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ABSTRACT

Ammonia is vital for global agriculture, yet its conventional synthesis via the Haber-Bosch process is energy-intensive and environ-
mentally burdensome, contributing ~2% of global CO, emissions. Simultaneously, excessive use of ammonia-based fertilizers has led
to nitrate pollution in water systems. Electrochemical nitrate reduction (E-NOz;RR) offers a dual solution: mitigating nitrate con-
tamination while enabling decentralized, sustainable ammonia production. Here, we explore nickel oxide (NiO) nanoparticles as
efficient, low-cost electrocatalysts for E-NO3RR, capitalizing on their earth abundance and inherent ability to suppress competing
hydrogen evolution. NiO is synthesized via a scalable precipitation method using different ethanol/water solvent ratios to modulate
defect density, porosity, and crystallinity. Materials-related differences are probed by thermal, structural, and spectroscopy methods.
Electrochemical tests reveal that increasing ethanol content during synthesis enhances defectiveness, correlating with improved
Faradaic efficiency and ammonia production rates. This work underscores the critical role of synthetic parameters in tailoring cata-
lytic performance and positions defect-engineered NiO as a promising platform for green ammonia generation via nitrate reduction.

1 | Introduction present in water systems, where they pose serious threats to human
health [10, 11]. Their prevalence is largely due to the intensive use
of nitrogen-based fertilizers, which leads to contamination of both

groundwater and surface water bodies [11, 12].

The groundbreaking discovery by Fritz Haber in the early 20"
century led to a dramatic increase in ammonia production, enabling
large-scale fertilizer manufacturing [1, 2]. This advancement signif-

icantly boosted agricultural yields and helped meet the growing ~ While ammonia production via nitrate electroreduction is lim-

global demand for food. Today, the Haber-Bosch process remains
the dominant industrial method for ammonia synthesis, producing
approximately 188 million metric tonnes of ammonia annually [3].
However, despite its efficiency, this process features a considerable
environmental footprint, accounting for nearly 2% of global CO,
emissions due to its high energy demand and reliance on fossil fuels
[4]. In response to these concerns, alternative methods for ammonia
production have gained attention in recent years [5, 6]. Among
them, the electrochemical nitrate reduction reaction (E-NO;RR)
has emerged as a promising approach [7-9]. Nitrates are widely

ited by their typically low concentration in most wastewater
sources, E-NO3RR is not envisioned as a replacement for the
Haber-Bosch process in meeting the global ammonia demand
[13-15]. Instead, its primary goal is to convert a harmful pollut-
ant (i.e., nitrate) into a valuable product using renewable electric-
ity, thereby contributing to both environmental remediation and
sustainable resource recovery [16-18].

In this scenario, the E-NO;RR efficiency has a critical dependence
on the performance of the electrocatalysts, intrinsically linked to
their fundamental electronic and structural characteristics [19, 20].
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Within the proposed mechanism for nitrate electroreduction, a
range of metals, both noble (e.g., Pd, Pt, Ru, Ag, and Au) and
non-noble (e.g., Fe, Co, Ni, and Cu), can exhibit significant catalytic
activity due to their partially or fully occupied d-orbitals, which
facilitate electron injection into the lowest unoccupied z* orbitals
of nitrate ions [21, 8].

While noble metals universally demonstrate excellent perfor-
mance when adopted for various electrocatalytic reactions, their
high cost and inferior susceptibility restrict their practical, large-
scale application. Moreover, the strong affinity of hydrogen spe-
cies on Pt-group metals can adversely affect the adsorption and
conversion of nitrate [22, 23]. To overcome these limitations,
research interest has shifted toward developing electrocatalysts
based on non-noble metals, which offer advantages in terms
of cost-effectiveness and abundance [24]. Among these, nickel
stands out in terms of its high earth reserves, affordable availabil-
ity, good conductivity, magnetic recyclability, and the possibility
of a wide variety of nanostructures that make it an ideal candi-
date for electrochemical reactions [25].

Furthermore, unlike some noble metals, nickel can regulate
hydrogenation kinetics, thereby suppressing the competing hydro-
gen evolution reaction (HER) and enhancing selectivity toward
ammonia [26, 27]. The understanding and development of
nickel-based nanomaterials therefore represent a preferential
research direction for large-scale applications in electrochemical
NH; synthesis. Nevertheless, while bare nickel metal has indeed
shown some activity for nitrate electroreduction, its overall perfor-
mance is generally not satisfactory [25]. This limitation has driven
extensive research into more complex Ni-based systems, including
alloys, mixed oxides, Ni-based phosphide, and various composites,
which aim to overcome the inherent drawbacks of the single metal
by tailoring the catalyst surface properties. It is worth underlying
that these catalysts often require intricate synthetic routes involv-
ing numerous steps and environmentally detrimental chemicals.

In this scenario, the current literature lacks comprehensive stud-
ies on the performance of NiO as a standalone catalyst for
E-NO;RR, prepared through a simplified, greener approach.
Thus, in the present work, NiO nanoparticles were synthesized
by the precipitation method. This technique was chosen given its
cost-effectiveness, simplicity, mild reaction conditions, and the
ease of scale-up, all crucial factors for electrocatalytic applica-
tions. Specifically, we employed ethanol, water, and various
ethanol/water ratios to investigate how solvent composition
influences crystallinity and defectivity, and consequently, the cat-
alytic performance of the NiO nanoparticles. To evaluate the per-
formance of each synthesized material in terms of Faradaic
efficiency (FE%) and ammonia production rate, electrochemical
tests were carried out, specifically chronoamperometry (CA),
using an H-type cell equipped with a three-electrode configura-
tion. FE% values exceeding 60% were detected and correlated
with synthetic protocols as well as materials properties.

