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This work explores the development of NiMo-based materials supported on TiO, for dual applications: photo-
electrochemical green hydrogen production and degradation of paracetamol. Photoelectrocatalysts were syn-
thesized by the wet impregnation method and calcined at 400 and 900 °C to assess the influence of thermal
treatment on their properties. The catalyst calcined at 400 °C achieved higher hydrogen evolution efficiency,
with current densities (j) over three times higher than those of the catalyst prepared at 900 °C, attributed to its
larger surface area and photoelectrochemical properties. Both catalysts effectively degraded paracetamol under

light irradiation. These findings demonstrate the potential of NiMo-TiO2 as a sustainable and cost-effective
alternative to noble metal catalysts, combining environmental remediation with renewable energy production.

1. Introduction

The rapid growth of industrialization and urbanization has signifi-
cantly increased fossil fuel consumption, resulting in environmental
challenges that threaten human health, ecosystems, and energy security
[1,2]. Recent efforts have focused on developing environmentally
friendly and cost-effective technologies to address these issues by
removing pollutants, generating clean energy, and creating valuable
products. Catalysis plays a pivotal role in reducing production costs and
enhancing reaction efficiency, contributing to sustainable development
[1,2].

Solar energy is a widely available and renewable resource, making it
a key solution for addressing the global energy crisis [3,4]. Photo-
catalytic technology has gained attention for its ability to convert sun-
light into storable chemical energy, particularly for hydrogen
production. Hydrogen, as a clean energy carrier, generates only water as
a byproduct and emits no carbon dioxide when it is used in a fuel cell to
produce electricity. This makes hydrogen an environmentally friendly
alternative for applications such as transportation, power generation,
and portable energy storage, provided that the hydrogen itself is pro-
duced using renewable or low-carbon methods, such as water

electrolysis powered by solar or wind energy. With an energy density of
141 kJ/g, hydrogen surpasses fossil fuels like oil (46 kJ/g) and natural
gas (55 kJ/g), making it a promising alternative for renewable energy
[5,6]. However, current photocatalytic systems face limitations in effi-
ciency and scalability for large-scale hydrogen production [7,8]. Pho-
tocatalysis and photoelectrocatalysis are advanced technologies that
address two critical challenges: environmental remediation and clean
energy production, such as green hydrogen. A major obstacle in water
splitting is its high energy demand, with a thermodynamic minimum
value of 1.23 V required for the oxidation of water to molecular oxygen
(03). However, this process is further hindered by significant kinetic
barriers, increasing the overall energy consumption [9,10].

An alternative approach involves oxidizing organic pollutants
instead of water. These compounds often have much lower thermody-
namic oxidation potentials (typically <0.3 V), making the reaction
energetically more favorable [11]. This dual function not only purifies
water but also reduces the energy required for hydrogen generation. The
use of photosensitive materials can further enhance the efficiency by
lowering the energy threshold for these reactions [12]. TiO; is exten-
sively studied as a photocatalyst due to its chemical stability, non-
toxicity, abundance, and cost-effectiveness. However, its large band
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Fig. 1. UV-vis absorption spectra (left panel) and bandgap energy plot (right panel) of NiMo-TiO2-400 and NiMo-TiO5-900 samples.

gap (3.7 eV) restricts light absorption to the UV region, and its rapid
charge recombination reduces photocatalytic efficiency [13,14]. Despite
these limitations, TiO5 remains a key material due to its suitable con-
duction and valence band edges, which align well with the redox po-
tentials of water and many organic pollutants [15].

Nickel-molybdenum (NiMo) alloys have gained significant attention
in the hydrogen evolution reaction (HER) at different pH conditions due
to their high catalytic activity, corrosion resistance, and cost-
effectiveness compared to noble metals [16]. NiMo exhibits synergistic
effects where Ni and Mo act as active catalytic sites for hydrogen
adsorption, while Mo enhances the electronic structure, improves
charge transfer efficiency, and extends light absorption into the visible
region. When combined with TiO,, NiMo-based catalysts overcome the
limitations of TiOy [17] by improving electrical conductivity and
introducing additional active sites for HER, making NiMo-TiO5 com-
posites promising candidates for photocatalytic hydrogen production. In
photocatalysis, a single catalyst is responsible for both pollutant
degradation and hydrogen evolution. This dual role can create con-
flicting operational conditions, such as the need for anaerobic environ-
ments for hydrogen production versus aerobic conditions for effective
pollutant oxidation [20]. Photoelectrocatalysis overcomes this limita-
tion by using two separate electrodes, one for oxidation and another for
reduction, thereby eliminating these conflicts. Additionally, simple
membranes can be employed to prevent interferences, enhancing system
efficiency and reliability.

Dual-functional photocatalytic systems that simultaneously produce
hydrogen and degrade pollutants offer an innovative solution. These
systems utilize electron reduction for hydrogen recovery and hole
oxidation for pollutant degradation, addressing critical environmental
challenges such as water scarcity, pollution, and global warming in a
single process [18,19]. This integrated approach, particularly relevant
for wastewater treatment coupled with renewable energy generation,
has become a focus of growing scientific interest [20-22].

While noble metals like platinum are highly efficient for the
hydrogen evolution reaction (HER), their high cost and scarcity limit
practical applications [23,24]. As a result, research has shifted towards

non-noble metal catalysts, such as Ni or Mo, which exhibit HER effi-
ciencies comparable to platinum at a lower cost [25-29].

In this work, NiMo-based catalysts supported on TiO, were prepared
using the wet impregnation method to serve as bifunctional catalysts for
the photocatalytic removal of paracetamol from water and the simul-
taneous production of green hydrogen. The catalysts were calcined at
two different temperatures (400 °C and 900 °C) to investigate how
thermal treatment affects their structural and catalytic properties. This
approach enabled the evaluation of their performance in HER and
pollutant degradation, focusing on the influence of morphology and
surface characteristics.

