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Developing highly active TiOp-based photocatalysts capable of operating under visible light remains a key
challenge for scalable solar-to-hydrogen conversion. In this work, we report a significant performance
enhancement achieved by SAS micronization to produce Cu-doped TiO2 photocatalysts with finely tuned
structural and electronic properties. Comprehensive characterization (XRD, Raman, FESEM-EDX, FTIR, UV-vis,
PL, SSA and XPS) reveals that SAS processing promotes homogeneous Cu incorporation, lattice distortion along
the c-axis, and the generation of oxygen vacancies, collectively enabling band-gap narrowing and improved
visible-light absorption. Among the investigated samples, 2Cu-TiOy SAS exhibited the highest Hy production
(4040 pmol L1 after 4 h), outperforming both non-micronized analogues and literature benchmarks. Photo-
catalytic tests combined with D3O experiments demonstrate that lactic acid serves as the primary hydrogen
source. A kinetic model derived from the Langmuir-Hinshelwood framework, incorporating substrate inhibition
at high lactic-acid concentrations, accurately reproduces the experimental trends and predicts photocatalytic
performance. When normalized to catalyst mass, lactic-acid moles, and irradiation power, the 2Cu-TiO2 SAS
photocatalyst achieves 941 pumol Hy gcat ' molf4 W), up to twenty times higher than reference CdS-based
systems. The novelty of this work lies in the use of the supercritical antisolvent (SAS) process to achieve
improved Cu incorporation into the TiO; lattice, enabling enhanced visible-light-driven hydrogen production
from lactic acid compared to conventionally prepared materials.This study establishes SAS-micronized Cu-TiO2
as a highly efficient platform for visible-light-driven hydrogen production.

1. Introduction Titanium dioxide (TiO3) remains one of the most widely investigated

photocatalysts due to its stability, non-toxicity, and low cost [5]. How-

The transition toward sustainable energy systems is driving
increasing interest in alternative hydrogen production routes capable of
reducing reliance on fossil fuels and associated COy emissions [1,2].
Among the emerging strategies, photocatalytic hydrogen generation has
gained considerable attention as it allows simultaneous Hy production
and the valorization of organic compounds while operating under mild
conditions [3,4].

ever, its relatively wide bandgap (3.0-3.2 eV) restricts absorption to the
UV region, and rapid electron-hole recombination limits overall effi-
ciency. Various modification strategies have been proposed to enhance
visible-light activity, including metal and non-metal doping [6,7].
Among transition-metal dopants, copper has emerged as a promising
candidate, as Cu?*/Cu* species introduce intra-bandgap states, extend
light absorption into the visible region, and act as efficient electron
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traps, thereby improving charge separation [8]. Several studies have
demonstrated that Cu-doped TiO2 can outperform pristine TiOp in
photocatalytic reactions such as pollutant degradation, CO5 reduction,
and hydrogen evolution [9,10]. Nevertheless, reported performances
vary considerably due to differences in synthesis method, dopant
dispersion, and copper speciation. Most Cu-doped TiO, photocatalysts
have been produced using conventional techniques such as sol-gel
synthesis, hydrothermal treatment, or wet impregnation. While effec-
tive, these routes often provide limited control over particle size,
morphology, and metal incorporation, and they may lead to residual
contaminants that negatively affect photocatalytic performance
[11-14]. Therefore, the development of alternative synthesis methods
capable of generating highly uniform and pure nanostructured materials
is of increasing relevance.

Supercritical antisolvent (SAS) precipitation has recently emerged as
a promising approach for producing advanced metal-oxide photo-
catalysts. Thanks to the unique properties of supercritical CO; (such as
high diffusivity and negligible surface tension) SAS enables rapid
nanoprecipitation, narrow particle-size distributions, and efficient sol-
vent removal [15,16]. However, despite its potential, the use of SAS for
the preparation of metal-doped TiO,, and in particular Cu-doped TiOs,
remains scarcely explored [17,18].

In this context, the present work investigates the synthesis of Cu-
doped TiO, with different Cu loadings using the SAS process, followed
by thermal activation. The resulting materials were thoroughly char-
acterized to evaluate the influence of doping on structural, morpho-
logical, and optical properties. Their photocatalytic performance was
assessed in the visible-light-driven hydrogen production from aqueous
lactic acid solutions, a sacrificial agent of interest due to its low oxida-
tion potential, biodegradability, and relevance in waste valorization
[19,20]. In this context, the present work aims to elucidate the role of
the supercritical antisolvent (SAS) process in promoting an effective
incorporation of Cu into the TiO, lattice and its impact on
visible-light-driven hydrogen production. The novelty of this study lies
in correlating the synthesis route with the structural properties of the
photocatalyst and its performance in lactic acid photoreforming,
providing insights into structure-activity relationships. By establishing
correlations between material features and photocatalytic activity, this
study provides new insights into the role of Cu doping and demonstrates
the potential of SAS as an effective technique for preparing
next-generation visible-light-active photocatalysts for the hydrogen
production.

2. Materials and methods
2.1. Materials

Titanium (IV) oxide acetylacetonate (TiO(acac)s) and copper (II)
acetate monohydrate (CuAc) were obtained from Sigma-Aldrich. Ethyl
alcohol (99.9% purity) and lactic acid (88% purity) were purchased
from Carlo Erba Reagenti. Carbon dioxide (99% purity) was supplied by
Morlando Group S.r.l. (Naples, Italy).

2.2. Photocatalyst preparation

2.2.1. Supercritical antisolvent (SAS) process

Micronization of the photocatalyst precursors was carried out using
the supercritical antisolvent (SAS) technique. Ethanol was selected as
the solvent since both TiO(acac), and CuAc are readily soluble in it. For
the SAS micronization of pure TiO(acac)y, ethanolic solutions with
concentrations of 7 mg/mL and 10 mg/mL were prepared. To obtain Cu-
doped photocatalysts with 2%Cu/Ti molar percentage of 2%), TiO
(acac); and CuAc were dissolved together in ethanol at a total concen-
tration of 10 mg/mL.

The Cu nominal loading is expressed as a molar percentage, and it
was evaluated through the following equation:
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nCu

%mol Cu= nCu 1 AT

Eq.(1)

where nCu and nTi are the moles of CuAc and TiO(acac), used in the
synthesis, respectively.

During the SAS process, supercritical CO2 (scCO3) was pumped into a
high-pressure precipitation chamber and brought to the desired oper-
ating pressure. Once steady-state conditions were reached, pure ethanol
was introduced through a high-pressure pump and sprayed through a
stainless-steel nozzle. The precursor solution was then injected into the
chamber at a flow rate of 1 mL/min. Upon contact with scCO,, rapid
mutual diffusion of solvent and antisolvent induced solute supersatu-
ration, leading to homogeneous precipitation of micronized particles.

After precipitation, a washing step with scCO, was carried out to
remove solvent residues. The vessel was then depressurized to atmo-
spheric pressure, and the resulting particles were collected from the
filter, characterized, and used for photocatalytic testing.

All SAS experiments were performed at 150 bar and 40 °C, using a
100 pm injector and a CO; flow rate of 30 g min~'. A detailed scheme of
the SAS apparatus is reported elsewhere [21].

The recovered powder was subjected to a slow calcination treatment,
heating at a rate of 2 °C min~* up to 450 °C and maintaining this tem-
perature for 2 h. Throughout this work, the resulting materials are
referred to as micronized TiO, (TiO SAS) and micronized 2Cu-doped
TiO,.

2.2.2. Solution-based synthesis (evaporation—calcination route)

For comparison purposes, a conventional solution-based method was
employed to assess the feasibility of Cu doping in TiO, and to benchmark
the resulting materials against those prepared via the SAS process.
Copper acetate and titanium oxide acetylacetonate were dissolved in
ethanol, maintaining a nominal Cu molar percentage of 2%. The solu-
tion was stirred at room temperature until complete solvent evaporation
was achieved. The resulting solid residue was collected as a dry powder.