2 | Experimental Section
2.1 | Chemicals and Materials

Nickel(IT) nitrate hexahydrate (Ni(NOs),-6H,0) was purchased
from Supelco with a purity greater than or equal to 99.0%.
Sodium hydroxide (NaOH) was purchased from Carlo Erba with

a purity greater than or equal to 97.0%. Ethanol absolute
(CH;CH,OH) was purchased from ITW Reagents, S.R.L., with
a purity greater than or equal to 99.8%. All the chemicals were
used with no further purification step.

The salts used for the preparation of the electrolyte were potas-
sium nitrate (KNOs, 99.0%, as the source of NO; ™) and potassium
sulfate (K,SO,, 99.0%, as the supporting electrolyte). Ammonium
chloride (NH,Cl, >99.5%) was used to prepare the calibration sol-
utions. The reagents used for ammonia detection included
sodium salicylate (C;HsNaOs3, 99.5%), sodium nitroprusside dihy-
drate (Na,[Fe(CN)sNO]-2H,0, 99.0%), an aqueous sodium hypo-
chlorite solution (NaClO, 5 wt% active chlorine), sodium citrate
dihydrate (HOC(COONa)(CH,COONa),-2H,0, >99.0%), and
sodium hydroxide (NaOH, >97.0%). Potassium hydroxide
(KOH, 99.0%) and sulfuric acid (H,SO,) were used to adjust
the pH of each sample. For the preparation of the catalyst
ink, NiO nanoparticles, isopropanol (CH;CH(OH)CH3) or etha-
nol, and a 5 wt% Nafion perfluorinated resin solution were used.
All chemicals and reagents mentioned in this paragraph were
purchased from Sigma-Aldrich. A Nafion membrane (Nafion
117 with a thickness of 183 um, N-117) and a Teflon-coated car-
bon paper (Toray, 0.19 mm-thick and 20% Teflon in weight) were
purchased from Quintech.

The water used in this work was pure water with an 18.2 MQ cm
resistivity, obtained via a Rephile Genie U Ultrapure & RO lab
water system.

2.2 | NiO Synthesis

Three distinct samples were synthesized using a chemical precipi-
tation method, adapted from a previously established protocol
[28]. The primary modification in this study involved systemati-
cally varying the solvent composition during the precipitation pro-
cess. Specifically, the following solvent systems were employed:
100% deionized water, 32% v/v ethanol/water, 100% ethanol.
This controlled variation in solvent composition aimed at explor-
ing its influence on the morphology, crystal structure, and overall
properties of the synthesized materials. Further characterizations
will elucidate the specific impact of each solvent environment.

In synthetic protocols based only on aqueous medium, 4.35g
(15 mmol) of Ni(NO3),-6H,O were dissolved in 35 mL of water.
After stirring for 25 min, 75 mL of a NaOH 0.5 M aqueous solu-
tion was added dropwise, and the resulting solution was stirred
for 2 h. The greenish gel was then centrifuged, and the resulting
precipitate was washed twice with bi-distilled water, followed by
one step in ethanol to remove any impurities. The solid was dried
overnight at 60°C and then crushed with a mortar to obtain a
light green powder, which was finally calcinated in a muffle
at 400°C, at a heating rate of 10°C min~" for 1h. A black NiO
powder was finally collected and labeled W100 (W =water,
100 = volume percentage of water in the solution). The synthetic
protocol for the sample labeled E32 (E = ethanol, 32 = volume
percentage of ethanol in the solution) follows the same steps
as the W100, with the exception that 35 mL of ethanol were used
in place of the 35 mL of water in the first step. The last sample,
labeled as E100 (E = ethanol, 100 = volume percentage of ethanol
in the solution), was synthesized as follows: 2 g (6.88 mmol) of
Ni(NO3),-6H,0 were dissolved in 123 mL of ethanol. After stir-
ring for 25 min, 2.75mL of a 5M NaOH solution were added
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dropwise, and the resulting solution was stirred for 2 h. The sub-
sequent steps were consistent with the prior synthetic protocols.
The flowcharts in Figure 1 summarize the synthetic protocols of
sample E32, described in this section. The synthetic protocols for
samples W100 and E100 are provided in the Supporting
Information (Figure Sla,b).

2.3 | Materials and Electrodes Characterization

X-ray powder diffraction (XRD) was performed on a Philips X'Pert
diffractometer equipped with Cu Ka radiation (20 range=
20°—80°; step = 0.026° 26; time per step = 250 s). Lattice param-
eters and cell volumes were determined by UnitCell Software,
while the crystallite size (D) was calculated by Scherrer’s equation:

D=kpcosO @®

where k is a constant equal to 0.90, 1 is the X-rays wavelength
(i.e., 0.154 nm), g is the full width at half maximum, and 6 is
the half diffraction angle.

N, adsorption/desorption isotherms at —196°C were recorded to
determine the textural properties of NiO powder. The powder
was previously outgassed at 180°C for 3h to remove water and
other atmospheric contaminants using Micrometrics ASAP,
2020Plus. Brunauer—-Emmett-Teller method was used to calculate
the specific surface area (SSA); the total pore volume (V) was
determined from the amount of N, desorption at p/p°® = 0.98,
the micropore volume (Vp,,) and the external surface area
(Sext) were determined according to the t-plot method. The eval-
uation of pore size distribution was obtained by using the
Barrett-Joyner-Halenda (BJH) method from the desorption
branches of the N, isotherms.

NaOH 0.5 M
Stirring atr.t. 75 mL
for 25 min
Adding NaOH solution Stirring at r.t. for 2h
— ————
-
Molar ratio Molar ratio
Ni(NO,),» 6 H,0 : EtOH Ni(NOy), 6H,0 : EtOH : NaOH : H,0
1 B 40 1 140 & 25 277

Black bulk powder (NiO)

FIGURE 1 | Synthetic protocol of sample E32.

