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ABSTRACT
Efficient and sustainable materials are requested to overcome the actual major issues related to green energy production. Ni/NiO nanopar-
ticles (NPs, 2–4 nm in size) produced by Pulsed Laser Ablation in Liquid (PLAL) are reported as highly efficient and stable electrocatalysts
for oxygen evolution reaction (OER) in water splitting applications. Ni/NiO NPs dispersions are obtained by ablating a Ni target immersed
in deionized water with an Nd:YAG nanosecond pulsed laser. NPs size and density were driven by laser energy fluence (ranging from 8
to 10 J cm−2) and shown to have an impact on OER performance. Ni/NiO NPs were characterized by scanning and transmission electron
microscopy, x-ray diffraction, photoemission spectroscopy, and Rutherford back-scattering spectrometry. By drop-casting onto graphene
paper, anode electrodes were fabricated for electrochemical water splitting in alkaline electrolytes. The extrinsic and intrinsic catalytic perfor-
mances for OER have been quantified, achieving an overpotential of 308 mV (at a current density of 10 mA cm−2) and unprecedented mass
activity of more than 16 A mg−1, using NPs synthesized with the highest and lowest laser energy fluence, respectively. The impact of NPs’
size and density on OER performances has been clarified, opening the way for PLAL synthesis as a promising technique for highly efficient
nano-electrocatalysts production.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144600

I. INTRODUCTION

Over two centuries, the utilization of conventional fossil fuels
has led to unsustainable oil use and significant pollution. Hence, the
majority of countries are eager to develop an alternative supply of
renewable energy.1 Hydrogen has many favorable attributes, includ-
ing an overall storage capacity, efficiency, renewability, cleanliness,
massive distribution, high conversion, zero emissions, sources, ver-
satility, and quick recovery, making it an excellent choice as an
energy supply for heat and power, among many others.2 From
an electrochemical standpoint, hydrogen is unique in its ability to
be cleanly and efficiently converted between chemical bonds and

electrical energy, particularly at low temperatures. This conversion
occurs in fuel cells as well as in water electrolyzers (water and
electrical potential yields H2 and O2) through hydrogen and oxy-
gen evolution reactions.3 Among these two reactions, the oxygen
evolution reaction (OER) typically requires critical materials and
a large overpotential, limiting the efficiency of the overall water
splitting.4 Numerous efforts are being devoted to the design and syn-
thesis of anodic materials that could substitute the best performing,
but high cost, catalytic materials IrO2 and RuO2. Electrocatalysts
with the first-row 3d transition metals (Ni, Fe, and Co) and their
oxides/hydroxides have been recently investigated.5–8 Competitive
results have been obtained in terms of overpotential achieved at
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a current density of 10 mA cm−2. Unfortunately, these results are
often achieved using high loadings of catalysts or increasing the elec-
trode surface area, which allows to overcome the limited intrinsic
catalytic activity of the electrocatalysts.9

Wide scientific attention has been devoted to lowering the
overpotential needed for OER. However, the main goal is to get
promising OER performance not only in terms of overpotential, but
also in terms of intrinsic activity, using the lowest amount of cata-
lyst possible. Thus, high mass activity (the ratio of current density
to the catalyst loading mass) and low overpotential are both highly
desirable. In this scenario, nanostructures can play a major role
by improving the intrinsic utilization of the surface where catalysis
occurs.