Several studies have explored the oxidation of pharmaceutical pol-
lutants, including paracetamol, using modified electrodes [30-32].
NiMo-modified electrodes have shown promising results for electro-
chemical oxidation due to their high catalytic activity and stability
under operational conditions [33]. The oxidation of paracetamol occurs
through hydroxyl radical generation and direct electron transfer
mechanisms [34,35], making NiMo a suitable candidate for this appli-
cation [36,37].

Paracetamol, one of the most widely used analgesics and antipy-
retics, was selected as a model contaminant due to its persistence in
wastewater and resistance to conventional treatments. Reported con-
centrations of paracetamol in wastewater reach up to 1 mg/L, with
0.1-10 pg/L observed in surface water, posing risks to aquatic ecosys-
tems and human health due to its bioaccumulation and toxicity [38,39].
Its widespread use and incomplete removal in wastewater treatment
plants make it a relevant emerging contaminant, often detected in
hospital effluents and municipal water sources.

Beyond its environmental impact, paracetamol degradation can
generate toxic byproducts, requiring advanced treatment methods to
ensure complete mineralization. Its molecular structure allows it to
interact with electrochemical and photocatalytic systems, potentially
influencing charge transfer and competing with the hydrogen evolution
reaction (HER) at catalytic sites.

Thus, this study bridges the gap by systematically evaluating dual-
functional photoelectrocatalysts under conflicting conditions,
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Fig. 2. SEM micrograph of catalysts calcined at 400 (top panel) and 900 °C (bottom panel).

demonstrating the feasibility of combining hydrogen evolution with
pollutant degradation in a single system.

2. Experimental

NiMo-supported TiO catalysts were prepared from NiCl,6H20 and
NayMoO42H20 precursors (Sigma Aldrich, >99 %), and TiO, (Degussa,
Ziirich, Germany, P25, 48 mz/g).

2.1. Catalyst synthesis

NiMo-supported TiO, catalysts were prepared via the wet impreg-
nation method. Nickel chloride hexahydrate (NiCly-6H20) and sodium
molybdate dihydrate (NagMoO4-2H,0) were used as precursors. An
aqueous solution containing the desired metal concentration was pre-
pared and heated to 80 °C under stirring. The TiO4 support was gradu-
ally added to this solution to achieve a total metal loading of 15 wt%,
with a Ni:Mo molar ratio of 1.5:1. The mixture was stirred until com-
plete solvent evaporation, followed by drying at 110 °C for 12 h. Finally,
the dried powder was calcined at either 400 °C or 900 °C for 4 h in static
air. The heating protocol involved a ramp rate of 1 °C/min up to 400 °C,
followed by 10 °C/min for higher temperatures. The catalysts were
denoted as NiMo-TiO2-400 and NiMo-TiO2-900. However, for
simplicity, they are referred to as 400 and 900 in the figures, as only the
calcination temperature was varied. This streamlined nomenclature
enhances clarity and facilitates the interpretation of graphical data.

The working electrode was prepared using catalyst ink. For ink

preparation, 2 mg of catalyst powder was mixed with 15 pL of Nafion®
(5 %, Sigma-Aldrich) and 500 pL of isopropyl alcohol (Sigma Aldrich,
>99.7 %). The mixture was sonicated for 30 min to ensure homogeneity.
A 40 pL aliquot of the ink was drop-cast onto a polished glassy carbon
(GC) electrode with a diameter of 10 mm and left to dry under an inert
nitrogen atmosphere. For rotating disk electrode (RDE) experiments, 12
uL of the ink was deposited onto a smaller GC electrode (3 mm
diameter).

2.2. Physicochemical characterization

The crystalline phases of the catalysts were analyzed using an X’Pert
PRO X-ray diffractometer (PANalytical) with CuKoa radiation (A =
1.5405 f\). Data was collected in the 26 range of 20° to 100° at a scan-
ning rate of 0.04°/s. Phases were identified by comparing the patterns
with the Joint Committee on Powder Diffraction Standards (JCPDS)
database.

Morphological analysis was conducted using a ZEISS EVO 15 SEM
with 2 nm resolution, coupled with an Oxford X-MAX 50 mm? energy-
dispersive X-ray microanalyzer for elemental analysis. TEM analysis
was performed with a JEOL JEM 2100 electron microscope at an
accelerating voltage of 100 kV. The samples were dispersed in ethanol
and deposited onto a standard copper TEM grid coated with a thin holey
carbon film.

N, adsorption-desorption isotherms were measured at —196 °C
using a Micromeritics ASAP 2020 system. The Brunauer-Emmett-Teller
(BET) method was employed to calculate specific surface area, while
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Fig. 3. HRTEM Micrographs (a and b) and Particle Size Distribution (c and d) of NiMo/TiO, catalysts calcined at 400 and 900 °C, respectively.

pore size distribution was determined using the Barrett-Joyner-Halenda
(BJH) method.

Surface chemical states were evaluated using a SPECS system with a
hemispherical PHOIBOS 150 analyzer. Monochromatic AlKa X-ray ra-
diation (200 W, 12 kV) was used, and all spectra were referenced to the
C 1s peak at 284.8 eV.

Diffuse reflectance measurements were performed to determine the
band-gap values of the catalysts. The band-gap values of each material
were determined using the Kubelka-Munk method (K-M or F(R)), rep-
resented by Eq. (1).

(1-R)

FR) =R

@

In this context, R represents reflectance, and F(R) is directly related
to the extinction coefficient (a). A modified Kubelka-Munk function can
be derived by multiplying the F(R) function by hv, employing the rele-
vant coefficient (n) linked to an electronic transition (refer to Eq. (2)).

(F(R)*hv)" 2)

Plotting Eq. (2) as a function of energy in eV provides the material’s
band gap value. The band gap signifies the energy disparity between the
valence band (the highest energy level occupied by electrons) and the
conduction band (the lowest unoccupied energy level) within a material.
This gap size dictates the material’s capacity to absorb light and engage

in photochemical reactions. Consequently, materials with narrower
band gaps typically demonstrate enhanced efficiency in utilizing a
broader spectrum of light energy, necessitating less energy for electron
promotion to the conduction band.