Greenish homogeneous wet gel

Grinding
—— —_—

1 h at 400 °C, 10 °C/min

To monitor the thermal decomposition of the NiO precursor, spe-
cifically tracking the conversion from nickel hydroxide to nickel
oxide, thermogravimetric analysis (TGA) was performed on STA
PT1600 (Linseis instrument, Germany). The curves were
recorded in air, increasing the temperature from 25 to 1000°C

at a rate of 10°C min~"

To get insight into the structural features of prepared catalysts,
laser Raman spectra were obtained at room temperature with a
dispersive MicroRaman (Invia, Renishaw), equipped with a
514nm laser, in the range 200-1400 cm™'. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a PHI
5000 VersaProbe II spectrometer equipped with a monochromatic
Al Ka X-ray source. Charge compensation was achieved using a
dual system combining low-energy electrons and Ar* ions. The
conditions used for all survey scans were as follows: energy range
1200-0 eV, pass energy 187.85 eV, step size 0.8 eV, step time 20 ms,
and X-rays spot size 100 pum. For high-resolution (HR) spectra, an
energy range of 50-20 eV was used, depending on the peak under
investigation, with a pass energy of 23.50eV and a step size of
0.1eV, step time 50 ms, and X-rays spot size 100 pm. The binding
energy scale was referenced to the C-C peak of C 1s at 284.8 eV,
attributed to the adventitious carbon. All spectra were analyzed
using CasaXPS version 2.3.18 software. The background of each
spectrum was subtracted using a Shirley function. Relative atomic
concentration values were deduced from the HR spectra using
appropriate sensitivity factors.

To investigate the morphological organization of the material once
deposited on the carbon support, and to observe any morphologi-
cal changes after the electrochemical tests, field emission scanning
electron microscopy (FESEM) analysis was carried out.

Such an investigation protocol has been guided by recent out-
comes in the electrocatalysis field [29-32].

Washing with water and ethanol/centrifugation

15hat60°C |
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2.4 | Electrochemical Setup

The electrochemical setup consists of an H-type cell (purchased
from Laborxing), and all tests were conducted using a three-
electrode configuration. A silver/silver chloride (Ag/AgCl) elec-
trode was employed as the reference electrode, and a platinum
mesh served as the counter electrode. The working electrode was
prepared by depositing an ink onto a Teflon-coated carbon paper,
being 0.19 mm-thick (20 wt% poly(tetrafluoroethylene) coated
substrate), using an IWATA RG-3L airbrush. The ink was
composed of NiO nanoparticles, butanol or isopropanol (or eth-
anol), and a 5% Nafion solution; the ratio between the ink com-
ponents followed the procedure reported in the literature [33].
Approximately 95.5% of the solid content was represented by
the NiO catalyst, with the remaining 4.5% corresponding to
the Nafion binder. To ensure proper dispersion of the ink, an
excess amount of ethanol, butanol, or isopropanol was used,
and the mixture was ultrasonicated using a SONICS VCX130PB
ultrasonic tip as follows: three cycles of 30 s each at 60% or 85%
amplitude (with 2min intervals between cycles) and an addi-
tional 20 min sonication at 25% amplitude. After sonication,
the ink was transferred into the airbrush and deposited onto
the carbon paper substrate, which had been previously placed
on a hot plate set to 80°C to facilitate rapid evaporation of the
organic solvent. Once the working electrodes were prepared,
the H-type cell was assembled. The catholyte and anolyte cham-
bers were filled each with 25mL of electrolyte composed of
K,S0, 0.4 M, serving as the supporting electrolyte, and KNO;
0.1 M as the nitrate source. The two compartments were sepa-
rated by a Nafion-117 membrane, which had been previously
activated by following the procedure reported by Pujiastuti et
al., which involves four steps: (1) immerse the membrane for
1 hin H,0, 3 wt% solution at 80°C; (2) 1 h rest in ultra-pure water
at 80°C; (3) 1 h rest in H,SO4 1 M; (4) 1 h rest in ultra-pure water
at 80°C [34]. On the cathode side, argon was purged at a flow rate
of 50mL min™' using a Bronkhorst mass flow controller to
remove dissolved oxygen from the electrolyte, which could oth-
erwise interfere with the nitrate reduction reaction [11].

A magnetic stirring bar was placed at the bottom of the cathodic
chamber and operated at 600 RPM using a magnetic stirrer to
minimize mass transport limitations at the surface of the working
electrode. To investigate the behavior of the working electrode,
and consequently that of the material tested, the cell was con-
nected to a Biologic VSP-300 potentiostat. The electrochemical
protocol included the following steps: (1) open circuit potential
measurement for 30 min; (2) cyclic voltammetry at a scan rate of
10 mV s~%, within a potential range from —0.2 to —1.8 V versus
Ag/AgCl, for a total of six cycles; (3) linear sweep voltammetry
(LSV) at a scan rate of 5mV s~ ' over the same potential range
(-0.2 to -1.8 V vs. Ag/AgCl); (4) CA carried out for 2 h at poten-
tials between -1.0 and -1.6 V, with 0.2V increments versus Ag/
AgCI. The selected range for the CA experiments was defined on
the basis of the LSV results. All experiments were performed in
triplicate to ensure reproducibility and reliable error estimation.

To accurately quantify the amount of ammonia produced during
the electrochemical test, 5 mL aliquots were collected from both
the cathodic and anodic chambers prior to the CA step. After
that, 10 mL samples were taken from both chambers. This sam-
pling strategy enabled the determination of the net ammonia pro-
duced via the nitrate electroreduction process. After quantifying

the produced ammonia, the process performance was evaluated
by calculating the FE% and the production rate. The former was
calculated by:

nFCV

FE% = 2

where n is the number of electrons transferred per molecule of
product, F is the Faraday’s constant (96485 C mol™%), C is the
concentration of product, V is the electrolyte volume, and Q is
the total charge passed. As regards the production rate, it was
determined by dividing the amount of ammonia produced during
the electrochemical test by the duration of the test and the mass
of catalyst loaded onto the carbon paper support; its measure-
ment unit was pgh™ mg™.

