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§ S1. Experimental

§ S1-1. Plasma-assisted CVD of NiO nanostructures

The growth of NiO nanostructures was performed on pre-cleaned' 2 fluorine-doped tin oxide
(FTO)-coated glass substrates (Aldrich®; FTO thickness =600 nm; =7 Qxsq!) using a custom-
built two-electrode plasma assisted-chemical vapor deposition (PA-CVD) apparatus.’ The
substrates were mounted on the surface of the grounded electrode, whereas radio frequency
(RF; 13.56 MHz) was delivered to a second electrode (electrode diameter = 9 cm; inter-
electrode distance = 6 cm). In a typical deposition experiment, (0.15 £ 0.01) g of the precursor
powders [Ni(tfa),TMEDA;* > tfa = 1,1,1-trifluoro-2,4-pentanedionate; TMEDA = N,N,N',N-
tetramethylethylenediamine), loaded in an external glass vessel, were heated at 75°C by means
of an oil bath, and the vapors were transported into the reactor by electronic grade Ar [flow rate
= 60 standard cubic centimeters per minute (sccm)]. In order to prevent undesired precursor
condensation phenomena, connection gas lines were kept at 150°C by means of external heating
tapes. Two independent gas lines were used to introduce electronic grade Ar and O (flow rates
= 15 and 5 sccm, respectively) directly into the reaction chamber. Based on preliminary
optimization experiments, growth processes were performed at substrate temperatures of 200,

300, and 400°C, for a total duration of 90 min (total pressure = 1.0 mbar; RF power = 20 W).

§ S1-2. Laser treatments

Surface treatments were performed using a Ti-Sapphire femtosecond laser (Spectra-Physics, A
= 800 nm) with linear polarization, pulse duration of 100 fs, and repetition rate (f) of 1 kHz.
The laser system utilizes mode-locked oscillation to generate ultrashort pulses, ensuring a
precise and high-energy delivery. Since the initial pulse energy is low, a regenerative amplifier
increases the pulse energy while preserving its temporal profile.

The specimens were mounted on a nanometric-resolution movement stage (LWFAB station,
Newport), and the laser beam was focused perpendicularly onto the sample using a 4x
magnification objective lens. The treatment was conducted in air using a scanning mode, where
the sample moves relative to the laser beam. In this way, the number of overlapping pulses per

unit area (N) is determined by the scanning speed (v) as:
N=2rxf/v (SD

where 2r is the laser spot diameter and f'is the repetition rate. The laser scans the surface line
by line, moving from left to right before shifting to the next line below, systematically covering

the entire sample area.
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To optimize the processing parameters for the full specimen area, a series of preliminary
experiments was conducted by varying the number of impinging pulses. This variation allowed

to obtain different accumulated pulse fluence (Ducc) values, defined as:
Duee =N x =N x Ep/(nr’) (S2)

where N is determined in Eq. (S1) and @ is the single pulse fluence given by Ep / (71%), while
Ep denotes the single pulse energy and r the 1/’ Gaussian beam spot radius. The single pulse
energy was varied between 6 and 11 pJ, while the scanning speed (v) ranged from 1 to 4 mm/s.
Parameter selection was guided by preliminary scanning electron microscope (SEM) analysis
to identify conditions yielding to the most homogeneous surface modifications without
excessive damage. Based on this study, the accumulated fluence for the treatment of all the
investigated samples was fixed at Puec = 12 J/cm?, considering Ep =11 pJ (@ =0.92 J/cm?) and
N =13 (v=3 mm/s; 2r = 39 um; f = 1000 Hz).

To ensure the effectiveness of the proposed combined route for the preparation of NiO-based
electrocatalysts, repeated experiments were conducted under the same operating conditions for
both plasma processing and laser treatment, in order to ascertain the reproducibility of material

characteristics.

§ S1-3. Chemico-physical characterization

X-ray diffraction (XRD) measurements were carried out in glancing incidence mode (6; = 1.0°)
using a Bruker AXS D8 Advance Plus diffractometer equipped with a Gobel mirror and a CuKa
X-ray source (A = 1.54051 10\), powered at 40 kV and 40 mA.