The obtained powder was then subjected to calcination, with a
heating rate of 2 °C min~! up to 450 °C and a dwell time of 2 h. The
following photocatalysts were obtained and tested:

— TiO; derived from the non-micronized precursor (TiOz NM),
— Cu-doped TiO; derived from the non-micronized precursor
(2Cu-TiO2 NM).

2.3. Characterization methods

All precursor samples and the corresponding calcined catalysts were
dispersed onto a carbon tray coated with a 250 A-thick gold layer. The
morphology was examined using a field emission scanning electron
microscope (FESEM, LEO 1525, Carl Zeiss SMT AG). The average par-
ticle diameter and particle size distribution were determined through
image analysis performed with Sigma Scan Pro v5.0 (Aspire Software
International) and graphically processed using Origin software. Energy-
dispersive X-ray (EDX) analysis was also conducted to confirm the
presence of copper in the photocatalysts.

X-ray diffraction (XRD) patterns were collected using a Bruker D8
diffractometer equipped with Cu Ka radiation. The lattice parameters
were calculated using the following equation:

1 R4k B

+— Eq.(2)
d?h kD a2 c2

In these equations, h, k, and [ are the Miller indices; dp, 1 is the inter-
planar distance; and a, and c are the lattice parameters (for tetragonal
anatase TiO2 a = b # ¢). The anatase (1 0 1) and (2 0 0) diffraction planes
were used to determine the lattice parameters [22].

The average crystallite size was estimated using the Scherrer equa-
tion [23].
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Infrared spectra were collected using a Fourier-transform infrared
(FT-IR) Alpha spectrometer (Bruker Optics). A total of 100 mg of KBr
was mixed with 1 mg of the sample to form an IR-transparent pellet.
Spectra were recorded in the wavenumber range of 4000-400 cm "

Raman spectra were acquired at room temperature using a dispersive
Raman micro-spectrometer (Renishaw, India) equipped with a 514 nm
excitation laser. Measurements were performed in the Raman shift range
of 200-2000 cm ™.

UV-Vis diffuse reflectance (UV-Vis DRS) spectra were obtained
using a PerkinElmer Lambda 35 spectrometer equipped with an RSA-PE-
20 reflectance accessory (Labsphere Inc.). Measurements were carried
out using an 8° sample holder, and total reflectance was referenced to a
calibrated SRS-010-99 standard. The optical bandgap was evaluated
using the Kubelka-Munk function, F(R), by plotting [F (R)xhu]l/ 2asa
function of photon energy hv (eV).

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed 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-ray spot size 100 pm. For high-resolution (HR) spectra, an energy
range 50-20 eV was used, with a pass energy of 23.50 eV and a step size
of 0.1 eV, step time 50 ms, and X-ray spot size 100 ym. The binding
energy scale was referenced to the C-C peak of C1 at 284.8 eV, attrib-
uted 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 to get more reliable values
than from survey spectra.

A PerkinElmer Spectrofluorometer LS55 was used to record the
fluorescence spectra. The emission spectrum was acquired using an
excitation wavelength (Aex) of 365 nm, with both excitation and emis-
sion slits set to 10 nm, and employing a 390 nm cut-off filter to suppress
scattered excitation light. Textural characterization was performed via
N, physisorption and desorption isotherms at —196 °C, utilizing a
Micromeritics ASAP 2020 instrument. Prior to analysis, samples un-
derwent an outgassing procedure at 250 °C for 3 h under high vacuum to
eliminate residual contaminants. The specific surface area (SSA) was
derived using the Brunauer-Emmett-Teller (BET) model, while the pore
size distribution was determined from the desorption branch via the
Barrett-Joyner-Halenda (BJH) method.

The optimal photocatalyst was used to investigate the effect of lactic
acid concentration on the average aggregate size and Z-potential of the
catalyst suspension. Measurements were performed by Dynamic Light
Scattering (DLS) using a Malvern Zetasizer Nano S (Malvern In-
struments). The aggregate size was expressed as Z-average diameter,
while Z-potential measurements were used to evaluate the colloidal
stability of the suspension as a function of lactic acid concentration (0-
40 vol%).

2.4. Photocatalytic activity tests

Photocatalytic hydrogen production tests were carried out using a
dedicated experimental setup. A cylindrical Pyrex batch reactor (inner
diameter: 2.5 cm; height: 18 cm), equipped with a nitrogen distribution
system controlled by a mass flow controller (N; flow rate: 0.250 NL
min~1), was employed. Nitrogen was used both to purge the reactor and
to transport the evolved gaseous products to the analyzer, while also
contributing to the mixing of the suspension.

A 16 vol% aqueous lactic acid solution (pH = 2.1) was used as the
reaction medium, with a total volume of 60 mL. Catalyst loadings in the
range of 0.5-2 g L~! were tested. Continuous mixing of the suspension
was ensured by a Watson-Marlow peristaltic pump, which provided
steady recirculation of the liquid phase through the reactor. Before
illumination, the system was left under dark conditions for 60 min.
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Photocatalytic reactions were then conducted under visible-light
irradiation (A = 400-600 nm) for up to 240 min. Illumination was
provided by four Philips lamps (8 W each) positioned symmetrically
around the reactor to ensure uniform irradiation of the suspension. The
emission spectrum of the lamps is confined within the visible region;
therefore, no additional cutoff filter was required. Although the light
intensity was not directly measured, the experimental setup was kept
constant for all tests to ensure reliable comparison among the investi-
gated photocatalysts.

The evolved gases were quantified using a gas analyzer (ABB,
Advance Optima AO2000) equipped with a CALDOS thermal conduc-
tivity module for Hy detection and a URAS non-dispersive infrared
(NDIR) module for CO5 analysis, connected to LabVIEW software for
real-time acquisition of the Hy and CO; concentrations in the outlet
stream. The collected data were subsequently processed using Origin
software. A schematic diagram of the experimental setup is provided in
our previous work [24].

Table S1 of the Supplementary Materials summarizes the main
operating conditions of the photocatalytic experiments performed.
Specifically, tests were conducted on undoped TiO; prepared using non-
micronized and SAS-micronized precursors to evaluate the effect of the
micronization process on photocatalytic performance. Subsequently, the
Cu-TiO; catalysts obtained by the SAS process and sol-gel method were
tested to assess the effective doping of the photocatalyst. Once the
catalyst with the best photocatalytic performance was identified, the
effects of catalyst dosage and lactic acid concentration on the photo-
catalytic hydrogen production were investigated.

3. Results and discussion
3.1. SAS micronization of TiO(acac)z

While methanol is traditionally used as the solvent for processing TiO
(acac); via the SAS method [25,26], in this study, ethanol was selected
as a safer and more sustainable alternative. As previously described, TiO
(acac), was dissolved in ethanol and processed at 40 °C and 150 bar. The
effect of precursor concentration was assessed by preparing solutions at
7 mg mL~! and 10 mg mL™!. After SAS processing, the micronized
powders were collected from the precipitator and subjected to physi-
cochemical characterization. The FESEM image of the unprocessed
precursor (Fig. S1a), reported in the Supplementary Materials, shows the
presence of large aggregates, whereas the SAS-processed precursor
precipitated as nanometric particles, as clearly observed in Fig. S1b—c.
Solution concentration plays a key role in the SAS precipitation mech-
anism. The position of the operating point relative to the critical point of
the CO2-organic solvent mixture strongly influences particle formation
[27]. However, since nanometric particles were successfully produced at
both concentrations tested, it can be inferred that the concentration
range explored here does not significantly alter the phase behavior of the
COz—ethanol mixture, indicating that the system operates above the
mixture's critical point. Under such conditions, the gas-mixing precipi-
tation mechanism becomes dominant: solids nucleate and grow directly
from the liquid solution, which undergoes instantaneous mixing with
the supercritical phase [21,28]. The non-spherical morphology of the
nanoparticles further supports this mechanism, as particle formation via
droplet drying would typically result in nearly spherical particles due to
surface tension effects. Despite operating above the mixture critical
point, solute concentration still significantly influences the final particle
size, as it directly affects nucleation and growth rates. At the lower
concentration (7 mg mL’l), the SAS-processed material tends to form
aggregates and exhibits limited particle separation (Fig. S1b). In
contrast, the higher concentration (10 mg mL™1) leads to well-defined
nanoparticles with an average diameter of 39.3 + 1.21 nm, as shown
by the particle size distribution in Fig. S1d. Generally, increasing the
initial solute concentration produces two opposing effects: (i) higher
supersaturation promotes rapid nucleation, reducing the available
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growth time and limiting particle enlargement before new nuclei form
[29]; (ii) higher solute content also enhances condensation rates, fa-
voring particle growth [30]. Under the operating conditions considered
in this study, the first effect dominates, resulting in smaller and more
uniform particles at higher precursor concentration. Fig. S2 of Supple-
mentary Materials reports the FESEM images of the samples prepared in
the presence of copper. The incorporation of copper acetate did not
induce appreciable changes in particle morphology compared to the
corresponding undoped materials, both for the sol-gel samples and for
those obtained via SAS micronization. The SAS-produced particles
(Fig. S2b) preserved their spherical shape with no noticeable agglom-
eration or structural defect attributable to copper addition. These results
indicate that, at the investigated copper loading, the metal precursor
does not significantly perturb the nucleation-growth mechanism of the
process, allowing copper incorporation without compromising the
structural integrity of the material.