2.5 | Ammonia Quantification

The amount of NH,* ions present in the sample before and after the
test was determined using the salicylate method [35], which relies
on the Berthelot’s reaction. Typically, 2 mL of the sample, previously
diluted if necessary and adjusted to a pH between 6 and 11 using
KOH 5M or H,S0, 1 M - were mixed with 240 pL of salicylate solu-
tion (C;HsNaO; 2.75M and Na,|Fe(CN)sNO]-2H,O 0.95 mM) and
400pL of a reactive solution containing NaClO 0.5 wt%,
HOC(COONa)(CH,COONa),-2H,0 340mM, and NaOH
465 mM. After mixing, the samples were kept in the dark for
45 min to allow the colorimetric reaction to proceed. Subsequently,
absorbance was measured at 650 nm using a HITACHI U-500 UV
spectrophotometer. To correlate absorbance with concentration, a
calibration curve was established using 7 reference points prepared
from a NH," 200 ppm stock solution (NH,Cl was used as the NH,*
source).

3 | Results and Discussion

While precipitation offers a straightforward method for NiO syn-
thesis, achieving controlled material properties remains a chal-
lenge. This study specifically aimed at elucidating how the
solvent employed during the precipitation step critically impacts
the resulting NiO characteristics. The first product obtained fol-
lowing precipitation and subsequent drying was nickel hydrox-
ide. According to the literature, nickel hydroxide displays two
distinct polymorphs, ie., @« and p-Ni(OH),. a-Ni(OH), is a
hydrated, nonstoichiometric hydroxy-deficient phase, character-
ized by increased interlayer spacing due to the presence of water
molecules intercalated between its layers. These water molecules
establish strong hydrogen bonds with hydroxyl groups, causing
loss of slab orientation. These phases can accommodate the neg-
ative ions present in solution to balance the total charge.
a-Ni(OH), is unstable, and it is hard to prepare since this phase
rapidly changes to the g-form during synthesis or upon storage in
a strongly alkaline medium. However, the synthesis route
strongly impacts on the preparation of a-Ni(OH),, and generally
harsh conditions are required [36].

Instead, 5-Ni(OH),, a stoichiometric and crystalline phase com-
prising slabs that exhibit the same orientation, can be obtained by
aging the hydroxide gel. This phase is anhydrous, with Van der
Waals forces holding the crystalline planes together. A f,. (bad
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crystallized) phase has also been documented, with anions
included in a more disordered structure [37].

31 | TGA

To gain a comprehensive understanding of the thermal decompo-
sition of nickel hydroxide, the first product obtained from the pre-
cipitation synthesis, its subsequent conversion into nickel oxide,
and to accurately highlight the optimal calcination temperature,
a TGA of the precursor hydroxide E100 was systematically per-
formed. The TGA curves (Figure 2a) showed an initial mass loss
occurring between 25°C and approximately 200°C. This phase is
primarily attributed to the elimination of both adsorbed and inter-
calated water molecules [38, 39]. Subsequently, a sharp and signif-
icant mass decrease is observed, beginning at around 210°C. This
thermal event indicates the formation of nickel oxide, with the
decomposition of any residual nitrates potentially contributing
to the mass loss in this temperature range. The last weight loss,
for all samples at >300°C, is linked to the removal of the excess
oxygen in Ni,O, species (black powder) to a stoichiometric NiO
(green powder) [40, 41]. This finding aligns with established
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literature, which identifies the cubic NiO phase as forming within
the 300-900°C calcination range. Specifically, calcination in air at
400°C is optimal for achieving a NiO phase with controlled cat-
ionic defectivity while limiting sintering. The TGA curves for sam-
ples E32 and W100 (data not reported) showed no significant
differences compared to those of sample E100.

3.2 | Powder XRD Patterns

XRD was performed only on one representative sample of
Ni(OH),, namely precursor hydroxide E100, as the primary focus
of this study was the structural characterization of the calcined
NiO products. The diffractogram of precursor hydroxide of E100
is shown in Figure 2b. The observed diffraction peaks exhibit a
good correspondence with the $-Ni(OH), phase (JCPDS card no.
74-2075), specifically at 260 values of 33.0° (100) plane, 38.4° (101)
plane, 51.9° (102) plane, 59.0° (110) plane, 62.6° (111) plane,
69.5°, and 72.7°. However, the significant broadening of these
peaks indicates a low degree of crystallinity within the sample.
The presence of two distinct peaks at d-values of 5.75A and
4.35 A, which do not correspond to characteristic reflections of

(b)
—— Ni(OH),
#* 074-2075
%k
3 |
&
5 |
2 i h\
i o P
Yo TEAW
MW
T T T T T T T
10 20 30 40 50 60 70
Angle 20 (°)
(d)
Crystallite o 23
. Cell parameter [A] Cell volume [A®]
size [nm]
W100 8.4 4.1781+2-107* 72.935+ 9-1073
E32 7.2 4.1800 +2-107* 73.035+£9-1073
E100 8.0 4.1876 £2-107* 73435+ 9-1073

FIGURE2 | (a)TGA curve (red)and DTG curve (blue) in air of precursor hydroxide E100; (b) Powder XRD pattern of precursor hydroxide E100. The
asterisks refer to the JCPDS card no. 74-2075; (c) Powder XRD patterns of NiO W100, E32, and E100 samples compared with the reference pattern of
cubic NiO (JCPDS card no. 47-1049). (d) Crystallite size and cell parameter of NiO W100, E32, and E100 samples.
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either a-Ni(OH), or f-Ni(OH),, suggests the formation of a
poorly crystallised -Ni(OH), phase containing minor amounts
of the o-Ni(OH), polymorph. This observation indicates an
impure or structurally disordered material [37].