2.3. Photo/electrochemical characterization

A temperature of 20 °C was selected to evaluate the electrochemical
performance of the catalysts in a three-electrode cell, controlled using a
GAMRY Reference 620 Potentiostat/Galvanostat. The reference elec-
trode used was a reversible hydrogen electrode (RHE), and all potentials
mentioned below are reported relative to this electrode. The counter
electrode was a glassy carbon (GC) rod, while the working electrode was
prepared as an ink applied to a GC disk. Tests using a rotating disk
electrode (RDE) AUTOLAB RDE-2 were conducted under the same
conditions. Current density values were calculated based on the
geometrical area of the working electrode.

The electrochemical behavior of the catalyst powders in a phosphate
buffer solution, with and without 100 mg-L’1 paracetamol (PTM),
Sigma Aldrich, >99.9 %, purged with pure N3 (99.99 %, Air Liquide)
before each measurement, was investigated using cyclic voltammetry
(CV) and chronoamperometry techniques. Electrolytic solutions were
prepared using potassium phosphate salts (H,KPO4 and HK3PO4) and
water (Milli-Q, Millipore) to prepare a 0.1 mol-L ™! solution with a pH of
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Fig. 4. XRD patterns of NiMo-TiO, samples calcined at 400 (red line) and 900 °C (green line). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1

Oxidation State Distribution and Binding Energy (BE/eV) of Chemical Species.
Chemical species 400 900

BE/eV Atomic % BE/eV Atomic %

Ni%* 855.9 35.9 855.9 72.0
Ni®* 857.6 64.1 857.6 28.0
Mo*+ 230.7 7.2 230.6 2.9
Mo®* 232.3 92.8 232.4 97.1
Ti®* 456.8 2.2 456.8 2.9
Ti*t 458.7 97.8 458.2 97.1
O 529.9 62.4 529.8 58.5
Oy 531.0 37.6 530.7 41.5

7.

A Xe lamp XSS-5XD (Power 150 to 320 W, Radiant Output: 50 W)
was used as the light source to evaluate the photoelectrochemical
properties of the materials. The experiments were conducted with a light
intensity of 57,500 Ix (lumens/mz).

Photoelectrochemical properties were assessed using chro-
noamperometry and cyclic voltammetry (CV) techniques, both with and
without irradiation. The temperature of the working solution was
monitored throughout the experiments, and no variations were
observed. All electrochemical experiments were conducted in the
absence of oxygen. To ensure this condition, the electrolyte, both in the
presence and absence of the contaminant, was deoxygenated by
bubbling Ny with 99.999 % purity (Air Liquide) for 20 min prior to each
experiment.

3. Results and discussion
3.1. Physicochemical characterization

Regarding the photochemical properties, the UV-Vis absorption
spectra in Fig. 1 shows the optical properties of the catalysts calcined at
400 °C and 900 °C, respectively. For the catalyst calcined at 400 °C, the
absorption edge is observed around 350-380 nm, corresponding to the
bandgap transition [40]. This indicates the material’s ability to absorb in
the UV region, typical of TiO,-based materials in the anatase phase. The
spectrum also shows slight light absorption in the visible region, likely
due to surface modifications or introduced defect states. In contrast, the
catalyst calcined at 900 °C shows an absorption edge slightly shifted
toward 360-400 nm, indicating the presence of the rutile phase, which
absorbs at longer wavelengths due to its narrower bandgap [40,41].

The band gap was calculated using the Kubelka-Munk equation
(Fig. 1), resulting in values of 3.48 eV and 3.04 eV for NiMo-TiO2-400
and NiMo-Ti02-900, respectively, smaller than the obtained for bare
TiO3 (3.67 eV) [42].

Morphology and elemental properties of catalysts were studied by
SEM-EDS and transmission electron microscopy (TEM) techniques.
Fig. 2 shows SEM micrographs of catalysts calcined at 400 (a,b) and
900 °C (c,d). The size and morphology of the particles of NiMo-TiO4
catalysts are affected by the calcination temperature. At 900 °C, the
particles exhibit a more regular shape, more rounded edges, and
smoother surfaces, which is closely associated with the phase trans-
formation of the support. SEM-EDS analysis (not shown) yielded a Ni:Mo
molar ratio of 1.6 + 0.4 and 1.6 + 0.6 for catalysts calcined at 400 and
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Fig. 5. XPS spectra of Mo 3d (left panel) and Ni 2p (right panel) for catalysts calcined at 400 (bottom panel) and 900 °C (top panel).

900 °C, respectively.

TEM images confirm the morphological evolution of NiMo/TiO;
catalysts with calcination temperature (Fig. 3). At 400 °C, the particles
are well-dispersed, whereas at 900 °C, significant agglomeration is
observed, consistent with the SEM results showing smoother and more
rounded particles at higher temperatures. Although the particle size
distribution remains similar, the increased aggregation at 900 °C sug-
gests possible sintering effects, which could lead to a reduction in the
available surface area. The particle size distributions for the catalysts
were estimated by counting over 200 units from different regions and
HRTEM micrographs, yielding an average value of ~ 25 nm for both
catalysts. On the other hand, NiMo-TiO»-400 reveals a broad range of
particle size distribution and higher particle sizes than NiMo-TiO5-900.

Regarding the specific surface area, obtained from Nitrogen
adsorption/desorption isotherms, the catalyst calcined at 400 °C showed
a BET surface area of 50 m?/g, slightly higher than that of the support,
TiO, (48.5 m?/g), while the one calcined at 900 °C yielded a value of 1.2
m?/g, which indicates significant sintering of the material.