3.2. Photocatalysts characterization results

FESEM analyses were also carried out to evaluate the morphology of
the samples after the calcination step. As shown in Fig. 1, the
nanoparticle-like morphology is preserved following thermal treatment,
which can be attributed to the use of a slow heating rate during calci-
nation. Fig. 1c-d shows that SAS-produced samples maintain their
overall shape, and no significant sintering or extensive grain coalescence
are observed. The preservation of the nanoscale structure is particularly
important, as it ensures that the high surface area and reactivity

— TiO, NM Mag= 30.00 KX
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associated with the as-prepared materials are largely retained after heat
treatment.

Additionally, representative EDX images of Cu-combined TiO,
samples were acquired to assess their elemental composition, as illus-
trated in Fig. 2. The analyses confirm the presence of Ti, O, and Cu in
both the sol-gel-prepared photocatalyst and the catalyst derived from
the SAS-micronized precursors.

A closer examination of the EDX elemental maps for the SAS-derived
sample (Fig. 2b) reveals that Cu is finely and uniformly distributed
across the TiO, matrix, with no evidence of dopant-rich agglomerates.
This demonstrates the efficiency of the SAS process in ensuring intimate
mixing between Ti and Cu precursors during nanoparticle formation.

In contrast, the non-SAS sample (2Cu-TiOy NM, Fig. 2a) shows a
noticeably less uniform distribution of copper. The EDX maps reveal
localized areas of Cu enrichment and a more heterogeneous dopant
distribution, evidencing the formation of Cu-rich domains.

Fig. 3a shows the XRD patterns of the non-micronized photocatalyst,
the SAS-micronized photocatalyst, and the Cu-combined samples.

All materials exhibit the characteristic diffraction peaks of the
tetragonal anatase TiOs phase (JCPDS 21-1272). All samples, both
doped and undoped, display the characteristic diffraction peaks at
26 = 25.3° corresponding to the (101) plane and at 26 ~ 48° corre-
sponding to the (200) plane of the anatase TiO5 structure.

As shown in Fig. 3b, the 2Cu-TiO; SAS photocatalyst exhibits a slight
shift of the (101) diffraction peak from 20 ~ 25.3° toward lower 26
values. This shift is indicative of lattice expansion, which can be
attributed to the incorporation of Cu species into the TiO. lattice,

200 nm 2Cu-TiO, NM Mag= 30.00KX

TiO, SAS Mag= 30.00 KX

200 nm
—

()

2Cu-TiO2 SAS Mag= 30.00 K X

©)

@)

Fig. 1. FESEM images of (a) TiO, NM, (b) 2Cu-TiO, NM, (c) TiO, SAS, (d) 2Cu-TiO, SAS.
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@)

()

Fig. 2. EDX images of (a) 2Cu-TiO3 NM, (b) 2Cu-TiO, SAS.

producing local structural distortion due to the ionic radius mismatch
between Cu®* (0.73 A) and Ti** (0.64 A) [31]. Importantly, this shift is
not observed in the 2Cu-TiO2, NM sample, suggesting that the sol-gel
synthesis route does not effectively facilitate the incorporation of Cu
species into the TiO5 lattice structure.

2Cu-TiO; SAS sample shows an additional weak diffraction peak at
20 =~ 34.9°, attributable to TizO3 [32]. Additionally, the slight broad-
ening of the main anatase reflection at 20 ~ 25° can be reasonably
attributed to the partial overlap with a weak reflection at 20 ~ 24.9° of
rhombohedral-phase Ti;O3 (JCPDS 43-1033). Their very low intensity
indicates that the Ti;O3 phase is present only in trace amounts; in fact,
Raman and UV-Vis spectroscopies (vide infra) do not reveal discernible
features attributable to TiOs, confirming that this phase constitutes a
minor impurity and does not significantly affect the crystal structure of
the dominant TiO, matrix.

Furthermore, the lack of the characteristic CuO diffraction peaks
attributable to CuO or Cu,0 suggests that copper does not crystallize as a
separate oxide phase [33].

Given the results discussed above, it is reasonable to conclude that
the SAS-micronized sample undergoes an effective Cu incorporation
within the TiO. lattice, consistent with a doping process.

This conclusion is further supported by the lattice parameter values
reported in Table 1. Compared to pure TiOz SAS, the 2Cu-TiOy SAS
sample exhibits a measurable increase in the c lattice parameter, while
the a parameter remains essentially unchanged within experimental
uncertainty. This anisotropic lattice expansion is consistent with the
incorporation of Cu species into the TiO; lattice and with the formation
of charge-compensating oxygen vacancies, both of which can contribute
to a slight elongation of the unit cell along the c axis [34]. In contrast,
the lattice parameters of the 2Cu-TiO2 NM sample remain very similar
to those of the undoped TiO,, indicating that the sol-gel synthesis route
does not effectively promote the incorporation of Cu species into the
TiO, lattice.

Furthermore, the crystallite size values calculated using the Scherrer
equation (Table 1) reveal no significant differences among the investi-
gated samples. Both undoped and Cu-doped photocatalysts (irrespective
of whether they were synthesized via SAS or prepared from the non-
micronized precursor) exhibit comparable crystallite sizes. This dem-
onstrates that neither the introduction of copper nor the different syn-
thesis methods substantially affects the growth of anatase
nanocrystallites during calcination. The structural modifications
observed in Cu-doped SAS samples therefore arise primarily from lattice
distortions associated with dopant incorporation rather than from

variations in crystallite size.

Fig. 4 reports the FTIR spectra of all photocatalysts investigated. All
samples display a broad absorption band in the 1000-400 cm ™ region,
attributable to Ti-O stretching vibrations (~490 em™ 1) and Ti-O-Ti
bridging modes (=730 cm’l), which are characteristic of anatase titania
[35].

The band at 1636 cm ™! corresponds to Ti-OH bending vibrations
arising from molecular water adsorbed on the TiO, surface [36]. The
feature observed around 2340 cm™! is associated with the asymmetric
stretching of COq, typically resulting from the interaction between at-
mospheric COy and surface hydroxyls [37]. The broad band centered at
approximately 3440 cm ™! is assigned to the symmetric and asymmetric
stretching vibrations of surface hydroxyl groups (Ti-OH) [38].

When copper is introduced into TiO,, an increase in surface hy-
droxylation can be inferred by comparing the relative intensity of the
broad O-H stretching band at approximately 3440 cm ™! with that of the
Ti-O-Ti bridging vibration at ~730 ecm ™. In particular, the ratio be-
tween the 3440 cm ™! and 730 em ™! bands increases upon Cu addition,
with the effect being most evident for the 2Cu-TiOy SAS sample. A
plausible explanation is the formation of oxygen vacancies associated
with the incorporation of cu?t into the TiO; lattice [39]. Oxygen va-
cancies act as active sites for water adsorption, resulting in the formation
of surface —~OH groups and enhancing the hydrophilicity of the material.
Moreover, a higher concentration of hydroxyl groups can promote the
adsorption of lactic acid onto TiOy through acid deprotonation and
hydrogen bonding interactions [40].