Beyond the electrode fabrication, the synthesis route of the
nano-electrocatalyst should be considered. Typically, electrocata-
lyst fabrication needs laborious chemical methods with consider-
able by-products and waste.10 Other synthesis techniques able to
allow sustainable production of well-performing and stable elec-
trocatalysts should be developed. Pulsed Laser Ablation in Liquid
(PLAL) is a physical technique recently employed for solvent-free
nanostructures (NSs) production.11–14 This technique allows the
preparation of metal oxides-based nanoparticles (NPs) by ablating
a metallic target in an oxygen-rich liquid environment (i.e., deion-
ized water). PLAL is a versatile technique that enables variation
in the size and composition of the NPs produced by changing the
synthesis parameters, such as the laser energy fluence and the liq-
uid environment. Also, PLAL is considered an economically viable
route for the fast and simple synthesis of NPs.10 Recently, few
works about nickel-based nano-electrocatalysts for water splitting
obtained using PLAL have been reported.15–18 Among these materi-
als, nickel oxy-/hydroxide has been reported as a good electrocatalyst
for OER in alkaline electrolytes. Nevertheless, the ablation is usu-
ally assisted with electrophoretic deposition, and a discussion about
the effect of laser synthesis parameters on the intrinsic performance
of the electrocatalysts is missing. Moreover, the inclusion of Fe
has significantly increased the OER performance down shifting the
overpotential.19,20

Here, we present the OER optimized performance of Ni/NiO
NPs synthesized through pulsed laser ablation of a nickel target in
deionized water. The effect of laser energy fluence on the morpho-
logical and structural properties of the NPs has been investigated.
Moreover, a detailed study on the composition of the NPs has
revealed a core–shell structure Ni/NiO and the presence of an exter-
nal shell made of NiOOH/Ni(OH)2. The overpotential and mass
activity in OER electrochemical tests in alkaline electrolytes have
been carefully quantified. The outcome of the electrochemical char-
acterization highlights, at a current density of 10 mA cm−2, an
unprecedented mass activity ∼16 A mg−1, and overpotential of 308
mV vs reversible hydrogen electrode (RHE) using ∼1 μg of Ni/NiO
NPs obtained by PLAL.

II. EXPERIMENTAL SECTION
A. Synthesis of the Ni/NiO NPs

Ni/NiO nanoparticles (NPs) have been produced by PLAL.
A pulsed (10 ns) Nd: YAG laser (Quanta-ray PRO-Series pulsed
Nd: YAG laser), operating at a wavelength of 1064 nm, power 5 W,
frequency 10 Hz, was used to ablate a nickel target (diameter 25 mm,

thickness 0.1 mm, purity 99.99%) in de-ionized water (resistivity 18
MΩ cm). The high-power laser beam was focused through a convex
lens (focal length 10 cm) on the nickel target placed at the bottom
of a Teflon® cylindrical vessel (2.5 cm in diameter), filled with 8 ml
of de-ionized water (Fig. 1). To vary the laser energy fluence onto
the target, the focusing lens has been put at three distances (h = 8, 9,
10 cm) from the target.

The so-produced Ni/NiO dispersions were named with the
value of h (e.g., PLAL-h8 refers to NPs produced with h = 8 cm).
After 5 min of ablation, the produced Ni/NiO dispersion became
gray colored, suggesting that a meaningful quantity of material was
ablated. We weighted the Ni target before and after each ablation to
extract the amount of ablated Ni. For this measurement, a microan-
alytical balance (Sartorius M5) with a sensitivity of 100 μg was used.
The obtained solutions were stored at 4 ○C.