XRD patterns of both catalysts were assayed to elucidate the crys-
talline phases present. Fig. 4 shows the corresponding diffractograms.
Catalyst prepared at 400 °C shows characteristic peaks of TiO5 in the
anatase phase (20 = 25.3°, 37.8°, 48.9°, 55.1°, 62.6°) and rutile phase
(26 = 27.4°, 36.1°, 41.2°, 56.3°). The presence of both phases indicates
that calcination at 400 °C was not sufficient to convert all the TiO; into
rutile. Additionally, the presence of the brookite phase was observed.
The catalysts prepared at 900 °C only show the presence of the rutile
phase, indicating that at this temperature the anatase phase completely
transforms into rutile. Furthermore, calcination at 900 °C favored the
interaction with the support, resulting in the formation of the mixed
phase NiTiO3. The absence of crystalline Ni and Mo oxide phases in the
XRD patterns is likely due to their high dispersion on the TiO support or
their incorporation into the TiO; lattice, which results in their

diffraction signals being too weak or overlapping with those of the TiO5
phases. In addition, the presence of amorphous Ni and Mo oxides is not
discarded.

The crystallite size for anatase, rutile, and brookite phases was
calculated using the peaks at 26: 25.27°, 27.46°, and 31.66°, respec-
tively. The crystalline sizes for anatase, rutile, and brookite at 400 °C
were 21.13 nm, 27.26 nm, and 55.05 nm, respectively, whereas the
rutile size increased to 51.11 nm at 900 °C.

XPS spectra were obtained to analyze the elemental composition of
the samples. The surface analysis of both catalysts mainly revealed
differences in the surface distribution of nickel and molybdenum spe-
cies. In sample 400, the Ni content was 2.25 % and Mo was 3.21 %,
whereas in sample 900, Ni was significantly lower (0.25 %) and Mo was
higher (7.91 %). This lower Ni content on the surface of sample 900 is
consistent with the possible formation of NiTiO3 due to interaction with
the support, as previously suggested. Table 1 presents the distribution of
chemical species based on their oxidation states at 400 °C and 900 °C
and the relative percentages of Ni?*/Ni>*, Mo**/Mo®*, and Ti®*/Ti*"
were determined. Additionally, the contributions of lattice oxygen (Or,)
and oxygen vacancies (Oy) were quantified and normalized.

The Mo 3d XPS spectra for the catalysts calcined at 900 (Fig. 5a) and
400 °C (Fig. 5¢) provide insights into the chemical states of molybdenum
and the impact of calcination temperature on its environment. In both
cases, two main doublets are observed, corresponding to Mo 3ds,» and
Mo 3ds,» spin-orbit components, which indicate the presence of
different molybdenum oxidation states.

At 400 °C, the peaks at 232.2 and 235.4 eV correspond to Mo®",
likely associated with MoOs, which is commonly formed under oxida-
tive conditions [43]. A second set of peaks at 230.7 and 233.8 eV sug-
gests the presence of Mo** as MoO,. The presence of both Mo®* and
Mo** suggests a partially oxidized environment, where Mo** species
may be stabilized by interactions with the TiOy support [44]. The
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Fig. 6. XPS spectra of O 1s (left panel) and Ti 2p (right panel) for catalysts calcined at 400 (bottom panel) and 900 °C (top panel).

predominance of Mo®" suggests that at lower calcination temperatures,
molybdenum remains largely in its highest oxidation state due to the
oxidative environment [45].

At 900 °C, the Mo 3d spectrum shows a shift in intensity favoring
Mo®¢", with peaks at similar positions (232.4 and 235.5 eV for Mo ™).
The Mo*" contribution (230.6 and 233.7 V) diminishes significantly,
indicating that the higher calcination temperature enhances the oxida-
tion state of molybdenum [46]. This behavior is expected, as higher
thermal energy promotes the complete oxidation of Mo species to MoOs,
reducing the presence of partially reduced states such as Mo*". Addi-
tionally, interactions between Mo and the TiO, support may be altered
at higher temperatures, potentially affecting the electronic properties
and stability of Mo species [47].

The XPS spectra of Ni 2p (Fig. 5b and d) reveal the presence of NiZ*
(855.9 eV) and Ni3t (857.6 eV) oxidation states, with satellite peaks
indicating strong metal-support interactions.

At 400 °C, the coexistence of both oxidation states suggests the
presence of mixed nickel oxides (NiO and NiO3) or highly dispersed Ni
species on the TiO, surface. The higher proportion of Ni*" at this tem-
perature implies a partially oxidized state, which could facilitate elec-
tron transfer processes. In contrast, calcination at 900 °C leads to a
relative increase in Ni2* intensity, along with more pronounced satellite
peaks, indicating stronger Ni-Ti interactions. These changes correlate
with XRD results, which confirm the formation of NiTiO3, where Ni is
stabilized as Ni?* in an octahedral coordination. This incorporation into
the TiO, lattice reduces the fraction of Ni®* observed at lower temper-
atures. The increased interaction with TiOy at 900 °C is further sup-
ported by the more intense satellite peaks, suggesting stronger electronic
coupling between Ni and the support. Indeed, calcination at 900 °C fa-
vors the formation of NiTiOs, as evidenced by the increased intensity of
the peak at 855.9 eV. The transformation to NiTiO3 reduces the number

of surface-exposed NiO species, leading to a decrease in Ni>t content
and enhancing structural stability at high temperatures [48].

The O 1s (Fig. 6a and b) XPS spectra reveal differences in surface
oxygen chemistry between the catalysts calcined at 400 and 900 °C.
Both exhibit a dominant peak at 529.9 eV and 529.8 eV, respectively,
corresponding to lattice oxygen (Op) in TiOy and metal oxides. Addi-
tionally, a second peak at 531.0 and 530.7 eV are present in both sam-
ples, respectively, which are attributed to oxygen vacancies (Oy) [49].
At 900 °C, the intensity of the oxygen vacancy peak increases signifi-
cantly, indicating a higher concentration of oxygen-deficient sites. This
suggests that thermal treatment at high temperatures enhances defect
formation, likely due to the partial reduction of Ti** to Ti®*, as
confirmed by the Ti 2p spectra. Additionally, a more pronounced feature
appears in the 533-535 eV range, attributed to adsorbed water, which is
more evident in the catalysts calcined at 900 °C.

