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plasma processing and laser treatment
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Alberto Gasparotto ad and Gian Andrea Rizzi ad

The continuous search for oxygen evolution reaction (OER) elec-

trocatalysts as greener substitutes for noble metal-based ones has

spotlighted NiO-based systems as attractive and economically

viable candidates, thanks to their affordability and electrochemical

virtues. Nevertheless, progresses in this field require additional

research efforts aimed at improving material performances,

towards their possible real-world applications. In this context, the

present work proposes an original processing route to boost OER

performances of NiO-based systems, involving plasma-assisted

growth followed by ultrafast laser processing under controlled

conditions. The activated catalysts featured a significant enhance-

ment in water oxidation performances, corresponding in the best

case to a low Tafel slope of E40 mV � dec�1 and an overpotential

of E380 mV at 10 mA � cm�2. Overall, these results may provide

valuable insights for the development of high-performance elec-

trocatalysts with modular properties.

The quest for sustainable energy sources capable of satisfying
the ever-growing planet needs and decarbonize the actual
energy portfolio has concentrated on molecular hydrogen
(H2) as a clean energy vector with high gravimetric energy
density.1–11 In this regard, water splitting has attracted a great
deal of attention as a clean source of green hydrogen, but its
large scale exploitation is restricted by the sluggish kinetics of
the oxygen evolution reaction (OER), typically driven by pre-
cious metal-based electrocatalysts.5,8,12–24 In order to properly
tackle these issues, over the last years numerous efforts have
been focused on the mastering of non-noble and efficient OER
electrocatalysts,3,6,25–27 capable of promoting O2 evolution at
low overpotentials.15 Among the possible candidates, transition

metal-based materials have drawn a considerable interest,
owing to their variable electronic configurations and multiple
oxidation states, ultimately yielding a favourable electrocataly-
tic activity.1,15,16,19,20,27 In particular, nickel oxides and (oxy)-
hydroxides, featuring enhanced reaction kinetics and improved
structure/performance stability, are very valuable precious-
metal-free catalysts for alkaline OER.2,9,14,17,18,23,28,29 Espe-
cially, highly abundant and low-cost nickel(II) oxide has shown
a great potential,30–33 and various experimental and theoretical
studies have been dedicated to the investigation of the pertain-
ing structure–property interplay.3,11,17,18,28,34–36 Nonetheless,
since they still fall short of traditional noble metal-
based ones,7,12 various routes, including nanostructuring, func-
tionalization, heterostructure formation, doping, and defect
engineering have been proposed to boost their
activity.2,5–7,9,10,13,20–23,25,27,29,33 Nevertheless, the physical ori-
gin of NiO-based OER electrocatalysts activity at the atomic/
nano-scale deserves further attention to promote their possible
real-world end-uses.16

In this work, we propose as a proof-of-concept a combined
route based on an original plasma processing and laser treat-
ment to produce NiO-based electrocatalysts. Basing on our
recent results,37 the target process involves the initial plasma
assisted-chemical vapor deposition (PA-CVD) of NiO nanostruc-
tures on conductive fluorine-doped tin oxide (FTO) glass sub-
strates at 200, 300, and 400 1C (Fig. 1). The fabricated systems,
whose features can be modulated as a function of growth
temperature, are subsequently subjected to treatments using
ultra-short laser pulses, in conjunction with a nanometric-
resolution movement stage.38,39 In this way, a laser-induced
nanotexturization is achieved via the formation of peculiar
surface structures. These self-organized patterns arise from
the interference of the incident laser radiation with surface-
scattered waves, resulting in energy deposition and material
restructuring at the nanoscale. In fact, the ultra-short pulse
duration enables electronic excitation and ablation processes to
occur faster than thermal diffusion. As a result, the process
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yields functional nanostructures40,41 characterized by a highly
porous structure, an enhanced defect content, and a partial
surface hydroxylation. As a matter of fact, the formation of a
surface oxyhydroxide layer on NiO is reported to occur during
OER, such species being the most active ones.2,3,28,42,43 Addi-
tionally, the more hydrophilic catalyst surface facilitates elec-
trolyte diffusion and favors removal of O2 bubbles.44 As a
whole, the above laser-induced transformation beneficially
impacts on the OER activities of the developed materials, that
are well positioned in the overall panorama of Ni-based oxides/
oxyhydroxides. Additional advantages of the proposed route are
related to the elimination of hazardous chemicals/harsh tem-
perature conditions and to the reduction of the synthetic steps
required for material processing. As a consequence, the present
procedure stands as an environmentally friendly alternative in
the fabrication and mastering of advanced functional materials
for sustainable energy applications.