A Zeiss SUPRA 40 VP apparatus, operating at primary electron beam voltages between 10 and
20 kV, was used for field emission-SEM (FE-SEM) analyses. The mean deposit thickness
values were obtained by a statistical image analysis, using the ImageJ® software.°

X-ray photoelectron spectroscopy (XPS) and reflection electron energy loss spectroscopy
(REELS) measurements were performed with a Thermo Scientific ESCALAB QXi
spectrometer, equipped with a monochromatized Al Ka X-ray source (hv = 1486.6eV), at
pressures lower than 10~ mbar. The instrument was funded by “Sviluppo delle infrastrutture e
programma biennale degli interventi del Consiglio Nazionale delle Ricerche (2019)”. Binding
energy (BE) values were corrected for charging phenomena by referencing to the adventitious
Clssignal at 284.8 eV. Atomic percentages (at.%) were evaluated through peak area integration
using ThermoFisher sensitivity factors. Peak fitting was carried out with the KolXPD software,
using Gaussian-Lorentzian product functions with fixed ratio between Gaussian and Lorentzian

functions. Work function measurements were carried out with the sample biased at =3.0 V.”-#
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REELS analyses were carried out with a primary electron beam energy of 1.0 keV.

§ S1-4. Electrochemical tests

Before electrochemical tests, electrical contacts were applied to the target samples using a
copper tape attached to an FTO conductive region (Figure 4a in the main paper). The reported
current densities were obtained by normalizing the registered currents to the sample geometric
area (0.2826 cm?).

Electrochemical tests were carried out using an integrated potentiostatic instrumentation
consisting of a Zennium-PRO and a PP212 unit from Zahner GmbH. Measurements were
carried out in 1.0 M KOH solutions (pH = 14.0) using FTO-supported NiO systems as working
electrodes, whereas a MMO (Hg/HgO) electrode and a Pt coil were used as the reference and
counter-electrode, respectively. Linear sweep voltammetry (LSV) traces were recorded at a
constant scan rate of 5 mVxs!. Tafel slopes were obtained by plotting the potential vs. RHE
against log (current density). Chronoamperometry (CA) analyses were carried out at a fixed
bias of 1.60 V vs. RHE.

The obtained Erne values were subjected to iR correction according to equation:’
E (V) =EgruEe (V) - iR (83)

where i is the measured current (in A), and R the uncompensated cell resistance, estimated from
electrochemical impedance spectroscopy (EIS) as the lowest impedance in the Nyquist plots
high-frequency region.'% ! The uncompensated sample resistances were comprised between 16
and 18 Q.

The oxygen evolution reaction overpotential (1) was evaluated using the equation:'!-!*

N (V) = Erue — 1.23 (S4)

where Erue and 1.23 are the experimental potential and the E° value for Oz evolution, both
expressed in V.

The turnover frequency (TOF) was defined according to the relation:!! 1516

TOF = (jxA) / (4xFxn) (S5)

where j, A, F, and n denote respectively the current density, the geometric electrode area (see
above), the Faraday constant (96485 Cxmol '), and the number of nickel moles [calculated from
the deposit mass (=0.20 mg), measured using a Mettler Toledo XS105 DualRange

microbalance], assuming that all metal sites are involved in the OER process.'*
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§ S2. Chemico-physical and electrochemical characterization
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Fig. S1 XRD patterns for laser-treated specimens. The pattern of the bare FTO substrate (black

trace) is superimposed for comparison.

XRD measurements on laser-treated samples yielded the patterns reported in Fig. S1. Beside
reflections due to the FTO substrate, peaks at 20 = 37.2°, 43.3°, and 62.9° were observed and
attributed respectively to the (111), (200), and (220) crystallographic planes of cubic NiO.!’
The three specimens featured similar relative peak intensities and comparable crystallite size

(=15 nm, as estimated through the Scherrer equation).
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200°C 300°C 400°C

Fig. S2 Representative plane-view FE-SEM micrographs for NiO specimens deposited at
different temperatures before laser treatment.