The Ti 2p spectrum of TiO3 shows contributions from Ti** (458.7 eV)
and Ti®* (456.6 V) [50]. A slight shift in the Ti 2p binding energy is
observed, from 458.7 eV at 400 °C to 458.2 eV at 900 °C. This shift can
be attributed to structural transformations, particularly the transition
from the anatase to the rutile phase of TiO2, which modifies the local
lattice environment and electron density around Ti** ions. Additionally,
the increased formation of oxygen vacancies contributes to Ti>* stabi-
lization (457 eV in Ti 2p), further modifying the electronic structure. In
this context, stronger metal-support interactions between Ni, Mo, and
TiOy at higher temperatures may also play a role in modifying the
electronic states of Ti.

Accordingly, the rise of the thermal temperature induces a charge
transfer from molybdenum to titanium and nickel species.
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Fig. 7. Cyclic voltammograms performed at GCE (dash black line), TiO, (dash blue line), and NiMo-TiO, calcined at 900 °C (green line) and 400 °C (red line) in 0.1
M phosphate buffer solution, pH = 7. Sweep rate = 20 mV-s~". (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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N.A. Sacco et al.

-0.020

-0.025

-0.030

-0.035

jl mA.cm™

-0.040

Chemical Engineering Journal 511 (2025) 162239

400

900

[ E=00V
-0.045 |

OFF ON

OFF ON OFF ON

(b)

 OFF ON OFF ON OFF ON

0 50 100
Time/ s

150

250 300 350
Time/ s

Fig. 9. Current transients of NiMo-TiO2-400 (red line) and NiMo-TiO5-900 (green line) recorded at (a) 0.0 V and (b) —0.1 V in 0.1 M phosphate buffer solution (pH
= 7). The measurements were performed without electrode rotation and under an inert atmosphere. The gray-shaded regions indicate the absence of light, while the
yellow-shaded regions correspond to illuminated periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

3.2. Electrochemical characterization

3.2.1. Hydrogen evolution reaction (HER)

The performance of the catalysts in the HER was studied in the
presence and absence of the contaminant and irradiation, through
different electrochemical tests. Fig. 7 shows cyclic voltammograms
performed at GCE, TiOy and NiMo-TiO; calcined at 900 and 400 °C
between —0.1 V and 1.5 V in the electrolyte solution at 20 mV-s .

As anticipated, the GCE electrode shows only capacitive currents
within the potential range studied. On the other hand, TiO-based cat-
alysts exhibit an increase in cathodic currents at potentials more nega-
tive than 0.40 V. Indeed, NiMo-TiO, calcined at 900 and 400 °C reveal
an increase of the cathodic current at more negative potential than 0.40
and 0.35 V, which should be associated to the electrochemical reduction
of surface oxide species. Furthermore, the high increment of the
cathodic current at potential more negative than 0.0 V at TiOy and
NiMo-TiO; calcined at 400 °C seems to be related to the HER.

Fig. 8 shows linear sweep voltammetry (LSV) experiments for NiMo-
TiO, calcined at 400 and 900 °C performed at 5 mV s~! to discern be-
tween faradaic currents associated to the electrochemical reduction of
surface oxide species and the HER. In this context, it becomes clear the
greater catalytic activity toward the HER of NiMo-TiOz calcined at
400 °C in contrast to the treated at 900 °C. Indeed, more than double
current is achieved at —0.2 V with the material heated up to 400 °C in
comparison with that calcined at 900 °C.
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The photoelectrocatalytic performance of catalysts toward the HER
was evaluated using the chronoamperometry technique. This was done
in the presence (light on) and absence of radiation at 0 and —0.1 V, with
a 30 s irradiation intermittence (Fig. 9). The catalyst prepared by
calcination at 400 °C exhibits significantly higher cathodic current and
photoactivity than that calcined at 900 °C, as the increase in cathodic
current when exposed to light is much greater. This difference can be
attributed to the anatase-rutile heterojunctions present in the NiMo-
TiO2-400 (band gap 3.48 eV), which enhance charge separation and
reduce recombination. In contrast, the NiMo-TiO2-900 (pure rutile, band
gap 3.04 eV) exhibits faster recombination, limiting its photocatalytic
efficiency. These results highlight the synergistic effect of mixed ana-
tase-rutile phases in improving photoelectrocatalytic performance [51].

The observed current spike toward less negative current values upon
illumination in both materials suggests p-type semiconductor behavior
[52]. Such behavior may be associated with the presence of surface
species that enhance charge transfer, underscoring the significance of
calcination temperature in modulating the electronic and photo-
electrochemical properties of the material [53].

On the other hand, a faster catalytic deactivation upon switch off the
light at NiMo-Ti02-400 in comparison to that heated up to 900 °C is
observed (Fig. 9). This effect is more pronounced at those experiments
performed at —0.1 V. These observations suggest that MoyO4 is the
responsible for the enhanced photoelectroactivity.