To support the assessment of oxygen vacancies, Raman spectra of the
bare and Cu-doped samples were recorded in the 100-800 em™? region.
Fig. Sreports the Raman spectra of all investigated photocatalysts. The
typical Raman-active modes of anatase TiO» are clearly observed at 144
(Eg), 195 (Eg), 394 (B1g), 516 (Agg + Byg), 639 em ! (Eg), confirming the
formation of the anatase phase in all samples [41,42].

The E; mode at ~144 cm ™! is the most intense and sensitive Raman
feature of anatase, and its position is known to shift in response to
structural disorder, dopant incorporation, or defect formation. Although
particle-size effects (phonon confinement) may also influence this peak
[43], this mechanism can be excluded here because all investigated
samples exhibit comparable crystallite sizes, as demonstrated by
Scherrer analysis (Table 1). Therefore, the variations observed in the Eg
Raman mode must arise from changes in the crystal lattice rather than
from differences in particle size.

The magnified view in Fig. 5a highlights a blue shift of the Eg band in
the SAS-derived Cu-doped sample. This behavior is consistent with
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Table 1
Crystallite size and lattice parameter of TiO, NM, TiO5 SAS, 2Cu-TiO, NM, and
2Cu-TiO, SAS.

Photocatalyst Crystallite size, nm Lattice parameter, A
a=b c
TiO, NM 11 3.781 9.339
TiO, SAS 10 3.796 9.618
2Cu-TiOy; NM 11 3.781 9.339
2Cu-TiO, SAS 11 3.797 9.937
2Cu-TiO, SAS
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Fig. 4. FT-IR spectra of TiO, NM, TiO, SAS, 2Cu-TiO, NM, and 2Cu-TiO, SAS
in the 4000-400 cm ! range.

increased lattice distortion, which can originate from the incorporation
of Cu species into the TiO; lattice and from the generation of oxygen
vacancies required for charge compensation [44]. Both phenomena alter
the local bonding environment, breaking some of the original Ti-O-Ti
linkages and creating Cu—-O-Ti or Cu-O-Cu bonds, thereby perturbing
the symmetric O-Ti-O stretching mode responsible for the Eg band.
Theoretical studies further support that oxygen vacancies in Cu-doped
TiO; induce a blue shift of the E; mode [45-47]. In sharp contrast, the
non-micronized samples (Fig. 5b) do not exhibit any blue shift of the Eg
mode upon Cu addition. This observation corroborates the XRD and
lattice-parameter results, which show that Cu is not effectively incor-
porated into the TiO; lattice in the 2Cu-TiOp, NM sample, where the
unit-cell parameters remain almost identical to those of pure TiOs.

Finally, Cu-combined samples exhibit lower Raman intensities
compared to their undoped counterparts. A reduction of Raman signal
intensity is commonly reported in Cu-doped TiO systems and can arise
from dopant incorporation [48,49]. In addition to this effect, the for-
mation of segregated, as evidenced in the UV-Vis DRS results for
2Cu-TiO3 NM (vide infra), can further attenuate the Raman intensity of
anatase, as CuO can act as an absorbing or scattering phase that de-
creases the effective Raman scattering volume of TiO, [50,51].

XPS characterization was conducted to determine the surface
chemical composition of the following samples: 2Cu-TiO; NM,
2Cu-TiOy SAS, TiOy NM and TiO, SAS. The XPS survey spectra (see
Fig. 6) of the samples confirm the presence of Ti, O, and Cu as the main
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elements, with no detectable impurities above the instrumental detec-
tion limit. The Ti and O contributions correspond to the TiO, support,
whereas Cu is observed consistently across the series, with relative in-
tensities increasing in sample prepared via the NM method. The absence
of additional signals (e.g., C 1s only showing adventitious carbon) in-
dicates that the synthesis procedure does not introduce foreign ele-
ments. All the relative atomic concentrations values are reported in
Table 2. After high resolutions (HR) spectra peak fitting (see Fig. 7), for
the C 1s and O 1s regions, the amount of oxygen detected in all the
samples has been divided between the components due to direct bonds
within the adventitious carbon contamination and the oxides present on
the samples surface. It is worth mentioning that sample 2Cu-TiO; NM
exhibits the highest amount of C (36.1 at.%) and oxygen bonded with it
(16.1 at.%), together with Cu content (0.7 at.%). High-resolution spectra
of the Cu 2p3/2 — Cu 2p1/2 regions (see Fig. 2-left) were used to identify
the oxidation state of surface copper species. The Cu 2p3/2 peak can
typically be deconvoluted into components associated with Cu®/Cu™
(located at ~932-933 eV) and Cu®t (expected at ~933.5-934.5 eV), the
latter accompanied by characteristic shake-up satellites in the
941-945 eV range. The presence, absence, or relative intensity of these
satellite features was used to discriminate between Cu(I)/Cu(0) and Cu
(ID). In our case, as can be seen clearly from Fig. 2 graphs, the absence of
the Cu®" satellite allows us to eliminate the Cu?>* component, leaving us
with only metallic Cu or Cul+ at 932.5 eV. To distinguish between these
two options, we also acquired the Cu LMM Auger region (see Fig. 2-
right), from which analysis, using the Modified Auger Parameter (MAP),
the average oxidation state of the Cu present on the surface can be
inferred. In our case, for the 2Cu-TiO, NM sample, we were able to fit
the region (not shown) obtaining the value of the Cu LMM peak, equal to
569.9 eV, which gives, together with the Cu2p3/2 peak at 932.5 eV, a
MAP value of 1849.2 eV. In literature [] this value is attributed to Cu(I)
oxide. It was not possible to proceed with the same procedure on the
2Cu-TiOy SAS sample, due to the small amount of Cu found on the
material surface, in line with the hypothesis that this time it involves
doping rather than a 'decoration' with nanoclusters or nanoparticles. In
fact, both in the Cu2p and in the Cu LMM regions, the characteristic Cu
peaks can barely be distinguished from the background noise of the
signal, so a signal peak fitting procedure could not be applied.

The Ti 2p spectra (not reported) exhibit the characteristic doublet of
Ti** in TiO,, with Ti 2p3/2 typically located at ~458.4-458.9 eV and
the corresponding Ti 2p1/2 at ~464.1-464.8 eV [Applied Surface Sci-
ence 257 (2010) 887-898]. The Ti2p peak has significantly separated
spin-orbit components: the splitting value varies depending on the
chemical state ((Ametal = 6.1 eV, Anitride = 6.0 eV and Aoxide = 5.7
eV). All the 4 samples have shown a separation equals to 5.7 eV, thus
confirming the oxide form. Moreover, apart from sample 2Cu-TiO2 NM,
the other three samples have shown a single oxidation state component,
for the Ti4+, with peaks located at 458.6 eV and 464.3 eV, respectively
for the 2p3/2 and % components. Sample 2Cu-TiO2 NM exhibits a
double component for both the Ti 2p3/2 and ! orbitals. Apart from the
Ti** at 458.4 eV, a second component is located at 459.7 eV. Since Ti3+
and Ti2+ are usually located at lower binding energies values, this shift
toward higher BE values may indicate the presence of interfacial effects
arising from the interaction between TiO, and Cu species (e.g., elec-
tronic perturbations, surface plasmon losses, Ti-O-X (X = Cu, Ni, Au ...),
charge transfer, ...) [52]. For example, Wei et al., [53], stated “A shift of
the Ti 2p binding energy to higher values indicates electron depletion in
TiO4 caused by charge transfer at the interface.”, which, in our case, can
be due to Cup0/TiO> hetero-junction interface. The O 1s signal typically
contains a lattice oxygen (Ti-O-Ti) contribution from TiO, at
~529.5-530.2 eV, oxygen vacancies and/or surface oxygens with
incomplete coordination at 530.8 - 531.4 eV, together with
higher-energy components (~531-532.5 eV) attributable to surface
hydroxyls or adsorbed species and water or adsorbates at 532.5-534 eV.
In samples containing Cu(I) species (Cu,0), lattice oxygen bound to Cu™
can appear around ~530.0-530.5 eV, together with C-O components,
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Fig. 6. XPS survey spectra for samples (from top to bottom): 2Cu-TiO, NM,
2Cu-TiO, SAS, TiO, NM, and TiO, SAS.