Figure 2c shows the XRD plot of W100, E32, and E100 samples
after calcination at 400°C in air at a heating rate of 10°C min™"
for 1 h. All diffractograms clearly show a series of well-defined
diffraction peaks, which exhibit excellent correspondence with
the characteristic reflections of the face-centered cubic NiO
phase (JCPDS card no. 47-1049). Specifically, the observed peaks
are prominently located at 26 values of approximately 37.3°, cor-
responding to the (111) crystallographic plane, 43.3° for the (200)
plane, 62.9° for the (220) plane, 75.4° for the (311) plane, and
79.4° for the (222) plane. The sharp and intense nature of these
peaks indicates the formation of a highly crystalline NiO struc-
ture in all samples after thermal treatment [42].

Despite its idealized 1:1 stoichiometry, NiO is typically a nonstoi-
chiometric p-type oxide, characterized by a slight oxygen excess
and a consequent deficiency in nickel cations. The presence of
Ni** vacancies within the NiO lattice leads to the formation
of charge-compensating Ni** ions (or electron holes) to maintain
electroneutrality [40, 41]. This can be expressed in Kroger-Vink’s
notation as:

1
2Niz+ + 5 02 A OO +Vi”Ni + 2Ni3+

The crystallite size and cell parameters of W100, E32, and E100
samples are summarized in Figure 2d. The diffractogram of W100
sample indicates a higher degree of crystallinity, as evidenced by
its larger crystallite size. Notably, a progressive shift of the dif-
fraction peaks toward lower 20 values is observed, moving
sequentially from sample W100, through E32, and ultimately
to E100. This shift, which is directly correlated with the unit cell
parameter, suggests a higher degree of cationic defectiveness in
E100, likely due to excess oxygen in the lattice [40].

3.3 | N, Physisorption

The N, adsorption/desorption isotherms of W100, E32, and E100
samples are shown in Figure 3a. The analysis of the isotherm
shapes indicates that they are of type IV(a), where the hysteresis
is produced by capillary condensation in mesopores, the width of
which is wider than ca. 4.0 nm [43]. Although the characteristic
inflection point indicating the completion of the monolayer can
be seen at p/p° = 0.01 in the isotherms of E32 and E100 samples,
this feature is completely absent in the isotherm of W100 sample.
The shape of the hysteresis loop allows for the determination of
the pore structure. According to the IUPAC classification, the hys-
teresis of W100 sample can be categorized as type H1, which is
typically associated with porous materials that exhibit a narrow
distribution of relatively uniform, cylindrical-like pores [44].
The hysteresis of the E32 sample can be associated with type
H2(b), which is typical of ink-bottle pores with a wide distribution
of neck widths [43]. However, determining the hysteresis type of
the E100 sample is not straightforward. Due to the presence of an
inflection point in the desorption branch of the hysteresis, the
association with a type H3(b) was considered, where type H3(a)
is the one defined in the IUPAC report as H3 [45]. As regards pore
shape, we can hypothesize a complex structure resembling an ink
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FIGURE 3 | (a) N, adsorption—-desorption isotherms of W100, E32,
and E100 samples; (b) BJH pore size distributions of W100, E32, and
E100 samples. The evaluation of pore size distribution was obtained
by using the BJH method from the desorption branches of the N,
isotherms. Full symbols indicate adsorption, while empty symbols refer
to desorption.

bottle with a modified neck. Figure 3b shows the pore size distri-
butions of W100, E32, and E100, which were calculated using the
BJH method from the desorption branches of the N, isotherms.
While W100 sample was characterized by a wide distribution in
all mesopore ranges with a sharp peak centered at 3.6 nm, E32
showed a narrow pore size distribution centered at 4.2nm,
whereas E100 had a wider distribution across the 2.6-30 nm range,
centered at 9.6 nm. Table 1 lists the textural properties of the three
samples. It is evident that precipitation in a hydroalcoholic solu-
tion has a significant impact on the specific area values: W100
sample had the lowest surface area and no micropores surface area
was detected by applying the t-plot method (y-intercept = 0), while
E32 had a slightly higher surface area than E100, and both the
t-plot curves highlighted the presence of micropores (y-intercept
# 0). The micropore surface area accounts for 10% of the calculated
SSA value for E32 and 5.6% of the calculated SSA value for E100.

3.4 | Raman Spectra of NiO Powder Samples

Figure 4 shows the Raman spectra of NiO powder samples synthe-
sized via different protocols, revealing characteristic vibrational fea-
tures associated with the cubic NiO phase. All samples exhibited a
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TABLE 1 | Textural properties calculated from N, physisorption.

External surface
area, m> g!

Total pore
volume, cm?® g™*

39.8 0.175
75.6 0.122
77.6 0.224

Micropore

Samples SSA, m* g! volume, cm?® g™*
W100 39.8 —
E32 85.7 1.7-1073
E100 82.4 59-107*
\g NiO W100
2
5
S

NiO E100

NiO E32

T T T T T
200 400 600 800 1000 1200 1400
Raman shift (cm™)

FIGURE 4 | Raman spectra of NiO W100, E32, and E100 samples.

prominent longitudinal optical (LO) phonon mode centered at
around 500 cm™", with very similar intensity and shape, indicating
that the primary lattice vibrations of NiO with a rocksalt-type struc-
ture [46, 47] are preserved regardless of the preparation route.
However, a distinct difference is observed in the second-order
21O band near 1100 cm™ [48], which is intense in W100, weakly
visible in E32, and nearly absent in E100. Since the 2LO band is
enhanced in well-ordered and strain-free lattices, its intensity serves
as a sensitive indicator of crystallinity and lattice quality [48, 49].