Current transient recorded at —0.1 V in the presence of light were



N.A. Sacco et al. Chemical Engineering Journal 511 (2025) 162239

-0.05 }
0.10
=
G
< - L
< -0.15

-0.20

-0.25

0 500 1000 1500 2000 2500 3000 3500
Time/ s

Fig. 10. Current transient of NiMo-TiO,-400 recorded at —0.1 V in 0.1 M phosphate buffer solution at rotation rate of 1000 rpm, pH = 7, under the presence of light.
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Fig. 11. Linear sweep voltammogram recorded at 5 mV-s~! for NiMo-TiO, catalysts prepared at 400 (left panel) and 900 °C (right panel) in 0.1 M phosphate buffer
solution and 100 ppm of PTM solution, pH = 7.
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Fig. 12. Linear sweep acquired from data of Fig. 11.

performed for a long period of time at NiMo-TiO,-400 (Fig. 10). Inter-
estingly, the cathodic current intensely rises during the first 40 min and
after that becomes constant at ca. —0.21 mA-cm 2. This behavior can be
explained as the concomitant electrochemical reduction reactions of
surface oxide species and hydrogen at shorter times, but the HER ap-
pears to be the only reaction occurring after 40 min of the experimental
procedure. It is noteworthy that the high current noise is related to
hydrogen bubbles formation and, even more importantly, the current
acquired at —0.1 V in the presence of light after 40 min, which is more
than 5 times higher than that developed in shorter times. Once more,
Mo,04 appears as the main responsible for the high photo-
electrochemical activity.

Linear sweep voltammetry (LSV) was performed at both catalysts
between 0.2 and —0.2 V at a sweep speed of 5 mV-s~! in the presence
and the absence of PTM (Fig. 11). For the catalyst calcined at 400 °C, the
presence of the contaminant slightly inhibits the HER. On the other
hand, the catalyst prepared at 900 °C exhibited the opposite behaviour,
where the current density value raises in the presence of PTM. The last
indicates a surface competition between reduction of PTM and HER at
NiMo-Ti02.900, and therefore a diminution of catalytic sites for the HER
is attained.

A Tafel plot was assessed to better understand the reaction kinetics
and mechanism of the HER at both calcined catalysts in the absence and
the presence of PTM (Fig. 12). Tafel slope (TS) values were employed to
discern which reaction mechanism follows the HER at the both catalysts.
In this sense, TS values of 120, 30, and 40 mV-dec ™! are associated with
Volmer, Tafel, and Heyrovsky as the rate-determining step (RDS),
respectively [42]:

Volmer : H,O+e =Hy+ OH™ 3)
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Heyrovsky :  Hgy+H,O+e =H,+OH™ (€©))

Tafel . Hy+Hg=H, (5)

TS of 180 and 360 mV-dec ™! were achieved in the absence of PTM for
thermal treated catalysts at 400 and 900 °C, respectively. The elevated
TS values may be attributed to the high amount of surface oxygenated
species that are reduced at the same potential range that the HER occurs.
Indeed, the high TS developed by catalyst calcined at 900 °C is in
agreement with XPS analysis and current transients experiments, which
reveal a high amount of surface oxide species. Nevertheless, both TS are
attributed to the Volmer step as the RDS during the HER at the both
catalysts, and the high amount of surface oxygenated species appears as
the main responsible to inhibit the first electron transfer step.

The presence of PTM further influenced the TS At 400 °C due to a
moderate increase from 180 to 220 mV-dec™! suggests competitive
adsorption of PTM, partially inhibiting the HER. However, this effect
was more pronounced at 900 °C, where the slope increased from 360 to
590 mV-dec !, These findings underline the critical role of calcination
conditions in tailoring the structural and catalytic properties of the
material. For dual-functional systems, such as those targeting green
hydrogen production and pollutant degradation, the 400 °C-calcined
catalyst emerges as a more effective and promising option, demon-
strating superior electrochemical activity under both reaction
conditions.

Table 2 summarizes the electrocatalytic performance of various Ni-
based HER catalysts, including both NiMo/TiO, materials synthesized
in the current study. These catalysts exhibited HER activity in neutral pH
(phosphate buffer, pH = 7), achieving current densities between
—0.07-0.13 mA-cm 2 at —0.1 V vs RHE with a catalyst loading of 0.20
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Table 2
Electrocatalytic performance of different Ni-based materials for the Hydrogen
Evolution Reaction (HER).

Electrode lj/mA-cm~?| Conditions Ref.
Electrocatalyst
Name Load mg-cm ™2/
(Composition)
GCE -0.02 Phosphate 20 mV-s~! [42]
TiO, 0.20/(1.25 wt% —0.1 buffer E=-03V
PdIn/ PdIn) —0.22 solution vs RHE
TiO, 0.1M - o 1
—0.08 (pH = 7) 5mV:s
E=-02V
vs RHE
GCE —0.005 100 ppm
TiO, 0.20/(1.25 wt% -0.1 PTM
PdIn/ PdIn) -0.3 20mv-s !
TiO, E=-03V
vs RHE
NiMo/ 0.20 -0.13 5mV-s This
TiO,- (15 wt% NiMo) E=-01V work
400 vs RHE
NiMo/ -0.07
TiOo-
900
NiMo/ -0.11 100 ppm
TiOy- PTM
400 5mV-s!
NiMo/ —-0.13 E=-01V
TiO,- vs RHE
900 -
NiO 1.41/ -15 0.5 M HySOy4, 5 mV-s~? [54]
Ni/TiOy (~38 wt% Ni) -50 (pH = 0.03)
Ni-NiO/ -70 E=-0.5V vs RHE
TiO,
SL Ni 0.0013Pt ~—6 H, saturated KOH 0.1 M, 50  [55]
(OH)>-  0.0013 Ni mvs !
Pt/C E=-0.2Vvs RHE
ML Ni ~-5
(OH)2-
Pt/C

mg-cm~2 and 15 wt% NiMo. These values are comparable to PdIn/TiO,
[42], which reached —0.08 mA-cm ™2 at —0.2 V vs RHE, suggesting that
NiMo/TiO, exhibits competitive activity at less negative potentials.

The Ni/TiOj catalyst (38 wt% Ni, 1.41 mg-cm~2) reported by Gomaa
et al. [54] demonstrated significantly higher current densities (—50
mA-cm 2 at —0.5 V, pH 0.03), which can be attributed to the higher
overpotential applied and the higher Ni content, as well as to the elec-
trolyte (acidic media). Despite containing a lower active phase con-
centration, NiMo/TiO5 remains active under neutral conditions, where
HER kinetics are inherently less favorable.