Preliminary structural characterization by X-ray diffraction
(XRD; Fig. S1, SI) evidenced the formation of cubic NiO as the
sole crystalline phase in the target electrocatalysts. The
recorded patterns featured a limited number of broad and
relatively weak peaks, suggesting that the processed samples
were formed by defective crystalline domains. Morphological
analyses by field emission-scanning electron microscopy (FE-
SEM, Fig. 2 and Fig. S2, S3, SI) revealed appreciable variations
in comparison to the pristine specimens. In fact, laser-treated
systems evidenced the formation of hierarchical structures,
with elongated island-like features separated by deep grooves,
resulting in an increased roughness and an enhanced material
surface area. In particular, a more ordered structure was
obtained for the 400 1C sample, dominated by longitudinal
periodical grooves, whereas the ones fabricated at lower tem-
peratures featured a certain degree of disorder, related to their

more porous structure. Such a morphology can ensure optimal
interaction with the reaction medium during OER functional
tests. Cross-sectional micrographs (Fig. S3, SI) revealed a very
good deposit adhesion to the FTO substrate and an average
thickness of E80 nm for all the target specimens.

Chemical composition was investigated by X-ray photoelec-
tron spectroscopy (XPS). It is worthwhile recalling that, in
general, the analysis of Ni 2p signals is a challenging issue
and a detailed assignment of the observed features is
controversial,45 being complicated by contributions of Ni 3d-
O 2p related transitions that result in a complex satellite
structure.37 Beyond a detailed interpretation,45–48 for all the
present samples the Ni 2p photopeak shape was qualitatively
similar (Fig. 3a). As regards the j = 3/2 spin–orbit contribution,
the main difference relies on the intensity ratio between the two
low binding energy (BE) components (1 and 2 in Table S1, SI).
In spite of the complex spectral shape, this ratio can act as a
qualitative indicator for the occurrence of Ni2+ and Ni3+,49,50 the
latter originating from O vacancies rather than from a sub-
sidiary Ni2O3 phase.45,51 In this regard, the co-presence of the
above XPS bands 1 and 2 suggested the formation of an
hydroxylated surface, resulting from the coexistence of
Ni(OH)2 and NiO(OH), that can be formulated as NiOx(OH)y.
In particular, NiO(OH), containing Ni3+ centers (whose content
can be indirectly estimated by the analysis of the O 1s signal
(see Table S1, SI and pertaining comments),49,50 can be formed
even from Ni(OH)2 according to the reaction:43 Ni(OH)2 "

NiO(OH) + H+ + e�. Accordingly, O 1s signals (see Fig. 3b)
resulted from the concurrence of different bands related not
only to NiO, but also NiO(OH), Ni(OH)2, and adsorbed water
(compare Table S1, SI). For laser-treated samples, the hydro-
xylation degree was directly dependent on the adopted growth
temperature, according to the order 400 1C o 300 1C o 200 1C

Fig. 1 Schematic representation of the strategy adopted in the present work for the fabrication and processing of NiO-based electrocatalysts.

Fig. 2 Representative plane-view FE-SEM images for laser-treated samples grown at different temperatures.
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(Table S1, SI). As already mentioned, it is reasonable to argue
that the laser action induces the breakdown of Ni–O bonds with
formation of a very porous and O-deficient structure. As a
consequence, upon atmospheric exposure during the treat-
ment, chemisorption of water molecules on the defective NiO
surface readily yields Ni–OH bonds formation.46 It is yet
worthwhile noticing that laser treatment is modifying only
the outermost material regions, whereas the inner ones are
characterized by the presence of NiO, as testified by XRD
outcomes (see above).

Reflection electron energy loss spectroscopy (REELS, Fig. 3c)
and XPS valence band analysis together with photoemission
cutoff (Fig. 3d) provided analogous results, regardless of the
adopted growth temperature. The band gap (EG E 3.0 eV) and
work function values (WF E 4.3 eV) were similar for all
samples52 (see also Table S2, SI) and further supported the
presence of a porous Ni(OH)2 surface layer on the NiO deposit
after laser treatment (NiO would feature a wider band gap of
E3.6 eV). Altogether, the obtained data enabled us to construct
the band scheme reported in Fig. 3e, indicating that laser
treatment did not produce remarkable differences in the elec-
tronic structure of materials grown at different temperatures.
On the other hand, the extensive presence of surface sites and
defect states in laser-treated materials boosted their electro-
catalytic activity (compare Fig. 4b–d and Fig. S4a, b, SI), as

indicated not only by the systematic current density increase,
but also by the lower onset potentials in comparison to the
pristine electrocatalysts (see Fig. 4c and Table S3, SI). In fact, all
the key performance indicators, encompassing overpotential
values, Tafel slopes, and turnover frequency (TOF) values
(Fig. 4e, f and Fig. S4c, d, SI) supported the general improve-
ment brought about by laser processing. It can be argued that,
during electrochemical testing, the Ni(OH)2 surface layer
undergoes the following oxidation reaction: Ni(OH)2 +
OH� " NiOOH + H2O + e�, while the underlying NiO facil-
itates electron transport to the external circuit due to its higher
conductivity. At the same time, NiO presence mechanically
stabilizes the electrode structure, preventing volume expansion
and phase degradation of Ni(OH)2, while the latter enhances
the electrochemically active area due to its high porosity. Thus,
Ni(OH)2/NiO coupling plays a fundamental role to explain the
mechanism favoring the OER.