These spectroscopic findings are in good agreement with the XRD
data, particularly with respect to the angular position of the dif-
fraction peaks. A clear shift of the main reflections toward lower
26 values was observed in the E100 sample, while W100 sample
showed peaks closer to the standard reference pattern (i.e., JCPDS
47-1049). The shift in E100 indicated a slight lattice expansion,
which was also confirmed by the refined lattice parameter
(a=4.1876 A), larger than those of W100 and E32. Lattice expan-
sion is often associated with the presence of defect sites, or internal
strain, all of which can contribute to the suppression of the 2LO
feature in the Raman spectrum. Conversely, the absence of a sig-
nificant peak shift in W100 sample suggested a well-ordered,
relaxed lattice, in agreement with the stronger second-order
Raman signal. Overall, the correlation between the XRD peak shift
and the 2LO Raman band intensity supported the interpretation
that W100 sample was the most structurally ordered sample, while
E100 exhibited the most significant lattice distortion.

3.5 | XPS Spectra of NiO Powder Sample

To gain insight into how the different synthetic conditions influ-
ence the surface chemistry and electronic structure of the NiO

materials, XPS was employed to analyze the Ni and O environ-
ments as well as the valence-band features. Particular attention
was given to oxygen stoichiometry and defect-related electronic
states, as these factors are expected to strongly influence the cat-
alytic behavior.

From the survey spectra (see Figure 5), we can see the presence
of Ni, O, and C, the latter related to environmental contamina-
tion by adventitious C. Relative atomic concentration values

were evaluated, instead, from the HR spectra of the C 1s, O
1s, and Ni 2p regions, to distinguish between the amount of
O related to C bonds or to Ni oxide. These values, along with
the oxide/Ni ratios, are reported in Table 2. A clear trend is
observed in the amount of Ni, with the lowest value for
W100 (35.8 at%), going from E32 (37.6 at%) to the highest value
for E100 (41.5 at%). At the same time, a trend is also observed in
the oxide/Ni ratios: the highest value for W100 (1.37), a decreas-
ing one for E32 (1.28), up to E100 (1.11), for which the lowest
value is recorded.

The Ni 2ps,, region (850-865 eV) (see Figure 6a) was analyzed
following the procedure of Biesinger et al. [50] and Grosvenor
et al. [51]. A Shirley background was subtracted, and the peaks
were fitted with a mixed Gaussian-Lorentzian (GL(30)) line
shape. The set of curves that best fits the shape of the spectra
is the one reported for NiO (see Figure 6), for all the samples.
The Ni 2p region is dominated by strong multiplet splitting
and satellite structure, which makes it relatively insensitive to
small variations in oxygen deficiency, subtle changes in Ni**/
Ni** ratio, local bonding distortions, carrier density, and small
shifts in electronic structure. Therefore, several samples with dif-
ferent defectivity or conductivity can still display almost identical
Ni 2p envelope [52], as in our case. To further investigate the
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FIGURE 5 | XPS survey scans for W100, E32, and E100 samples.
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TABLE2 | XPS data related to the relative atomic concentration (at%)
of samples W100, E32, and 100, together with O 1s regions deconvolution
results and modified Auger parameter (MAP), calculated for each of the
three samples.

Relative atomic concentration,

at.%
C Ni

Sample 1s O 1s 2p Ox/Ni

Bonded Metal

with C oxide
‘W100 10.8 4.2 49.2 35.8 1.37
E32 10.5 3.9 48.0 37.6 1.28
E100 9.7 2.8 46.0 41.5 1.11

O 1s deconvolution results, %

O from lattice O defects O bonded

to C
‘W100 71.1 21.0 7.9
E32 66.4 26.1 7.5
E100 72.2 22.2 5.6

MAP, eV

Ni 2p;/, Ni LMM MAP

‘W100 853.4 642.3 1697.7

E32 853.3 642.5 1697.4

E100 853.3 642.4 1697.5

oxidation state of Ni oxide, we also analyzed the Auger region of
the Ni LMM (not shown), which allowed us to calculate the posi-
tion of the maximum peak. This value, combined with the posi-
tion of the Ni 2p;,, peak, allows us to calculate the MAP, which is
highly sensitive to the average oxidation state of the sample. In
our case, as reported in Table 2, the values obtained for the three
samples, ranging from 1697.4 to 1697.7 eV, are in agreement with

(@)

Ni2p,
Ni2p satellite Paz
satellite "2

E32

Intensity (a.u.)

s;so ' e;o aéo
Binding Energy (eV)

the value reported in the literature for NiO, which corresponds to
1697.7 eV [53].

The O 1s spectra (526-536 €V) were similarly fitted with compo-
nents corresponding to lattice oxygen (0*~, ~529 eV) and oxygen
vacancies or defect-related species (~531.0eV) (see Figure 6b).
The relative % for each component has been reported in
Table 2, together with the percentage of O bound to C, as deduced
from the deconvolution of the C 1s peak (not reported).

The last region studied was the valence band (see Figure 7).
Based on the shape of the curves for the three samples, which
were all very similar, they resemble those reported in the litera-
ture for NiO, which significantly differs from the VB of, for exam-
ple, NiOOH [54]. However, it should be noted that, while the
valence band maximum (VBM) value for NiO reported in the lit-
erature lies in a range of 1.0-1.5 eV below the Fermi level (Er) for
high-quality stoichiometric NiO, the VB of our NiO is signifi-
cantly different, as it is very close to zero eV. When the VBM
and Er nearly overlap (difference <0.2 eV), the material behaves

W100

VBM = (0.14 £ 0.02) eV

T X T X T T T ] X T

Je32

VBM = (0.13 £ 0.03) eV

T = T L T L T 4 T 5 T € T

Intensity (a.u.)