A broader perspective on Ni-based HER catalysts can be gained by
analyzing the NiMo/C (MOF-derived) system reported by Senthil Raja
et al. [16], which exhibited overpotentials of 22 mV (alkaline), 48 mV
(acidic), and 98 mV (neutral) at 10 mA-cm 2. The enhanced perfor-
mance of this system is associated with a higher catalyst loading (0.5
mg-cm™2), carbon encapsulation, and the use of a Ni mesh support,
which contributes to improved charge transfer and additional HER-
active sites. In contrast, NiMo/TiO5 is supported on TiO,, an electri-
cally insulating material, which may limit its conductivity but enhances
chemical stability and absorbs UV light. Despite these differences,
NiMo/TiOy demonstrates notable HER activity in neutral conditions,
reinforcing its potential for applications where electrochemical stability
and scalable fabrication methods are of essential considerations.

HER studies on Ni(OH),-Pt/C catalysts (Chi et al., [55]) further
illustrate the importance of optimized active phase dispersion rather
than just catalyst loading. At —0.2 V vs RHE, a 50 wt% Ni(OH),-Pt/C
catalyst achieved ~5.2 mA-cm 2 (multilayer) and ~5.8 mA-cm 2 (sin-
gle-layer), despite a significantly lower total catalyst loading (0.00226
mg-cm~2). These results highlight the relevance of interfacial
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engineering strategies in enhancing HER activity, which could be further
explored to optimize NiMo/TiO,-based systems.

Additionally, studies on Ni-based 3D-printed electrodes [56] re-
ported notable HER activity in 1 M KOH, achieving 10 mA-cm~2 at
overpotentials of 337-367 mV. However, these materials required
higher catalyst loadings (0.133-0.178 g-cm~2). Although HER kinetics
are inherently more favorable in alkaline conditions, the performance of
NiMo/TiO; in neutral pH remains competitive despite operating under
less favorable conditions.

The results highlight the potential of NiMo/TiO2 as a stable and
scalable HER catalyst for neutral media applications. The combination
of a simple wet impregnation synthesis, moderate catalyst loading, and
electrochemical stability positions it as an attractive alternative for en-
vironments where strongly acidic or alkaline conditions are not viable.
Further optimization of active phase dispersion, catalyst loading, and
electrode interactions could enhance its efficiency while maintaining the
advantages of cost-effective and large-scale production.

3.2.2. Paracetamol oxidation reaction

Fig. 13 shows cyclic voltammogram profiles of PTM electro-
oxidation at glassy carbon electrode (GCE, dash black line), TiOq
(dash blue line), and catalysts prepared at 400 °C (red line) and 900 °C
(green line). The oxidation of PTM on GCE generates an anodic current
with a peak at 1.1 V and an onset potential of 1.0 V. The process is quasi-
reversible, exhibiting a peak-to-peak separation of 250 mV. The catalyst
prepared at 400 °C exhibited a similar behavior, with a peak separation
of 330 mV, indicating greater system irreversibility. At potential more
positive than the anodic peak, a significant decrease in current density is
observed, exhibiting Cottrell behavior. This indicates that the process is
limited by the diffusion of species toward the electrode surface. TiO5 and
catalyst prepared at 900 °C show an irreversible behavior in the pres-
ence of PTM, smaller anodic current during the PTM oxidation, and at
more positive potentials than the anodic peak, the oxidation behaviour
differs of that developed by GCE and catalyst prepared at 400 °C. This
suggests that the reaction mechanism is limited by adsorbed species at
TiO5 and NiMo-Ti02-900 electrodes.

To better understand the kinetics and reaction mechanism of PTM
oxidation, rotating disk experiments were conducted at various rotation
rates. Besides, experiments at different sweep rates were conducted.
Figs. 14 and 15 show the CV curves of PTM oxidation performed at
different sweep and rotation rates, respectively.

For both studies, the evolution of the anodic currents generated by
the oxidation of PTM as a function of scan rates strongly depends on the
calcination temperature. An increase in anodic current was observed for
both catalysts with the rise of the sweep rate, though less pronounced for
the catalyst prepared at 900 °C, which did not show a Cottrell behaviour
after reaching the maximum anodic current, unlike that prepared at
400 °C (Fig. 14). This suggests surface inhibition by adsorbed species.

On the other hand, when the rotation rate was varied, the anodic
current related to PTM oxidation was not greatly affected for the cata-
lysts prepared at 900 °C, while for that prepared at 400 °C, it increased
with the rise in rotation rate and a diffusion-controlled reaction was
discerned (Fig. 15). Additionally, both catalysts develop an increment of
the anodic current in the presence of light, which reveal the great
photosensibility of both materials. However, the photoelectrochemical
behaviour depends of the calcination temperature. In other words, the
catalyst prepared at 400 °C depicts an increment of the current in
presence of light. On the other hand, an important catalytic enhance-
ment of the PTM oxidation occurs at the material calcined at 900 °C
under radiation. The last may be associated with the photo-
electroxidation of adsorbed poisoning species in the presence of light.

Koutecky-Levich plots for the electrochemical oxidation of PTM on
NiMo-TiO2-400 in the presence and the absence of light are shown in
Fig. 16. Employing the Koutecky-Levich equation (Eq. (6)), where Ipg is
the limiting current (A), Ik is the kinetic current, and I}y is expressed
according to Eq. (7):
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Fig. 13. Cyclic voltammograms performed at GCE (dash black line), TiO, (dash blue line), and NiMo-TiO, calcined at 900 °C (green line) and 400 °C (red line) in
100 ppm PTM + 0.1 M phosphate buffer solution, pH = 7. Sweep rate = 20 mV-s~!. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 14. Cyclic voltammograms at diverse sweep rates at catalysts calcined at (a) 400 °C and (b) 900 °C. All assays were performed in a 100 ppm PTM solution +0.1
M phosphate buffer, pH = 7.
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Fig. 15. Steady-state polarization curves for catalysts calcined at 400 °C (top panel) and 900 °C (bottom panel) recorded at 10 mV-s ™! at several rotation rates in the
presence (right panel) and in the absence (left panel) of irradiation. All assays were performed in a 100 ppm PTM solution +0.1 M phosphate buffer, pH = 7.