which belong to the same region. In Table 1 the results obtained from the
fitting procedures applied to O 1s regions are reported (more parameters
from these fitting procedures results are available in Table S1). Sample
2Cu-TiO NM is the one which deviates the most from the average
values reported for the other samples. This is since different components
contribute to the O 1s signal, not only from TiO5, but also from Cu0 and
the significant contamination from adventitious carbon, which also
contains bonds with oxygen. For this reason, it is difficult to find a place
for it within the value trend of the other three samples. In fact, for the
remaining samples, it was possible to fit the Ols with only 3 compo-
nents, excluding the adsorbate component, which is present only in the
first sample. Among the other three samples, 2Cu-TiO2 SAS is the one
which exhibits the higher amount of defects and -OH components,
which can promote lactic acid adsorption. The last region examined is
the valence band one. The valence-band (VB) region provides insight

Table 2

XPS data related to the relative atomic concentration (at.%) of samples:
2Cu-TiO2 NM, 2Cu-TiO2 SAS, TiO2 NM and TiO2 SAS, together with O 1s re-
gions peak fitting results and Modified Auger Parameters (MAP), calculated for
each of the four samples.

Sample Relative Atomic Concentration [at.%]
Cls Ols Ti2p  Cu2ps,»
Bonded Metal
with C Oxide
2Cu-TiO, 36.5 16.1 29.1 17.6 0.7
NM
2Cu-TiO, 26.2 5.2 46.3 22.2 ~0.1
SAS
TiOy NM 20.3 5.0 51.2 23.5
TiO, SAS 17.3 5.1 53.5 24.1
O 1s peak fitting data [%]
O from lattice O defects -OH (531.5  Adsorbates
(529.5-530.2 eV) (530.8 - -532.0eV) (532.5
531.4 eV) -534 eV)
2Cu-TiOy 5.0 3.6
NM 45.6 45.8
2Cu-TiOy 8.6
SAS 79.5 11.9
TiO; NM 8.2
84.2 7.6
TiO, SAS 7.0
85.0 8.0

into the electronic structure and the interaction between TiO5 and sur-
face species. The TiO2 VB spectra are usually dominated by the O 2p and
Ti 3d states, with a broad maximum between ~5 and 8 eV and a
valence-band maximum (VBM) located around 2.8 eV (anatase) and
3.0-3.2 eV (rutile) below the Fermi level In our study, we can see from
Fig. 3, that sample 2Cu-TiO2 NM has a different behaviour, since its
VBM is located at 1.13 eV, while the other three samples show values in
the range 2.68-2.78 eV, more in accordance with anatase-based
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compound. Huang et al. [54] have reported a shift towards the Fermi
level for CupO/TiO; heterojunctions interface, which reached values in
the range 0.18-0.67 eV for Cu20 higher than 30 at.%, thanks to the Cu
3d filled states. In our samples, the relative amount of Cu is definitely
lower, which implies a lower degree of variation of the VBM, due to Cu
3d electrons (See Fig. 8).

The UV-Vis diffuse reflectance spectra of all photocatalysts,
expressed through the Kubelka-Munk function F(R), are shown in Fig. 9,
and the corresponding band gap energies (Eyg) derived from Tauc plots
(Fig. S3) are summarized in Table 3.

Both TiOy NM (3.30 eV) and TiO; SAS (3.25 eV) exhibit band-gap
values fully consistent with those typically reported for anatase TiOy
(~3.2 £ 0.1 eV), confirming that the SAS process does not modify the
intrinsic electronic structure of pure TiOy [55-57]. For both TiO; NM
sample (Fig. 9a) and TiO5 SAS (Fig. 9b), the absorption edge located at
~350 nm is characteristic of anatase and corresponds to the 02_(2p) -
Ti**(3d) charge-transfer transition [58].

A markedly different optical response is observed for the 2Cu-TiO,
NM photocatalyst (Fig. 9a). This material displays broad absorption
features extending well into the visible region (400-800 nm). The ab-
sorption shoulder between 450 and 515 nm is typically considered
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Fig. 8. XPS valence band regions for all the four samples. The VBM has been
calculated by means of the “step-down” function, together with its un-
certainties, thanks to Monte Carlo simulations. The final values are reported in
each region.

evidence of Cuy0-TiO3 heterojunction formation [59]. Additionally, the
broad absorption tail extending from 600 to 900 nm may be associated
with electronic transitions in CuzO nanoclusters and plasmon-like ab-
sorption of metallic Cu nanoparticles supported on TiO», as reported for
Cut/Cu’-TiO, and Cu-TiO, systems displaying enhanced visible and
near-infrared light harvesting [60,61]. This assignment is fully consis-
tent with XPS results, which identify Cu exclusively as Cu*/Cu’ and
exclude the presence of Cu?". Additionally, the broad absorption tail
extending from 600 to 900 nm is characteristic of CuzO nanoclusters and
metallic Cu plasmon-like absorption, frequently observed in CuyO/Cu
composites supported on TiO; and generally attributed to intraband and
defect-related transitions rather than to CuO-related d-d bands.

These visible-light absorption features appear only in the 2Cu-TiO,
NM sample and are completely absent in SAS-derived catalyst, con-
firming that copper is not incorporated into the TiO, lattice in the sol-
—gel sample, but instead forms segregated CupO/Cu surface domains.

As a consequence, the apparent band-gap value estimated for
2Cu-TiOy NM (1.55 eV) does not reflect a true narrowing of the TiOg
band gap, but rather the convolution of the intrinsic optical transitions
of Cuy0 (Eg ~ 2.1 eV) and metallic Cu, which dominate the diffuse
reflectance response and artificially shift the Tauc extrapolation toward
lower energies [62].

Conversely, 2Cu-TiO2 SAS exhibits a moderate red shift of the ab-
sorption edge compared to TiO3 SAS, 2.65 eV (Fig. 9b). This behavior is
typically associated with lattice distortion and the formation of oxygen
vacancies induced by Cu incorporation, which generate mid-gap states
and slightly narrow the band gap [56]. The modest band-gap reduction
observed for SAS-derived sample could be attributed to Cu-related
defect states within the TiO5 lattice, in line with Raman and
lattice-parameter analyses.

The PL spectra of TiOy are typically characterized by emissions
arising from shallow defect centres, whereas Cu-doped TiO, is domi-
nated by deep-trap recombination processes. The incorporation of Cu?*
perturbs the local coordination environment of Ti** and promotes the
formation of oxygen vacancies. These vacancies can trap photo-
generated electrons and generate ionized oxygen-vacancy centres (F-
type centres), which govern the main visible emission features. In
particular, the 426 nm band originates from self-trapped excitons
formed through interactions between Ti3d electrons and O2p holes [63].
The peak at 490 nm corresponds to F-centres with two trapped electrons,
and the 536 nm emission is associated with deep-level recombination at
F" centres [64,65]. Overall, the visible PL emission of Cu-TiO, can be
ascribed to oxygen vacancies in different ionization states: F (two elec-
trons), F™ (one electron), and F>* (no electrons) [66].
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Table 3

Band gap energies (Epg) of TiOz NM, TiOy SAS,
and Cu-TiO, photocatalysts calculated from Tauc
plots using the Kubelka-Munk function.

Photocatalyst Epg, €V
TiO; NM 3.30
TiO, SAS 3.25
2Cu-TiO; NM 1.55
2Cu-TiO, SAS 2.65

The extent of electron trapping at these defect states significantly
influences recombination processes and, consequently, photocatalytic
performance. Both radiative and nonradiative pathways contribute to
the observed PL efficiency. Oxygen vacancies located at grain bound-
aries typically are reported by Choudhury et al. to generate shallow trap
levels below the conduction band and so acting as nonradiative
recombination centres, reducing the PL contribution from shallow de-
fects [64]. In contrast, Cu-related d-states and lattice oxygen vacancies
deeper in the band gap favor radiative recombination and are respon-
sible for the structured visible emission. Several effects may contribute
to PL quenching, including the presence of high-density trap centres,
grain-boundary defects, carrier mobility limitations, nonradiative Auger
recombination, and concentration quenching.

