiO3S 20min has the lower charge-transfer resis-
tance (RCT) probably due to a higher electrochemically active
surface area consequence of the high amount of catalyst.[41]

However, even though having those high content of catalyst pro-
vides a low overpotential, this is not ensuring a significant intrinsic
catalytic activity.

As one of the main goals, we aim is having a significant elec-
trocatalytic activity with a small amount of electrocatalysts, the
mass activity was evaluated. Mass activity values obtained at
10mA cm�2 are listed in Table 3. NiO3S 5min and NiO3S

10min have the highest mass activity values.
What emerges from the electrochemical results is that NiO3S

10min provides a balance between the extrinsic and intrinsic cat-
alytic activity. Still having a highest mass activity, NiO3S 5min
does not ensure enough current at low overpotential. The slow
O2 evolution and the high overpotential of the NiO3S 5min could
be due to the scarcity of OER-accessible sites.

Another important aspect to study was the stability of the
PLAL-based electrodes. Figure 5 reports a chronoamperometry
measurement performed at the NiO3S 5min electrode at
10mA cm�2 for 12 h in 1 м KOH. The variation of the overpo-
tential after 12 h, compared to the initial value, was less than
1%. In the first hours of the measurements, a slightly decrease
in the overpotential could be observed, maybe due to a further
stabilization of the sample mersed onto the electrolyte. Thereby,

the electrode performance was not ruined by the extended activ-
ity, attesting a significant stability.

We now want to compare the obtained results with other
Ni-based electrocatalyst tested in 1 м KOH reported in literature.
The overpotential is reported at 10mA cm�2. In Figure 6a, bub-
ble plot shows filled circles whose area indicates the catalyst load-
ing (mg cm�2). Our results are indicated with blue circles. Others
Ni- or NiO-based electrodes are instead represented by orange
circles. The data represented in Figure 6 are reported in the
ESI file in Table S3, Supporting Information.[42–45] The opti-
mized electrocatalyst are the ones which possess high mass activ-
ity and low overpotential. Indeed, those electrocatalyst positioned

Figure 4. a) Linear sweep voltammetry (LSV) curves obtained for the electrodes dropped with the NPs PLAL obtained at 5, 10, and 20min of ablation.
b) Tafel slopes of the NiO3S 5, 10, and 20min. c) Electrochemical impedance spectroscopy (EIS) plot for the electrodes tested for oxygen evolution
reaction (OER).

Figure 5. Chronoamperometry measurement performed at 10mA cm�2

for 12 h testing the stability of NiO3S 5min in 1 м KOH.
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to the top-left part of this bubble plot are the ones with improved
intrinsic activity and high OER performance.[9] As shown, for the
highest loaded PLAL-based electrode, the OER performance are
the best compared to the others. Indeed, the 306mV overpoten-
tial reached with �40 μg of Ni/NiO catalyst was a remarkable
result in the framework of Ni/NiO-based electrocatalyst working
in alkaline electrolyte. Nevertheless, even those electrodes loaded
with the low-ablation time NP dispersions, still with a comparative
overpotential at 10mA cm�2 toward the references, possess the
best intrinsic activity per the OER.

Thus, the plot pointed out how the synthetic procedure impact
the performances in terms of intrinsic behavior. In our case,
PLAL method allowed to reach unprecedented mass activity at
promising low overpotential thanks to a careful realization of
electrode with a proper amount of Ni nanostructures.

4. Conclusions

In conclusion, we developed an efficient OER catalyst material by
ablating a nickel target immersed in deionized water with a nano-
second pulsed laser. The technique allowed us to obtain Ni/NiO
NPs dispersions at different concentrations. The effectiveness of
transfer methods of NPs onto GP substrate was studied through
RBS measurements to establish the best way to get uniform NPs
films. A Ni/NiO NPs/GP electrode was then prepared and tested
to reach the best OER performance. An overpotential at
10mA cm�2 of 306mV was achieved for 40 μg cm�2 of catalyst,
demonstrating the effectiveness of PLAL synthesis. Moreover, at
the same current density, TOF of 0.20 s�1 and mass activity of
�1.3 Amg�1 were reached by proper lowering the catalyst
amount to 8 μg cm�2. Then, Ni/NiO NPs produced by PLAL
show OER performances comparable to critical raw materials
such as Ir- and Ru-based ones, opening the route toward sustain-
able and efficient water-splitting for green hydrogen production.
These data also encourage the use of PLAL as a green and effi-
cient technique for electrocatalyst production.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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