Remarkably, the electrocatalytic functional performances of
the processed materials compare favorably with those reported
so far for numerous mono- and bimetallic electrocatalysts
based on Ni oxides and hydroxides prepared by conventional
routes, as well as with those of various RuO2 and IrO2 systems,
commonly considered as benchmark (Tables S3 and S4, SI).
This comparison highlights the validity of the presently
proposed processing route in boosting material functional

Fig. 3 Ni 2p (a) and O 1s (b) photopeaks for a laser-treated specimen grown at 200 1C. REELS spectra (c) and XPS VB with photoemission cutoff (d) after
laser treatment. (e) Energy level positions for the different specimens (KE = kinetic energy; EF = Fermi energy; EV = vacuum level; WF = work function;
EG = band gap; CB = conduction band; VB = valence band; EA = electron affinity; IP = ionization potential).
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performances. The electrocatalytic activity increase of laser-
treated electrocatalysts followed the order 400 1C o 300 1C o
200 1C, the same as in the pristine specimens, in line with the
more open morphology obtained at lower growth temperatures
(see Fig. S2, SI). The above reported XPS data showed that laser
treatment resulted in a surface hydroxylation extent following
the OER activity trend. In fact, a highly hydroxylated surface
features an appreciable amount of NiO(OH), commonly
considered as the catalytically active species. These results are
also in agreement with the obtained integrated charges, pro-
portional to the electrochemically active surface area (ECSA)

values, estimated by integrating the cyclic voltammetry (CV)
scans, showing the formation of NiO(OH) (Fig. S5, SI).42 The
obtained data amounted to 2.4, 2.1, and 1.1 mC for laser-
treated NiO samples grown at 200, 300, and 400 1C, respec-
tively. As an example, a charge of 2.4 mC corresponds to about
5.5 � 1016 active sites/cm2, consistently with previous literature
results.27 Interestingly, the comparison of CV curves for
laser-processed samples with the corresponding as-grown sys-
tems revealed that the NiO - NiO(OH) oxidation peak was
significantly less intense and shifted at higher bias values in
the latter case (Fig. S5, SI). Such findings indicate that laser

Fig. 4 (a) Digital image of the cell used for OER electrochemical tests. A photograph of a test sample after application of electrical contacts to prepare
the working electrode is superimposed. (b) LSV traces for laser-treated specimens. Inset: chronoamperometric traces for the target specimens, recorded
at 1.60 V vs. RHE. (c) Onset potentials for laser-treated and untreated specimens. (d) Current densities at different potential values for laser-treated
samples. (e) Tafel slopes and (f) TOF vs. overpotential curves for laser-treated electrocatalysts. In (e), dashed and continuous lines correspond to
experimental and fitting curves, respectively.
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irradiation offers a versatile and controllable strategy to engi-
neer the electrocatalytic properties of NiO surfaces.

In view of an eventual real-world utilization, an important
parameter is the electrocatalyst service lifetime. In the
present case, the very attractive performances of laser processed-
electrocatalysts were accompanied by a remarkable stability, as
evidenced by chronoamperometric tests (Fig. 4b, inset). Accord-
ingly, post operando FE-SEM and XPS analyses (Fig. S6 and S7, SI)
enabled to rule out appreciable morphological and compositional
alterations upon prolonged testing.

In conclusion, the present study has reported on an original
strategy for the fabrication and processing of NiO-based elec-
trocatalysts for water oxidation. The developed approach
involved the initial plasma-assisted fabrication of NiO-based
nanomaterials, followed by a controllable laser treatment. The
obtained results evidenced the formation of high area nano-
systems, characterized by a partial NiO - NiOx(OH)y surface
conversion and features directly dependent on the adopted
growth temperature. The corresponding OER activity showed
an appreciable improvement, the best performances (obtained
for the sample grown at 200 1C) corresponding to a Tafel slope
of E40 mV � dec�1 and an overpotential (at 10 mA � cm�2) of
E380 mV. The activity of the developed electrocatalysts,
coupled with their remarkable stability, underscores their
attractiveness as viable materials for sustainable energy solu-
tions. Thanks to the absence of toxic chemicals and of harsh
ex situ treatments, and its relative simplicity, the present
method overcomes various constraints of traditional synthesis
techniques and adheres to sustainable chemistry principles.

The observed correlation between laser-induced modifica-
tions and the enhanced functional performances candidates
this approach as a powerful tool for the design of cost-effective
and eco-friendly OER electrocatalysts. In this regard, whereas
preliminary studies evidenced that the developed NiO-based
systems are inactive as cathodic (or bifunctional)53,54 electro-
catalysts toward the hydrogen evolution reaction (HER), their
anodic performances will be further assessed in other techno-
logically relevant processes, such as OER from seawater and
urea oxidation reaction.55,56 In addition, the developed proces-
sing route is potentially transferable to a variety of different
substrates, ensuring also scalability and uniformity for the
development of large-area electrodes, a valuable issue for an
eventual implementation into commercial electrolyzers. The
latter would require long-term electrochemical tests, even at
higher current densities, to properly assess the actual material
stability under operating conditions close to real-world ones.
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