B. Ni/NiO NPs characterization
The surface morphology of NPs and of the laser spot area on

the Ni target were analyzed by using a Scanning Electron Micro-
scopy (SEM) (Gemini field emission SEM Carl Zeiss SUPRA 25,
FEG-SEM, Carl Zeiss Microscopy GmbH, Jena, Germany) com-
bined with energy dispersive x-ray spectroscopy (EDX). EDX mea-
surement was performed onto the electrode realized by the NPs
dispersion dropped onto the silicon substrate in order to check
any possible contamination (Fig. S3). Morphological characteriza-
tion was done using a Transmission Electron Microscope (TEM)
(2010F by JEOL, Akishima, Tokyo) operated in scanning TEM
(STEM) mode at a primary beam energy of 200 keV. The NPs
were prepared for TEM observation by drop casting the solu-
tion containing the NPs onto a Lacey carbon TEM grid. The
micrographs were acquired using a high-angle annular dark-field
(HAADF) detector, which provides bulk thickness contrast on the
images (Z-contrast) for the STEM images. STEM images were ana-
lyzed by using DigitalMicrograph® software. The nanostructures’
crystalline structure was investigated by X-Ray Diffraction (XRD)
analysis, in grazing incidence mode (θinc = 0.2○) using a Smart-
lab Rigaku diffractometer, equipped with a rotating anode of CuKα
radiation (λ = 1.541 84 Å) operating at 45 kV and 200 mA. For
this analysis, the Ni/NiO colloidal solution was drop-cast onto a
Corning glass substrate and dried in ambient conditions. From
XRD analysis, using the Reference Intensity Ratio (RIR) method,
the weight ratio (%) of Ni and NiO was derived as described
in the supplementary material. This was considered in estimat-
ing the catalyst loading starting from the Ni dose derived through
Rutherford Backscattering Spectrometry (RBS) measurements. The
surface composition of NPs was studied by performing x-ray pho-
toelectron spectroscopy (XPS), at a 45○ take-off angle relative
to the surface sample holder, with a PHI 5000 Versa Probe II
system (ULVAC-PHI, Inc., base pressure of the main chamber
1 × 10−8 Pa). Samples were excited with the monochromatized Al
Kα x-ray radiation using a pass energy of 5.85 eV. The instrumen-
tal energy resolution was ≤0.5 eV. The XPS peak intensities were
obtained after Shirley background removal.21 Spectra calibration
was achieved by fixing the graphene C 1s main peak at 284.6 eV.
The catalyst loading mass was evaluated by performing Rutherford
backscattering spectrometry (RBS, 2.0 MeV He+ beam at normal
incidence) with a 165○ backscattering angle by using a 3.5 MV HVEE
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FIG. 1. (a) Schematic of PLAL apparatus. The Ni target immersed in DI water is ablated with the Nd:YAG nanosecond pulsed laser at different fluences obtained changing
the distance (h = 8, 9, or 10 cm) between the focusing lens and the Ni target. (b) XRD pattern for the PLAL-h8 and PLAL-h10 samples presenting metallic Ni and NiO
diffraction peaks. (c) SEM image of NiO-based NPs PLAL-h10 sample. (d) XPS Al-Kα excited XPS of PLAL-h10/GP sample in the Ni 2p binding energy region. The two
peaks at 856.6 and 874.4 are consistent with the Ni 2p3/2,1/2 spin orbit components, and the two peaks at 862.1 and 880.8 are the related satellites.

Singletron accelerator system (High Voltage Engineering Europa,
The Netherlands). RBS spectra were analyzed by using XRump
software.22

C. Electrochemical analysis
Graphene paper (GP) (1 × 1.5 cm2, 240 μm thick, Sigma-

Aldrich, St. Louis, MO, USA) was rinsed with deionized water and
dried in N2 to clean its surface. To fabricate the electrodes, 60 μl of
Ni/NiO dispersion has been drop cast onto the GP substrate. The
electrodes were then dried on a hot plate at 80 ○C for 1 h. Electro-
chemical analyses were performed using a Versastat-4 potentiostat
in a three-electrode setup with a Pt wire as the cathode, a saturated
calomel electrode (SCE) as the reference electrode, and the GP with
the Ni/NiO NPs as the working electrode. All the measurements
were performed at room temperature and atmospheric pressure, in
a one-compartment electrochemical cell filled with 40 ml of aque-
ous 1M KOH (measured pH = 14) as the supporting electrolyte.
Cyclic voltammetry (CV) curves were recorded at a scan rate of
10 mV s−1 in the potential range of 0–0.7 V vs SCE in order to stabi-
lize the electrodes. The OER activities were investigated using linear
sweep voltammetry (LSV) at a scan rate of 5 mV s−1 in the same
potential windows of CVs. Electrochemical impedance spectroscopy
(EIS) was performed with a superimposed 10 mV sinusoidal voltage
in the frequency range of 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 to determine the iR drop.23 For sample compari-
son, the value of the overpotential was taken at a current density of
10 mA cm−2. Tafel plots were extrapolated from polarization curves
by plotting the overpotential (η) as a function of the log of the cur-
rent density. In order to evaluate the intrinsic catalytic activity, the
Turnover Frequency (TOF) and the mass activity were evaluated.
The TOF refers to the rate of production of oxygen molecules per
active site and could be calculated as follows:

TOF = i/4nF (s−1), (1)

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.24 The number of moles of
the active sites was derived from the electrocatalyst mass. The mass
activity is defined as the ratio between the current density (10 mA
cm−2) and catalyst loading (mg) covering 1 cm2 of the GP sub-
strate. Chronopotentiometry (CP) analysis was carried out to study
the stability of samples in an aqueous 1M KOH solution for 15 h at
a constant current density of 10 mA cm−2. For this long-term sta-
bility measurement, the CP was done using mercury/mercury oxide
(Hg/HgO, saturated in 1M NaOH) as the reference electrode, to
avoid the instability effect of the SCE.
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III. RESULTS AND DISCUSSION
A. Synthesis and characterization of Ni/NiO NPs

Figure 1(a) shows the schematic of the PLAL process used for
the synthesis of Ni/NiO NPs. The laser beam is focused by a lens
onto a solid target in deionized water. The radiation absorbed by the
target leads to the formation of an expanding plasma plume, which
contains the ablated material and gives rise to a nanostructure dis-
persion.12 In the schematic, the distance (h) between the lens and the
target is varied. Figure S1 shows the circular laser spot obtained at
h = 10 cm. The change in h leads the laser spot to change. For the
three values of h, the measured area of laser spots is listed in Table I.
The following equation reports how the fluence was evaluated:

F = (P / Ṅ) /A (J cm−2), (2)

where F is the fluence, P is the mean output power of the laser
measured with a power meter, Ṅ the number of pulses per sec-
ond, and A the laser spot area.12 By considering Ṅ = 10, and the
mean output power 5 W, the fluence for each lens configuration was
estimated.

In order to look at the structural properties of the nano-
structures obtained at different fluences, the x-ray diffraction
analysis was performed. In Fig. 1(b), we report the XRD character-
ization of nanostructures for the lowest (PLAL-h8) and the highest
(PLAL-h10) fluences. The PLAL-h9 is reported and discussed in the
supplementary material (Fig. S2). Both the XRD patterns exhibit two
peaks at 44.60○ and 51.98○, corresponding, respectively, to metallic
Ni (111) and Ni (200) cubic structure (PDF Card No.: 00-070-0989)
and two peaks at 37.33 and 43.38, corresponding, respectively, to
NiO (111) and NiO (200) cubic structure (PDF Card No.: 00-073-
1519). For all the samples, the FWHM of Ni peaks is smaller than
that of NiO, pointing out that crystalline nickel should be bigger
in size than the oxide, NiO, phase. Moreover, the intensity of Ni
peaks is higher for PLAL-h10 in comparison to PLAL-h8. This could
be associated with a higher amount of Ni in the PLAL-h10 sample.
From XRD analysis, using the RIR method, the weight ratio (%) of
Ni and NiO was derived as described in the supplementary material.
This was considered in estimating the catalyst loading starting from
the Ni dose derived through RBS measurements.

In Fig. 1(c), an SEM plan view image of the PLAL-h10 sam-
ple is reported. The image shows the presence of nanoparticles,
typically with diameters of some tens of nanometers, covering the
surface of GP. Figure S1 reports, for comparison, the SEM images
of the PLAL-h8 [Fig. S1(b)], PLAL-h9 [Fig. S1(c)], and PLAL-h10
[Fig. S1(d)] samples. What emerges is the difference in the amount
of ablated material dropped on the substrate surface. Indeed, the

TABLE I. PLAL synthesis details reporting the fluence associated with each sample
preparation and the amount of target ablated.