Despite having an identical Cu loading, the two Cu-TiOy samples
prepared through different routes exhibit markedly different PL re-
sponses (Fig. 10). The 2Cu-TiO NM sample shows substantially lower
PL intensity and less distinct emission peaks compared to 2Cu-TiO; SAS,
with the spectral features appearing flattened over the emission band.
This attenuation suggests a more prominent role of nonradiative
recombination pathways, likely promoted by a higher concentration of
structural defects or disordered regions. SEM, XPS and UV-Vis DRS an-
alyses support this interpretation, revealing the presence of Cu-rich
domains in the NM sample, which can act as efficient quenching cen-
tres and further suppress radiative transitions.

As summarized in Table S3, the 2Cu-TiO5 SAS material exhibits a
specific surface area (SSA) of 68.9 m> g’1 and a total pore volume of
0.702 cm® g 1. This relatively high surface area highlights the effec-
tiveness of the supercritical antisolvent (SAS) process in producing
finely dispersed nanostructured materials. In contrast, the sample
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Fig. 10. Photoluminescence spectra of 2Cu-TiO, SAS and 2Cu-TiO,
NM samples.

derived from the non-micronized precursor shows a significantly lower
surface area, with values below 10 m? g™, indicating a more compact
structure likely resulting from particle aggregation and sintering during
calcination. The 2Cu-TiO5 SAS sample exhibits a Type II isotherm pro-
file, typical of nonporous or macroporous materials (Fig. S4) [67]. The
near-asymptotic increase in nitrogen uptake at high relative pressures
(P/P°) suggests a pore structure predominantly composed of disordered
mesopores to macropores formed between aggregated nanoparticles
[68].
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The combination of high surface area and interparticle porosity is
expected to favor photocatalytic performance by enhancing the acces-
sibility of active sites and improving mass transfer within the catalyst
structure.

3.3. Photocatalytic hydrogen production

3.3.1. Influence of micronization and combination with Cu

The first set of photocatalytic experiments was carried out to eval-
uate the effect of micronization on the activity of TiOy under visible-
light irradiation. Reactions were performed for 4 h using 1 g L™} of
catalyst and a 16 vol% lactic acid solution. A photolysis test (lactic acid
only, no catalyst) was also performed under the same conditions for
comparison. The results are reported in Fig. 11.

As expected, both undoped photocatalysts exhibited negligible ac-
tivity under visible light. This behavior is consistent with their band gaps
(3.30 eV for TiOy NM and 3.25 eV for TiO, SAS), which fall within the
typical range of anatase TiO, and therefore require UV excitation [55,
57]. For this reason, Hy production obtained with TiO, NM
(2859 pmol L’l) and TiO, SAS (2886 pmol L’l) was essentially com-
parable to photolysis (2738 pmol L™1).

A remarkable improvement in hydrogen production was observed
for both Cu-modified samples (Fig. 11). However, the magnitude and
origin of this enhancement differ depending on the synthesis route. The
2Cu-TiO2 NM photocatalyst displayed a substantial increase in Hj
evolution (3532 pmol L~1). UV-Vis DRS (Fig. 9a) revealed absorption
bands attributable to CuyO-TiO4 charge-transfer transitions and d-d
transitions of Cu®", respectively, features typical of segregated Cuy0/
CuO domains [58,69]. These secondary Cu-based oxides form efficient
heterojunctions with TiOj, favouring charge separation and boosting
visible-light activity [70-72]. Indeed, the extremely low apparent band
gap (1.55 eV, Table 3) is consistent with the optical response of CuO
(1.4 eV) and Cuy0 (2.1 eV), rather than with true TiO5 band-gap nar-
rowing. In contrast, the 2Cu-TiO2 SAS photocatalyst exhibited the
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Fig. 11. H, production after 4 h of visible-light irradiation using 16 vol% lactic
acid and a catalyst dosage of 1 g L™!. Comparison between photolysis, non-
micronized TiOy (TiO, NM), SAS-micronized TiO, (TiO, SAS), non-
micronized Cu-doped TiO, (2Cu-TiO, NM), and SAS-derived Cu-doped TiO,
(2Cu-TiO4 SAS).
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highest performance (4040 pmol L7!). In this material, copper is
incorporated into the TiO; lattice, as confirmed by the XRD shift of the
anatase (101) peak, the increase in lattice parameter c, and the Raman
blue shift of the E; Raman mode. The incorporation of cu®* and the
associated formation of oxygen vacancies give rise to mid-gap defect
states responsible for the observed band-gap narrowing (2.65 eV),
enabling effective visible-light absorption [73]. Although XRD detected
traces of TizOs, these reduced Ti species can facilitate charge transport
and further enhance photocatalytic performance [74,75].

In addition, XPS and PL analyses consistently show that the SAS
process produces a more active Cu-combined photocatalyst under
visible light. In the SAS sample, Cu is incorporated into the TiO- lattice,
creating beneficial oxygen vacancies and surface -OH groups that
improve charge separation and substrate adsorption. The corresponding
PL features associated with F, FT, and F>* centres indicate well-defined
radiative defect states that help manage photogenerated carriers.

Overall, these results demonstrate that both Cu addition and
micronization strongly influence photocatalytic behavior. The SAS-
derived photocatalyst gains its superior performance from genuine
band-gap engineering and oxygen-vacancy formation. This synergistic
combination results in the highest Hy production observed among all
tested photocatalysts.

3.3.2. Influence of photocatalyst dosage

The photocatalyst dosage is a critical operational parameter that
directly influences light-matter interaction, photon absorption, and
overall reaction kinetics in heterogeneous photocatalysis. To identify
the optimal catalyst loading, the most active material (2Cu-TiOy SAS)
was tested at different dosages (0.5-2 g L™!) under visible-light irradi-
ation while keeping the lactic acid concentration fixed at 16 vol%. The
results are reported in Fig. 12.

Hydrogen production increases from 2740 pmol L™ at a dosage of
0.5 g L ! to a maximum of 4040 pmol L' at 1 g L™}, demonstrating that
an increased number of active sites and enhanced photon absorption
initially promote photocatalytic efficiency. However, when the catalyst
dosage is further increased to 2 g L™, H, production decreases to
3820 pmol L™}, indicating that excessive catalyst concentration becomes
detrimental to the process.

This behaviour is fully consistent with previous findings reported in
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Fig. 12. H, production after 4 h of visible irradiation using 2Cu-TiO, SAS at
different photocatalyst dosages.



M.C. Iannaco et al.

the literature. Higher photocatalyst dosages increase the turbidity and
opacification of the suspension, thereby limiting light penetration
through the aqueous phase and reducing the effective photon flux
reaching the active surface [76,77]. Moreover, elevated solid concen-
trations favor particle agglomeration, which reduces the accessible
surface area and diminishes the active interfacial sites participating in
the photocatalytic reaction [78].

Overall, these results indicate that 1 g L™! represents the optimal
trade-off between maximizing photon absorption and minimizing light
scattering and aggregation phenomena.

3.3.3. Influence of lactic acid concentration and kinetic considerations

Additional photocatalytic experiments were carried out to investi-
gate the influence of lactic acid concentration on hydrogen evolution.
Lactic acid acts as an effective electron donor, rapidly scavenging pho-
togenerated holes and thereby suppressing electron-hole recombination
on the semiconductor surface. The most active photocatalyst, 2Cu-TiO4
SAS at the optimal dosage of 1 g L™}, was selected for this study. A
control experiment performed in the absence of lactic acid confirmed
that hydrogen was still produced (1750 pmol L™1), attributable to
photocatalytic water splitting.