VBM = (0.07 £ 0.02) eV
— cAid

12 10 8 6 4 2 0 -2 -4

Binding Energy (eV)

FIGURE7 | XPSvalence band regions for all three samples. The VBM
has been calculated by means of the “step-down” function, together with
its uncertainties, thanks to Monte Carlo simulations. The final values are
reported in each region.

G
=
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FIGURE6 | XPS (a)Ni2p and (b) O 1s regions for all three samples. In the E100 graphs, a deconvolution procedure, following Biesinger et al. [50],

has been applied and reported.
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as a degenerate p-type semiconductor or even semimetal-like
NiO, [55]. This often occurs in NiO with high Ni** content
(due to Ni vacancies or oxidative treatments), so that the valence
band is filled up to Er by Ni 3d holes. This electronic structure
facilitates faster charge transport and easier electron donation.
We then calculated the VBM values using the CasaXPS “step-
down” function and calculated the uncertainty on the resulting
measurement using the associated Monte Carlo simulation. The
resulting values are shown in Figure 7. As we can see, there is a
trend showing how the VBM moves toward the Er starting from
the W100 sample, to arrive at the E100 sample, which has the
value closest to 0eV. Values in the range 0.0-0.3 eV are usually
associated with Ni-rich or highly defective NiO, [56]. Such elec-
tronic structure modification can facilitate charge transfer during
the electrochemical nitrate reduction reaction, contributing to
the higher ammonia yield observed.

Thus, although the Ni 2p spectra of W100, E32, and E100 appear
nearly identical, reflecting the limited sensitivity of the Ni 2p
region to subtle defect-induced electronic changes, differences
emerge in the valence band and O 1s regions. A progressive shift
of the VBM toward the Fermi level is observed as the O/Ni ratio
decreases from W100 (1.37) to E32 (1.28) and E100 (1.11) (see
Table 2). This correlation indicates that increasing oxygen defi-
ciency drives the formation of defect-related states and enhances
Ni 3d-O 2p hybridization at the valence-band edge [52]. As a
result, the electronic bandgap effectively narrows and the density
of states near the Fermi level increases, consistent with a transition
from more insulating (W100) to more conductive and defect-rich
behavior (E100). These electronic-structure modifications, rather
than changes in the Ni 2p signature, are the key factors explaining
the enhanced catalytic activity of E100.

3.6 | Electrochemical Activity Toward E-NO;RR

To obtain electrodes homogeneously coated with the active
materials under investigation, the ink preparation process was
optimized, as detailed in the “Text S1. Ink preparation and optimi-
zation” section of the Supporting Information. The final formula-
tion employs isopropanol as the solvent, since, as it can be seen in
Figure S2 and Table S1, it guarantees better dispersion of the mate-
rial and therefore better performance, and ultrasonication at 85%
of the maximum amplitude. Once a suitable ink preparation pro-
tocol was established, allowing for homogeneous material disper-
sion on the electrodes, the performances of W100, E32, and E100
samples were assessed. However, the W100 sample, as well as the
data obtained from the electrochemical tests, exhibited poor repro-
ducibility, as evidenced in Figure S3 and Table S2 and further
explained in the Supporting Information. Therefore, subsequent
investigations focused on samples E32 and E100. Based on the
physicochemical characterizations discussed in the previous sec-
tions, it is evident that the E100 sample possesses a higher degree
of structural defects compared to E32, a feature that could posi-
tively affect its selectivity. As illustrated in Figure 8, at the optimal
potential of -1.4 V versus Ag/AgCl, the average FE% for E32 was
approximately 47 + 7%, whereas for E100 it reached about 61 +
9.9%. These findings suggest that E100 exhibits a greater selectivity
toward the target reaction. Moreover, Figure 8 clearly shows that
the FE% values obtained at the other tested potentials were signif-
icantly lower than those achieved at the optimal potential of -1.4 V
versus Ag/AgCl. An increase in the applied potential clearly
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% [ FE% E100 E
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= Yield rate E100 600 —~
70 - s
£
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FIGURE 8 | Average FE% and ammonia production rate values for

NiO E32 and E100 samples, tested over a potential range from -1.0 to
-1.6 V versus Ag/AgCl with an incremental step of 0.2 V.

enhances the ammonia production rate, as observed in a similar
system in the literature [57]. Nevertheless, in this system, higher
selectivity toward the desired product is considered more relevant
than a mere increase in production.

The LSV curves show a clear increase in current density and a
positive shift of the onset potential in the presence of NO;™, indi-
cating efficient catalytic activity for the E-NO;RR of both E32 and
E100 (Figure 9a,c). To further confirm the higher selectivity of
E100, the first derivative of the LSV curves was calculated,
and the onset potential was defined as the point beyond which
the derivative consistently assumes positive values. From this,
AE was defined as the difference between the onset obtained
in the presence and in the absence of NO;™. As it can be observed
in Figure 9b,d, AE is greater for E100 than for E32, providing
additional evidence of its improved selectivity.

3.7 | Electrode Characterization

To evaluate potential morphological changes induced by the elec-
trochemical test, the electrode surfaces were characterized before
and after the E-NO3;RR process using Raman spectroscopy and
FESEM analysis.

Figure 10 compares the Raman spectra of the carbon support
(bare carbon paper) with those of the NiO-loaded electrodes, both
in their pristine and post-electrochemical states. All electrodes
were prepared by depositing NiO powders (E32, E80, E100,
and W100) onto the conductive carbon substrate.