Sample
Laser spot area

(mm2)
Fluence
(J cm−2)

Ablated Ni
(mg)

PLAL-h8 2.712 8.6 0.50
PLAL-h9 2.588 9.5 0.69
PLAL-h10 2.535 10.0 0.87

ablated mass measured with the microbalance resulted in 0.50
mg (PLAL-h8), 0.69 mg (PLAL-h9), and 0.87 mg (PLAL-h10). As
we expected, by decreasing the fluence, a lower amount of target
material is ablated. This effect, reported in the literature, is correlated
with the lower temperature in the cavitation bubble, which decreases
the ablation rate and leads to lower productivity.10,25

The composition of the NPs was investigated using energy
dispersive x-ray spectroscopy. In particular, the assessment of the
absence of Fe (or other elements) contamination was focused. In
the EDX spectrum, reported in Fig. S3(a), the x-ray peaks associ-
ated with the Ni and O are visible and could be associated with
the nanoparticles while Si peaks refer to the substrate. The EDX
confirmed that no Fe traces are present in our system.

In order to analyze the surface properties of the nanoparticles,
which significantly affect the electrochemical measurement, XPS
measurement was performed. The Ni 2p peak shapes resulting from
multiplet splitting, shake-up, and plasmon loss structures make chal-
lenging the XPS analysis of mixed metal, metal oxide, and hydroxide
systems.26 Figure 1(d) shows the high-resolution of the PLAL-h10
sample in the Ni 2p binding energy (B.E.) region. The Ni 2p3/2 spec-
trum was first deconvoluted with the superposition of three com-
ponents at 855.9, 857.1, and 862.1 eV. According to the very recent
related reports, the first component accounts for Ni(OH)2 (39%),
the second component is consistent with the presence of NiOOH
(61%), and the third component is a satellite peak characteristic of
Ni (II).27 In Fig. S3(b), a deeper spectral fitting of the high-resolution
Ni 2p B.E., which required seven Gaussian components, resulted in
an agreement with the γ-NiOOH envelope.28

Thus, XPS revealed that the surface of the PLAL-NPs is com-
posed of a mixture of the two oxides, mostly of Ni3+. Unlike XRD,
XPS sample depth is of few nanometers. The two techniques are
complementary. XRD showed that the bulk of the NPs are made
of Ni and NiO and XPS revealed that their surface has an oxy-
/hydroxide shell. The hydroxide shell could be due to the liquid
media in which the obtained NPs’ dispersion is synthetized.25

TEM analysis gave us information on the structure of the
nanoparticles and let us extract the particle-size distribution (PSD).
Figures 2(a) and 2(b) show the STEM Z-contrast images of PLAL-h8
and PLAL-h10 samples. Mostly, the nanoparticles (circled with
white gray dashed lines) show a core–shell structure. According to
XRD, the Ni core is mainly bigger in the PLAL-h10 sample. The
thickness of the oxide shell extracted from the bigger NPs is ∼3.5 nm.
Looking at other works reporting the PLAL synthesis of NPs ablating
a Ni target in water, the core–shell structures are typically obtained
for those NPs having a diameter higher than 8 nm.29,30 Thus, accord-
ing to XRD and XPS analyses, we can suppose NPs as schematized
in Fig. 2(c): a Ni core is surrounded by a NiO shell, and a sec-
ond shell is made up of a mixture of the two Ni oxy-/hydroxides
species. Figure 2(d) reports the PSD measured over more than 450
nanoparticles. The PSD has been obtained considering a lognormal
distribution.29 Thus, the mode and the FWHM of the main peak
of the distribution have been derived. The most representative size
(MRS) is 2.4 nm for PLAL-h8 and 3.4 nm for PLAL-h10. The width
of the PLAL-h10 distribution is larger than that of PLAL-h8. This
higher spread in the distribution of NPs was also reported in a pre-
vious study of Lasemi et al.31 studying the effect of laser fluence
on Ni-based NPs size distribution. It was seen that increasing the
fluence, the median size and the size distribution width increased
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FIG. 2. (a) and (b) STEM Z-contrast images of PLAL-h8 and PLAL-h10 nanopar-
ticles, respectively. Dashed circles evidence the core–shell structure of some
nanoparticles. (c) NPs structure scheme: Ni core with a primary NiO shell and
an oxide/hydroxide NiOOH/Ni(OH)2 superficial shell. (d) PSD of PLAL-h8 and
PLAL-h10 nanoparticles. The size value is reported in nm. The curves used for
the analysis are lognormal.