Lactic acid concentrations of 4, 8, 16, and 40 vol% were tested, and
the results (Fig. 14) show that H; evolution increases progressively with
lactic acid concentration up to 16 vol%, at which the maximum
hydrogen production (4040 pmol L) is achieved. Further increasing
the sacrificial agent concentration to 40 vol% leads to a noticeable
decrease in Hy production (3214 pmol L™D,. This reduction in photo-
catalytic hydrogen production at concentrations above 16 vol% cannot
be attributed to an increased aggregation of catalyst particles in sus-
pension. Fig. S5 shows a progressive decrease in the average aggregate
size with increasing lactic acid concentration, form 2672 nm at 4 vol% to
636 nm at 40 vol%. This behaviour is consistent with the increase in the
absolute value of the Z-potential observed at higher lactic acid con-
centration. Since the Z-potential is strongly pH dependent, the pro-
gressive acidification of the solution shifts the system away from the
point of zero charge density and enhanced electrostatic repulsion be-
tween particles. Consequently, electrostatic stability is improved and
particle aggregation is reduced. Therefore, the observed reduction in Hy
production at higher lactic acid concentrations is more likely related to
surface-related phenomena, such as competitive adsorption of lactic
acid and/or reaction intermediates on the photocatalyst surface, leading
to a partial blockage of active sites and a consequent limitation of charge
transfer and proton reduction kinetics.

The dependence of hydrogen production on the initial lactic acid
concentration was described using a substrate inhibition kinetic model
of the Andrews-Haldane type, which is suitable for systems exhibiting
an increase in reaction rate up to an optimum substrate concentration
followed by a decline at higher concentrations [79,80]. The adopted
kinetic expression is:

T'max*[C]

r=rg+——35
K +[C]+ &

Eq.(3)

Where ry represents the background rate, i.e. the contribution arising
from pathways that do not depend on substrate adsorption (such as
direct water splitting) [81]; rmax is the maximum theoretical hydrogen
production rate, Kg is the semi-saturation constant, K; is the substrate
inhibition constant, and [C] is the initial lactic acid concentration. In

this for
substrate-induced suppression effects that become significant at high
lactic acid concentrations. At low substrate concentrations, the
hydrogen production rate increases nearly linearly with [C], mainly due
to the enhanced scavenging of photogenerated holes by lactic acid,
which reduces charge carrier recombination. As the concentration in-

creases further, the reaction rate approaches a maximum value

2
model, the quadratic inhibitory term % accounts
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corresponding to an optimal balance between substrate availability and
surface reactivity. At very high lactic acid concentrations, inhibitory
effects become dominant, resulting in a decrease in hydrogen produc-
tion. From a photocatalytic perspective, this inhibition behavior may be
associated with several concurrent phenomena, including saturation or
blocking of catalyst active sites, competitive adsorption between lactic
acid, water, and reaction intermediates, local pH modifications at the
catalyst surface, light screening effects, and quenching of reactive
photogenerated species. The Andrews-Haldane formulation therefore
successfully describes the characteristic non-monotonic trend experi-
mentally observed in Fig. 13, consisting of an initial increase in
hydrogen production, followed by a maximum and a subsequent
decrease at higher substrate concentrations. The kinetic parameters
I'max> Ks, and Ky were determined by nonlinear least-squares regression of
the experimental hydrogen production rates as a function of lactic acid
concentration. The resulting values are reported in Table 4.

The model reproduces the experimental trend satisfactorily (Fig. 13),
yielding a coefficient of determination R? = 0.9359. RMSE was calcu-
lated based on the deviation between experimental and model-predicted
hydrogen production values.

To further assess the predictive capability of the proposed pre-
liminary kinetic model, additional photocatalytic tests were carried out
at intermediate lactic acid concentrations of 6 vol% and 32 vol%. These
concentrations were not included in the parameter-fitting dataset and
therefore served as external validation points. The corresponding
experimental Hp production values were compared with the model
predictions obtained using the kinetic parameters previously estimated
(Fig. 14). The comparison demonstrates that the model retains a high
predictive accuracy, with an excellent correlation between experimental
and calculated values.

3.3.4. Role of water in the reaction mechanism and possible reaction
mechanism for the photocatalytic hydrogen production with 2Cu-TiO, SAS
To elucidate the contribution of water to the overall reaction
mechanism, a photocatalytic test was performed by replacing distilled
water with deuterated water (D20) while keeping constant the catalyst
(2Cu-TiO4 SAS), dosage (1 g L’l), and lactic acid concentration (16 vol
%). As shown in Fig. 15, the use of D30 led to a decrease in both
hydrogen and carbon dioxide production. Hydrogen formation
decreased moderately from 4040 pmol L™! (H,0) to 3200 pmol L1
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Fig. 13. Experimental hydrogen production after 4 h of visible-light irradiation
using 2Cu-TiO, SAS at different lactic acid concentrations (4-40 vol%).
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Fig. 14. Comparison between the H, production predicted by the modified
Langmuir-Hinshelwood model and the corresponding experimental values at
lactic acid concentrations of 6 vol% and 32 vol%.

Table 4

Kinetic parameters obtained from fitting the experimental hydrogen production
rates using the modified Langmuir-Hinshelwood model. In the table, “LA” refers
to lactic acid.

To, pmoly2/(h*gear) T'maxs HMOlpa/(h*gear) Ks, mol/L/1a Ky, mol/Lia
1750 3.62%10° 2.6%10° 3.02%107°2
4500
4000 [ 1.0
[ Ip0
3500
-
= 3000
£
= 2500
=
=
°
S 2000+
=
e
a. 15004
1000 -
500
. | -
H, Co,

Fig. 15. Comparison of H, and CO; production after 4 h of visible-light irra-
diation using the 2Cu-TiO, SAS photocatalyst in the presence of either H,O or
D,0 as solvent.

(D20), whereas CO; production exhibited a much more significant drop.
These observations clearly confirm that lactic acid serves as the
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primary hydrogen source, acting as an efficient electron donor under
visible-light irradiation [82]. The reduced but still appreciable Hy pro-
duction in DO indicates that water also may participate in the
proton-supply step for molecular hydrogen formation. The decrease in
CO,, formation further suggests that the oxidative degradation of lactic
acid strongly depends on reactive oxygen species generated from water
oxidation. Lactic acid is likely first converted into intermediate species,
such as pyruvic acid, before undergoing deeper oxidation into CO5. The
suppressed formation of reactive oxygen species in D30 slows down
these oxidation steps, resulting in lower CO, yields [83].

The electronic structure of the 2Cu-TiOy SAS photocatalyst was
evaluated to support the proposed reaction mechanism. Specifically, the
valence band edge (Eyp) and conduction band edge (Ecp) positions at
pH = 2.1 (the spontaneous pH of the lactic acid solution) were estimated
using the Mulliken electronegativity approach combined with the
Nernst equation (Eq. (4) and Eq. (5)):

Eys =y — 4.5 + 0.5%Ey, — 0.059*pH Eq.(4)

Ecg =Evp — E; Eq.(5)

The proposed sequence of reactions is reported below and sche-
matically illustrated in Fig. 16.

Cu—TiO; +hv— Cu — TiO, (e~ +h") Eq.(6)
C3HgO3 +2h" — Intermediates + 2H " Eq.(7)
2H,0+4h" - O, + 4H" Eq.(8)
2H' +2e —2H Eq.(9)
H +H —H, Eq.(10)
Intermediates—CO, Eq.(11)

Using the experimentally determined band-gap value, the calculated
potentials for 2Cu-TiOy SAS at pH = 2.1 are +2.36 V for Eyp and
—0.335 V for Ecg. Under visible-light irradiation, photoexcitation pro-
motes electrons from the VB to the CB, generating electron-hole pairs
that drive reductive and oxidative half-reactions (Eq. (6)). The valence
band edge of 2Cu-TiO2 SAS estimated from XPS (~+2.5 V vs NHE at pH
2.1) is in good agreement with the value calculated using the Mulliken
electronegativity approach, confirming the reliability of the proposed
band alignment.