200°C 300°C 400°C

100 nm

100 nm 100 nm

Fig. S3 Cross-sectional FE-SEM micrographs for laser-treated NiO samples grown at different
temperatures.
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Ni2pa: (200°C) 1 y) 3 4 5

854.2 855.8
BE (eV) (255) a18) 861.3 864.2 866.9
FWHM (eV) 22 3.0 38 25 33
Ni2ps2 (300°C) 1 \ 2 \ 3 4 5
854.2 855.9 861.4 864.3 866.9
BE (eV) (33.2) (66.8)
FWHM (eV) 2.1 3.1 38 25 33
Ni2psz (400°C) 1 2 3 4 5
853.8 855.6 861.1 863.9 866.6
BE (eV) (9.9) (90.1)
FWHM (eV) 2.4 28 38 25 33

O1s (200°C) NiO NiO(OH) / Ni(OH): NiO(OH) NiO-H2Oaqs
BE (eV) 529.8 530.8 531.8 532.9
(22.3) (39.1) (37.3) (13.2)
FWHM (eV) 1.7 1.7 1.7 1.7
O1s (300°C) i NiO(OH)/Ni(OH), NiO(OH)/Ni(OH) NiO-H:O:gs
BE (eV) 529.8 530.7 531.7 532.8
(23.2) (34.0) (33.6) (10.3)
FWHM (eV) 1.7 1.8 1.9 2.2
O1s (400°C) NiO NiO(OH) / Ni(OH), | NiO(OH)/Ni(OH); | NiO-H:Oa4s
BE (eV) 530.0 530.8 531.8 532.7
(25.1) (30.1) (24.5) (7.3)
FWHM (eV) 1.6 1.7 1.6 1.7

Table S1 BEs and full width at half maximum (FWHM) values of Ni2p and Ols fitting
components for laser-treated specimens. The values in parentheses indicate the percentage

contribution of each band to the peak area. For the Ni2p signal, the reported values do not

include the satellites. The attribution was made basing on previous literature works.” % 1?

The quantification of the Ni**:Ni** ratio from the analysis of Ni2p signal is extremely
challenging due to the complex and strongly overlapped multiplet envelopes for Ni** and Ni**.?°
Nevertheless, a semi-quantitative (indirect) estimation of the Ni** content in the present samples
is provided by the deconvolution of the Ols signal and, in particular, by the analysis of the
contribution centered at 531.7-531.8 eV, assigned to NiO(OH). As can be observed from data
in Table S1, this component revealed an increase of the Ni** content (and hence of the Ni**:Ni**

ratio) according to the order 400°C < 300°C < 200°C.
S8



sample Ec (eV) | TP (eV) | EA (eV) | Er— VB (eV)
200°C 3.0 5.8 2.5 1.5
300°C 3.0 5.7 2.4 1.4
400°C 3.0 5.6 2.3 1.4

Table S2 Energy gap values (Eg, estimated by REELS), ionization potential (IP), electron
affinity (EA), and valence band edge separation from the Fermi level (Er — VB) for laser-treated
NiO specimens. IP (EA) are evaluated as the energy difference between the valence

(conduction) band edges (VB and CB, respectively) and the vacuum level.’
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Fig. S4 (a) LSV traces before laser treatment for FTO-supported specimens. (b) Current
densities at different potentials, (c) Tafel plots, and (d) TOF vs. overpotential plots for the same
samples. In panel (c), dashed and continuous lines correspond to experimental and fitting curves,

respectively.
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AS GROWN
j@1.60V i @ Tafel slope
Material Electrolyte S, 10 mA/cm? Ref.
(mA/cm®) (mV) (mV/dec)
200°C 3.56 390 42
Present
300°C 1.0 M KOH 1.40 n.a. 53 work
400°C 0.77 n.a. 60
AFTER LASER TREATMENT
| @160V ne Tafel slope
Material Electrolyte , 10 mA/cm? Ref.
(mA/cm?) (mV) (mV/dec)
200°C 5.71 380 40
Present
300°C 1.0 M KOH 4.41 392 43 work
1.46 412 46

Table S3 OER performances of the pristine and laser-treated specimens grown at different

temperatures: current density at 1.60 V vs. RHE, overpotential (1) required to reach a j value

of 10 mA/cm?, and Tafel slopes. n.a. = not available.
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j@1.60V

ne

Tafel slope

Material Electrolyte (mA/cm?) 10 mA/cm? (mV/dec) Ref.
(mV)