too. At high fluence, larger NPs are formed because more energy
is involved in the ablation, leading to enhanced aggregation and
coalescence processes.25

B. Electrochemical measurements
To measure the performances of NiO-based NPs electrocata-

lysts toward the OER, we performed electrochemical measurements
in alkaline media (aqueous 1M KOH, pH 14) according to the

procedure shown in the Experimental section. First, stabilization
through the CV technique was done.

In Fig. 3(a), we report the LSV. The potential values (vs RHE)
are iR drop free. The iR was extrapolated from the Nyquist plot
[Fig. S3(a)] acquired as described in the Experimental section. The
Nyquist plots obtained were fitted with the equivalent circuit of
Armstrong and Henderson represented as an inset in Fig. S3(a). The
elements of the circuit model are explained in the supplementary
material, and the fitting parameters obtained are reported in
Table S1. The current density was evaluated considering that the
immersed area of the electrode was 1 cm2. The OER performance
was also evaluated for the bare GP as it allows oxygen reactions.
The LSV plot reveals that the GP loaded with the NPs starts the
oxygen evolution reaction at well lower potential compared to the
GP alone, evidencing the catalytic activity of our NPs. For the bare
GP, the value of overpotential at 10 mA cm−2 of the substrate was
362 mV. The value of overpotential at 10 mA cm−2 obtained for the
samples was: 308 mV (PLAL-h10), 309 mV (PLAL-h9), and 312 mV
(PLAL-h8). The lowest value was reached by the PLAL-h10 sample.

The kinetics study was performed by evaluating the Tafel slope
from the LSV measurements. In Fig. 3(b), the Tafel plot shows the
slopes for the three samples, always in the 40–55 mV dec−1 range.
A detailed study reported by Shinagawa suggests that a value of
Tafel slope ∼40 mV/dec indicates that the rate determining step in
OER reaction is the adsorption of OH− ions onto the electrocata-
lysts surface. All three samples show similar Tafel slopes that slowly
increase at higher currents. As a matter of fact, at a higher current,
the adsorption sites for the OH− ions begin to be occupied leading
to an increase in the Tafel slope value.15,32

As the overpotential is generally considered an extrinsic para-
meter for the OER process, we turned our attention to evaluating
the intrinsic catalytic activity indicators for our electrocatalysts. The
TOF and the mass activity evaluation are based on catalyst loading
quantification.9 In our case, the NPs mass is well lower than the typ-
ical analytical balance so an advanced methodology must be used.
RBS analysis was employed to determine the catalyst mass exploit-
ing the accuracy of this ion-beam based material science technique.33

In Fig. 4(a), the inset shows a schematic of RBS measurement. E0 is
the energy of the incident He+ ion beam, and E1 is theenergy (mea-
sured by a Si detector at 15○ off the normal incident beam direction)

FIG. 3. (a) LSV curves of the three
electrodes and the bare GP obtained in
aqueous 1M KOH at a scan rate of 5
mV s−1 corrected with the iR drop. (b)
Tafel plot obtained from the LSV mea-
surements for the Ni/NiO NPs loaded
on GP. For each electrode, with the
same legend color, the Tafel slopes are
reported.