1 1 1
el I (6)
I I Ik
Iy = 0.62nFAD? 3@ /2yv-1/6C .

where v is the kinematic viscosity, w is the angular frequency of rotation
(rad~s’1), A is the disk electrode area (cmz), and other symbols have
their conventional meanings.

By plotting 1/Ip; vs © /2 and employing the kinematic viscosity of
the electrolyte (0.012 cm?s7 1) and the diffusion coefficient D (6.1 x
107 em?s™), the number of electrons transferred involved in the
oxidation of PTM is n = 1 for the reaction in the absence of light and n =
2 in the presence of light. Therefore, for NiMo-TiO2-400 electrode, re-
actions (8) and (9) [57] are the most plausible to occur in the absence of
light, while reactions (8)—(11) [57] are the most probable to happen in
the presence of light:

CsHoNO,=(CgHgNO,) 4 + H" + €~ (C))
(CgHgNO,) 4= CsHgNO, 9)
(CgHgNO,) 4= (CsH7NO) s + HY + €~ 10)
(CgH7NO») 4, =CsH;NO, 1)

On the other hand, NiMo-TiO2-900 catalyst reveals an irreversible
behavior and inhibition of the PTM oxidation by adsorbed species was
discerned to occur in the absence of light. Thus, the number of electrons
(n) transferred to the surface of the electrode was calculated through the
Laviron equation (Eq. (12)) for an irreversible process, where « is the
electron-transfer coefficient (0.5), and n is the number of electrons

involved in the redox process:
E,x = RT(1 — a)nFlog(v) 12)

The number of transferred electrons was 2, and reactions (8)-(11)
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are the most plausible to occur with adsorbed CHgH7NO, acting as
poisoning species. The presence of light enhances the kinetic of reaction
(11) (according to Tafel analysis) and consequently the anodic current
rises.

To contextualize the electrooxidation of paracetamol at NiMo/TiOs,
its oxidation potential was compared with values reported in the liter-
ature, all expressed in the reversible hydrogen electrode (RHE) scale at
pH 7 to ensure consistency. In this study, the oxidation of paracetamol
on NiMo/Ti0O,-400 occurs at approximately 1.1 V vs RHE, exhibiting a
more irreversible electrochemical behavior compared to the glassy
carbon electrode (1.0-1.1 V vs RHE, AEp = 250 mV). In the NiMo/TiO»-
900 system, a slight shift of the anodic peak towards higher potentials is
observed, suggesting that surface interactions play a significant role in
the oxidation process.

When compared to other Ni-based materials, NiMo/TiO, exhibits
oxidation potentials within the expected range while offering the
advantage of being a structurally stable and scalable alternative. Most
studies on the electrooxidation of paracetamol focus on its detection,
leading to differences in experimental conditions and performance
evaluation criteria. Makhlouf et al. [58] reported a peak oxidation po-
tential of ca. 1.4 V vs RHE for Pt-Ni/Screen Printed Electrode, achieving
efficient electron transfer due to the presence of Pt. However, this sys-
tem was designed for sensing applications, and the high cost and limited
scalability of Pt-based materials pose challenges for broader electro-
chemical applications. Babulal et al. [59] investigated Fe-doped NiO,
which also exhibited an onset oxidation potential of ca. 1.0 V vs RHE,
emphasizing its role in paracetamol detection. Abdi et al. [60] studied
NiNPs-SDS/CS, reporting a peak oxidation potential at ca. 1.1 V vs RHE,
closely aligning with NiMo/TiO2-400 (1.1 V RHE). The similarities in
oxidation behavior suggest that both systems rely on Ni(III)/Ni(II) redox
transitions, which are well-documented in Ni-based oxidation mecha-
nisms. However, the NiNP-based system was also developed for sensing
applications rather than bulk electrooxidation.

These comparisons indicate that NiMo/TiO, operates within the
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Fig. 16. Koutecky-Levich plot for oxidation of PTM at NiMo-TiO,-400 at different rotation speeds in the presence (red circles and line) and in the absence (black
squares and line) of light. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

expected potential range for Ni-based catalysts while offering distinct
advantages in terms of stability, cost-effectiveness, and fabrication
scalability. Unlike Pt-containing electrodes, which present economic
and material constraints.

Summarizing, NiMo/TiO, calcined at 400 °C acts as bifunctional
photoelectrocatalyst. The catalyst reveals an outstanding photocatalytic
performance towards the HER in neutral media, which is not compro-
mised in the presence of PTM. On the other hand, the photo-
electrochemical oxidation of PTM is not only elevated but also is limited
by diffusion and therefore inhibition by adsorbed species is not
perceived. Furthermore, MoO, appears as the key species to generate
molecular hydrogen and degrade PTM at smaller overpotentials than the
well-known water splitting. The latter is of great importance to achieve
the desired hydrogen economy.

4. Conclusions

This study demonstrates the dual functionality and stability of NiMo-
based photocatalysts on TiO, for green hydrogen production and pho-
toelectrochemical degradation of paracetamol. Catalyst calcined at
400 °C outperformed that calcined at 900 °C in HER and PTM oxidation,
attributed to their higher surface area, favourable optoelectronic prop-
erties and lower amount of surface oxide species. Both catalysts suc-
cessfully degraded paracetamol under light irradiation, with oxidation
reaction mechanisms varying by calcination temperature. These find-
ings underscore the potential of NiMo-TiO2 as a sustainable, cost-
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effective alternative to noble metal catalysts, paving the way for inte-
grated solutions in environmental remediation and renewable energy
applications.
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