NiOx(OH); | 1.0 M KOH ~5.2 410 75 2
Ni(OH); 1.0 M KOH ~1.3 420 104 1
Ni(OH); 1.OMKOH | =0.8:4.8 n.a.+430 128+194 2
Ni(OH); 0.1 M KOH n.a. 595 165 23
Ni(OH); 0.1 M KOH ~0.33 n.a. n.a. 24
Ni(OH)» 1.0 M KOH =10 =370 66 2
NiOOH 1.0 M LiOH =~0.87 n.d. n.d. 26
NiOOH 0.1 MNaOH| =0.20 n.a. ~62 27

NiOOH/NiO | .0MKOH | =0.5+1.5 =~510+550 =~70+170 28
NiO 1.0MNaOH| =0.7+2.9 520+540 96+137 2
NiO 1.0 M KOH ~1.79 460 170 30
NiO 1.0 M KOH ~6.1 ~390 70 31
NiO 1.0 M NaOH n.a. n.a. 96+118 32
NiO 1.0 M KOH ~4.1 404 97 33
NiO 0.1 M KOH ~0.48 =553 ~30 3
NiOx 1.0 M KOH =1.3 n.a. n.a. 21
NiOx 1.OMNaOH| =0.7+1.9 520 n.a. 3

NiO/NF“ 1.0 M NaOH ~1.5 ~393 n.a. 36
NiO/NF“ 1.0 M KOH ~16 348 105.8 37

NiO-NSs” 1.0 M KOH ~10 380 299 38

NiO-HMs!* [ LOMKOH | =2.7+4.1 470+550 188+290 39
Ni0O@C? 1.0 M KOH ~19.8 340 92 40

NiO NPTs° | 1.0 M KOH ~1.88 ~460 113.6 14

! Subjected to thermal treatment in air at 400-500°C.
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Material Electrolyte j(f ;/f,gz‘)] 10 rllfblcm2 T(‘amfil] Z;zge Ref.
(mV)

NiO NPTs/GO*/| 1.0 M KOH ~0.85 625 168 4
Ni/NiO 1.LOMKOH | =6.0:26.0 | =220+=290 108+123 16
NiMn DH¢ | 0.1 M KOH ~0.88 n.a. n.a. 24
NiCo DH? 0.1 M KOH =0.14 n.d. n.d. 24
NiCu DH? 0.1 M KOH =~0.23 n.d. n.d. 24
NiZn DH¢ | 0.1 M KOH ~0.12 n.a. n.a. 24
NiFe LDH" | 0.1 M KOH ~2.20 ~460 62 42
RuO, 1.0 M KOH =5 ~428 71 2
RuO, 1.0 M KOH ~4.7 410 74 43
RuO, 1.0 M KOH ~8.9 370 89 44
IrO, 1.0 M KOH ~8.6 390 149 45
IrO: 0.1 M KOH ~4.9 461 113 46
IrO; 1.0 M KOH ~13.9 =350 95 3

Table S4 OER performances reported in the literature for selected Ni-based electrocatalysts
operating in alkaline media. The electrochemical performances of selected RuO» and IrO; ones
are also reported for comparison. n.a. = not available. “ NF = nickel foam; > NSs = nanosheets;
¢ HMs = hollow microspheres; ¢ NiO@C = carbon-wrapped NiO; ¢ NPTs = nanoparticles;’ GO
= graphene oxide. ¢ DH = double hydroxide; " LDH = layered double hydroxide.
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Fig. S5 Cyclic voltammetry scans (scan rate = 50 mV/s) recorded in 1 M KOH for a laser-
treated NiO sample grown at 200°C and the corresponding as grown specimen. The Ni**/Ni**
oxidation peak above 1.4 V [formation of NiO(OH) during the anodic scan] and the

corresponding reduction peak (below 1.4 V, cathodic scan) are well evident.
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Fig. S6 FE-SEM images for a laser-treated specimen grown at 200°C, after 12 h of

chronoamperometric tests at 1.6 V vs. RHE.
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Ni2p (a) Ols (b)

Intensity (a.u.)
Intensity (a.u.)

880 870 860 850 536 534 532 530 528 526
BE (eV) BE (eV)

Fig. S7 (a) Ni2p and (b) Ols photopeaks for a laser-treated NiO sample grown at 200°C after
12 h of chronoamperometric tests at 1.6 V vs. RHE.
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