APL Energy 1, 016104 (2023); doi: 10.1063/5.0144600 1, 016104-5

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/ape/article-pdf/doi/10.1063/5.0144600/16952915/016104_1_5.0144600.pdf

https://scitation.org/journal/ape
https://www.scitation.org/doi/suppl/10.1063/5.0144600
https://www.scitation.org/doi/suppl/10.1063/5.0144600


APL Energy ARTICLE scitation.org/journal/ape

FIG. 4. (a) RBS spectra of the three NP-based electrodes. In the spectra, for each peak signal, the correspondent element is indicated. The drawing shows the tech-
nique setup. (b) TOF varies with the potential vs RHE. The dashed gray line is at η = 330 mV. (c) Comparison of mass activity values at 10 mA cm−2 for NiO-based
electrocatalysts.43–47 (d) Chronopotentiometry performed for the PLAL-h10 electrode for 15 h at 10 mA cm−2 current density.

of He+ backscattered by each element on the surface. The spectra
show the presence of Ni, O, and C element, with the signal start-
ing at energy E1 of 1.53, 0.73, and 0.51 MeV, respectively. The area
below the Ni peak is related to the number of scattering centers
(Ni atoms per cm2). For the catalyst loading calculation, the Ni and
NiO fraction was estimated with the RIR method from the XRD
analysis (see the supplementary material). In Table II, we resume
the weight ratio found for each NP’s dispersion by the RIR method
and the catalyst mass.

The PLAL-h10 electrode contains almost three times more cat-
alyst mass compared to the PLAL-h8. This confirms the effect of
laser fluence on the NP productivity: at higher laser fluence, the
ablated mass by target increased by a factor of 1.7, but the NP

TABLE II. Structural and morphological parameters for each synthesis condition and
catalyst loading for each electrode.

Sample h (cm)
Fluence
(J cm−2)

MRS
(nm)

WNi
(%)

WNiO
(%)

Catalyst
loading

(μg cm−2)

PLAL-h8 8 8.6 2.4 0.49 0.51 0.7
PLAL-h9 9 9.5 ⋅ ⋅ ⋅ 0.57 0.43 1.1
PLAL-h10 10 10 3.4 0.55 0.45 1.4

amount increased by two times. Assuming that all the catalysts are
electrochemically active, a TOF value has been estimated [Eq. (1)]
for a range of potentials approximately to η10 mA cm−2 . Figure 4(b)
shows the three TOF curves in the range of 1.50–1.57 V vs RHE.
The dashed gray line refers to an overpotential value of 330 mV.
Increasing the potential, the TOF values increase too, as the cur-
rent increases. PLAL-h8 electrode possesses higher values of TOF,
imputable to better catalyst utilization. As shown in Table III, the
value of the highest TOF is referred to the sample with the lowest
mass loading. For our work, even though the PLAL-h10 electrode
is loaded with more catalysts, not all the material provides electro-
chemically active sites for OER. The mass activity of each electrode
was calculated at 10 mA cm−2. Such a feature for the PLAL-h8 sam-
ple (more than 16 A mg−1) is the largest among other Ni/NiO-based
electrocatalysts. While PLAL-h10 electrode exposes more catalytic
sites (allowing a reduced overpotential), it seems that not the whole
loaded catalyst actively participates in the oxygen production, thus
giving a reduced mass activity. These results suggest that despite the
very low amount of loaded catalyst, the PLAL-based Ni/NiO NPs are
highly electrochemically active, allowing them to reach 10 mA cm−2

at a very low overpotential for OER. Figure S4(b) shows TOF val-
ues for other NiO-based electrocatalysts.36,41,42 Many works report
this value at different overpotentials, such as 350 mV, and typically
have values of 10−1–10−2 s−1. Our results show higher TOF at lower
overpotential (330 mV vs RHE). Figure 4(c) shows the mass activity
of some NiO-based electrocatalysts.43–47 The OER activity is indeed
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TABLE III. NiO-based electrocatalysts OER comparison in aqueous 1M KOH. Mass activity is reported at 10 mA cm−2.