The Raman spectrum of the uncoated carbon paper reveals the char-
acteristic G band (~1580 cm™), associated with graphitic (sp*type)
carbon, and a prominent feature at approximately 2700 cm™?, cor-
responding to the 2D band (also known as the G’ band), a second-
order overtone of the D band resulting from a double-resonance
scattering process [58, 59]. Upon deposition of the NiO powders
onto carbon paper, the resulting composite electrodes exhibit
Raman spectra in which the NiO vibrational features are superim-
posed on the strong background signals from the carbon support. In
the pristine electrodes, the NiO signal in the low-Raman shift region
remains discernible, though reduced in intensity due to the
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respectively, as the active material. The first derivative of the curve, employed to identify the onset potential of E32 (b) and E100 (d) in both conditions, is

also shown.
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FIGURE10 | Raman spectra of support carbon paper and NiO-coated
carbon electrodes (before and after the E-NO3;RR experiment).

dominance of the carbon Raman response. The presence of this fea-
ture confirms the successful deposition of the NiO phase onto the
carbon support. No significant shifts or changes in the carbon bands
are observed, indicating that the electrode fabrication process does
not induce substantial structural degradation in the carbon matrix.

After electrochemical testing, distinct modifications are observed
in the Raman spectra of the electrodes, particularly in the
low-Raman shift region associated with NiO vibrations (500-
600 cm ™). For the E32 electrode, the NiO band significantly weak-
ened and broadened, suggesting a pronounced loss of structural
order or possible leaching of the NiO phase under electrochemical
conditions. In contrast, for E100 and W100, the main NiO band
remained clearly detectable, though slightly broadened, indicating
that the NiO framework was largely preserved. Notably, both E100
and W100 also exhibited the emergence of a new band at around
~480cm™, which is not present in the pristine samples. This
newly developed band is consistent with Raman-active modes
attributed to nickel oxyhydroxide (NiOOH) [60]. The coexistence
of the original NiO signal with the emerging NiOOH feature sug-
gests partial transformation, rather than complete NiO phase con-
version. These observations indicate that the W100 and E100
electrodes undergo a controlled electrochemical evolution, involv-
ing the formation of redox-active NiOOH species. Notably, the D
and G bands of carbon remain prominent across all tested electro-
des, with only marginal broadening, indicating that the carbon
support retains its structural integrity throughout the electrochem-
ical treatment. However, minor changes in the D/G intensity ratio
may reflect slight increases in surface disorder or defect generation
due to oxidative stress.
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FIGURE 11 | FESEM micrographs for: (a) pristine carbon paper; (b) carbon paper coated with W100 (b.1) before and (b.2) after electrochemical
testing; (c) carbon paper coated with E32 (c.1) before and (c.2) after testing; (d) carbon paper coated with E100 (d.1) before and (d.2) after testing.

Figure 11 shows the FESEM micrographs of pristine carbon paper
and of the electrodes before and after electrochemical testing, all
acquired at the same magnification. The fibrous structure of pristine
carbon paper without any deposited material is visible in Figure 11a.
After deposition, a more homogenous distribution of the material is

observed for E32 (Figure 11c.1) and E100 (Figure 11d.1) compared
to W100 (Figure 11b.1), where some aggregates are visible, indicat-
ing a weaker ink dispersibility. Finally, the images after the electro-
chemical testing (Figure 11b.2,c.2,d.2) demonstrate that the
morphology of W100, E32, and E100 remains essentially
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unchanged, confirming the structural stability of the electrodes
under the applied electrochemical conditions.

4 | Conclusion

This study highlights how the choice of solvent during the precipi-
tation synthesis of NiO significantly affects the defectivity, pore size
distribution, crystallite size, and cell parameter of the resulting
material. By comparing three different samples, W100, E32, and
E100, synthesized using water, a water/ethanol mixture, and etha-
nol, respectively, it was shown that both defectiveness and textural
properties are strongly dependent on the solvent employed. Among
the samples, E100 exhibited the highest degree of lattice distortion
and a broader pore size distribution, features which correlated with
enhanced selectivity toward nitrate electroreduction, as confirmed
by both electrochemical testing. Conversely, W100, although more
crystalline and structurally ordered, suffered from poorer ink dis-
persibility and reduced reproducibility in electrochemical perfor-
mance. Furthermore, the results underline the critical role of
ink formulation in ensuring electrode homogeneity and perfor-
mance consistency. By optimizing the solvent and ultrasonication
amplitude during ink preparation, a significant improvement in the
material dispersion was detected, leading to a homogeneous depo-
sition onto the carbon support. This is a fundamental step to avoid
variation coming from the setup and ensure a proper comparison
between the catalytic activity of the materials. Overall, this work
demonstrates that fine-tuning both the synthesis parameters and
the ink deposition process can substantially enhance the perfor-
mance of NiO-based catalysts in electrochemical nitrate reduction.
Future studies will focus on systematically evaluating the effect of
each ink formulation parameter and exploring the long-term sta-
bility of the most promising materials.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Synthetic protocol of sample
'W100 (a) and sample E100 (b). Supporting Fig. S2: Comparison between
CA and LSV measurements for (a) E32 and (b) E100 samples. In Test 1,
the electrodes were fabricated using an ink formulated with butanol as
the dispersion medium and subjected to ultrasonication at 60% of the
maximum amplitude. In Test 2, the ink was prepared using isopropanol
as the solvent and sonicated at 85% amplitude prior to electrode deposi-
tion. Supporting Fig. S3: Three CA replicates performed under identical
conditions with W100 as the active material, highlighting the variability
in behavior and the limited reproducibility of the results. Supporting
Table S1: Ammonia production, FE%, and catalyst loading values
reported for different replicates with E32 and E100 samples, prepared
using two distinct ink preparation methods. Supporting Table S2:
Ammonia production, FE%, and catalyst loading values reported for dif-
ferent replicates with W100 sample.
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