Sample
Catalyst loading

(μg/cm2)
Overpotential

(mV)
Tafel

slope (mV dec−1)
TOF
(s−1)

Mass activity
(A/mg) Reference

NiO nanosheets 300 340 97 ⋅ ⋅ ⋅ 0.03 34
3-D-PC-G @NiO NS 300 320 52 ⋅ ⋅ ⋅ 0.03 35
NiO microflowers 500 314 47 0.01 @ 350 mV 0.02 36
Freeze-dried NiO ⋅ ⋅ ⋅ 309 40 1.27 @ 270 mV ⋅ ⋅ ⋅ 37
NiO NPs/rGO ⋅ ⋅ ⋅ 369 48 0.2 @ 400 mV ⋅ ⋅ ⋅ 38
Ni/NiO NPs ⋅ ⋅ ⋅ 320 61 0.11 @ 350 mV ⋅ ⋅ ⋅ 39
2h-Ni/NiO SPE 4.0 231 108 0.02 @ 350 mV 2.5 40
PLAL Ni(OH)2 NPs ⋅ ⋅ ⋅ 2017 73 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 17
PLAL-h8 0.7 312 40 6.0 @ 330 mV 16.4 This work
PLAL-h9 1.1 309 43 3.6 @ 330 mV 11.9 This work
PLAL-h10 1.4 308 42 3.0 @ 330 mV 6.6 This work

strictly dependent on the surface properties of the electrocatalysts.
It has been reported that NiOOH is a highly efficient OER catalyst.
The difference in OER activity between NiO and Ni(OH)2/NiOOH-
based catalysts has been widely discussed in the literature involving
a discussion on surface energies and defect structures, which varies
depending on the synthesis process actuated.48,49 NiOOH has been
found to have a layered double hydroxide structure, which due to
large intersheet spacing could better the transfer of electrons and
hydroxide groups between its structure.50

The stability of electrodes was tested with a chronopo-
tentiometry analysis for 15 h at a constant current density of
10 mA cm−2. The measurement result, shown in Fig. 4(d), indicates
only an increase of the potential of 0.1% after 15 h of OER activity.

Even if our electrodes are loaded with few catalysts, this is suf-
ficient in order to reach a competitive and stable OER performance
with the literature.

Once the electrochemical test was done, we investigated pos-
sible composition changes in the nanostructures due to the OER
reaction. We repeated the XPS measurement to a PLAL-h10 elec-
trode after OER testing. As shown in Fig. S7, the Ni 2p binding
energy region of the deconvoluted component at 854.7 eV is due
to Ni(OH)2 (51%) and that at 855.8 eV is due to the NiOOH species
(49%).

Compared to the sample before the OER, the percentage of
Ni(OH)2 increased. The difference in the Ni(OH)2/NiOOH ratio
agrees with its use for oxygen evolution. This was generally observed
in testing NiO-based electrocatalysts after OER activity in which the
Ni(OH)2 percentage increases.18,51 XPS analysis was also performed
after the electrolysis in order to check the possible Fe contamination.
Figure S7 reports the XPS spectrum including the Fe region and con-
firms that no Fe is present after electrolysis. Thus, the performance
obtained is due to only Ni/NiO NPs over the GP substrate.

IV. CONCLUSIONS
In conclusion, we showed how PLAL allows the synthesis

of highly active and stable OER electrocatalysts based on Ni/NiO
nanoparticles (2–4 nm in size) with an oxy-/hydroxide surface
shell. By varying the laser energy fluence, different water-based NPs

dispersions were obtained and used to produce water-splitting elec-
trodes by drop casting onto graphene paper substrate. At a current
density of 10 mA cm−2, an overpotential of 308 mV for OER was
achieved by using only 1–2 μg cm−2 of Ni/NiO catalyst obtained at
the 10 J cm−2 laser fluence. Careful quantification of catalyst load-
ing allowed us to measure an unprecedented mass activity higher
than 16 A mg−1 for Ni/NiO catalyst synthesized at the lowest laser
fluence value, for which smaller NP sizes are obtained. The high
mass activity and the promising overpotential achieved by these
electrocatalysts obtained by PLAL pave the way for sustainable syn-
thesis of highly efficient OER catalysts needed for scaling-up in
water-splitting application.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
described in this paper.
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