On the photocatalyst surface, both lactic acid and water compete for
adsorption. The TiO; surface is inherently hydrophilic and readily forms
hydrogen bonds with surface hydroxyl groups. At pH = 2.1, lactic acid
(pKa = 3.86) is predominantly present in its protonated -COOH form,
which can interact with TiO; via hydrogen bonding, though weaker than

=
D 2H
S CB € € e e-kall2 S
S0 B,
@ C,H,0,/C;H,O,
-
=y I Eg=2.7eV
z =0 - 0,/H,0
L
£ Lactic acid
52 g hhieh
° h 4 - OH+/H,0
2 N

3 Primary oxidation products

Fig. 16. Proposed photocatalytic mechanism in the presence of 2Cu-TiO, SAS.
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water [84]. This selective adsorption affects the local concentration of
reactants involved in oxidation.

The oxidation potential required for eOH radical formation is
approximately +2.38 V vs NHE at pH = 2.1, while the potential for the
oxygen evolution reaction (OER) is +1.105 V vs NHE under the same
conditions [85]. Therefore, photogenerated holes in 2Cu-TiOy SAS
(4+2.36 V) are thermodynamically capable of oxidizing water via OER
(Eq. (8)) but they are not able to generate eOH from water.

Moreover, the standard redox potential for the lactic acid/pyruvic
acid couple is not directly tabulated, but the pyruvate/lactate couple
(E° ~ —0.19 V vs NHE at pH 7) is well-established [86]. Applying the
Alberty pH-dependent thermodynamic transformation to adjust this
potential to pH = 2.1 yields an apparent oxidation potential of
approximately +0.48 V vs NHE [87]. Because this value is significantly
lower than the VB potential of 2Cu-TiO5 SAS, oxidation of lactic acid by
photogenerated holes (Eq. (10)) is strongly favored over water oxida-
tion. The oxidation of lactic acid by photogenerated holes led to the
formation of partially oxidized organic intermediates and the release of
protons (Eq. (7)). In parallel, water molecules also undergo oxidative
activation by holes, generating oxygen and additional protons (despite
in al lower extent), as shown in Eq. (8). The photogenerated electrons
accumulated in the conduction band participate in the proton reduction
reaction, producing surface-bound hydrogen radicals (He) according to
Eq. (11). Finally, He recombine to form molecular hydrogen, as
described in Eq. (10).

Based on these considerations, photogenerated holes preferentially
oxidize lactic acid, generating partially oxidized intermediates. More-
over, surface-bound oxidizing species (likely originating from water
oxidation rather than free -OH radicals) assist in the deeper oxidation
and decarboxylation of lactic-acid intermediates, ultimately leading to
CO4 formation (Eq. (11)). The strong suppression of CO» formation
observed in D20 experiments confirms that water-derived oxidative
steps. However, the contribution of water to the overall oxidative
pathway is minor compared to that of lactic acid, as evidenced by the
limited decrease in Hy production observed when H,O is replaced with
D20. This indicates that lactic acid is the primary electron donor and the
dominant source of protons, whereas water mainly provides a secondary
proton reservoir.

3.3.5. Comparison with the existing literature

A comparative analysis was carried out using available literature
studies on photocatalytic hydrogen production from lactic acid. To
improve consistency among different experimental conditions, the Hy
yields reported in the literature were normalized with respect to incident
light power, catalyst mass, and the moles of lactic acid. These parame-
ters were selected because they strongly influence photocatalytic ac-
tivity, affecting photon availability, the number of active sites, and the
overall process efficiency. The values extracted from the literature are
summarized in Table 5, while the normalized hydrogen production rates
are reported in Fig. 17.

As shown in Fig. 17, the photocatalyst developed in this study ex-
hibits among the highest normalized hydrogen production values
compared to the selected literature reports. In particular, a hydrogen
production of 941 pmol Hy g(cat)’1 W~ mol(LA) ! was obtained under
visible-light irradiation. This value is higher than those reported for
several CdS-based photocatalysts and C/TiO systems considered in this

Table 5
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2Cu-TiO2 SAS
(this work)

CdS/MoO,

MoS,/CdS

NiS/CdS

CITiO,

— T T T T T T T T T T T T T T T T T T

0 200 400 600 800 1000
H, normalized production, jtmol gm'l mol A‘l wl

Fig. 17. Comparison of normalized H, production rates for the 2Cu-TiO5 SAS
photocatalyst developed in this work and selected photocatalysts reported in
the literature.

comparison. However, it should be emphasized that such comparisons
are intended as a normalized benchmark rather than a direct perfor-
mance ranking, due to unavoidable differences in experimental setups.
Literature studies on Cu-based TiO; systems indicate that alcohols
such as methanol and glycerol generally lead to higher hydrogen evo-
lution efficiencies, whereas carboxylic acids (e.g., formic and lactic acid)
typically result in lower performances [82,92,93]. Nevertheless, when
compared with commonly used sacrificial agents (methanol, trietha-
nolamine, glycerol, and isopropanol), the photocatalyst developed in
this work falls within the upper range of reported normalized pro-
ductivities (Table 6).A higher normalized hydrogen production rate has
been reported in the presence of isopropanol [98]. however, it should be
noted that those experiments were conducted under UV irradiation,
which significantly affects photocatalytic activity. Overall, these results
highlight the good photocatalytic performance of the SAS-derived
Cu-TiO, material under visible-light conditions and its potential for
hydrogen production from biomass-derived organic substrates.

4. Conclusions

In this work, Cu-doped TiO2 photocatalysts were successfully syn-
thesized using the Supercritical Antisolvent (SAS) technique, demon-
strating that micronization under supercritical CO2 is an effective
strategy to tune the structural and electronic properties of TiO, for
visible-light photocatalysis. Compared to conventional sol-sol-gel-
derived materials, SAS-micronized photocatalysts exhibited nano-
metric morphology, improved dopant dispersion, and clear evidence of
lattice distortion along the c-axis, confirming the effective incorporation

Literature papers on the photocatalytic production of H, from lactic acid, considering 4 h of irradiation.

Photocatalyst Light Source Lactic Acid Concentration, % vol. Photocatalyst Concentration, g L™* Reference
MoS,/CdS 300 W Xenon Lamp with a cut-off filter (A > 420 nm) 10 0.5 [88]
NiS/CdS 300 W Xenon Lamp with a cut-off filter (A > 420 nm) 30 3 [89]
C/TiO4 300 W Xenon Lamp with a cut-off filter (A > 420 nm) 4 0.3 [90]
CdS/MoO, 300 W Xenon Lamp 10 0.5 [91]
2Cu-TiO, SAS Philips, 32 W, 400 nm < A < 600 nm 16.7 1 This work
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Table 6

Literature papers on the photocatalytic production of H, using Cu-based TiO» photocatalysts in the presence of different sacrificial agents (SA), considering 4 h of

irradiation.
Sacrificial Agent (SA) Light Source SA Concentration, vol. %  Photocatalyst Concentration, g L™ H; normalized production, Reference

IJmOl ggall wt

Methanol 300 W Xe lamp (Simulated solar light) 25 0.125 83.8 [94]
Triethanolamine 300 W Xe lamp (Simulated solar light) 10 0.0714 44.6 [95]
Methanol 1000 W Xe lamp (Simulated solar light) 10 1.25 7.31 [96]
Glycerol 300 W Xe lamp (Simulated solar light) 5.4 8 8.64 [97]
Isopropyl alcohol 100 W Hg lamp (UV light) 10 1 135 [98]
Lactic acid 32 W (Visible light) 16 1 126 This Work

of Cu into the anatase framework. Among the prepared materials,
2Cu-TiO, SAS showed the highest performance, achieving
4040 pmol L~! of Hy after 4 h of visible irradiation. Raman spectroscopy,
XRD analysis, UV-vis diffuse reflectance, and XPS analysis consistently
indicated that the 2Cu-TiOy SAS photocatalyst achieves the most
effective incorporation of Cu into the TiO, lattice. The homogeneous
introduction of Cu into TiO5 obtained through SAS leads to controlled
band gap narrowing, enhanced visible light absorption, and the forma-
tion of beneficial defect states, such as oxygen vacancies and surface
—OH groups, that promote substrate absorption and create electronically
favourable trap levels for charge separation. PL analysis further supports
this interpretation since it shows structured missions associated with
defects and oxygen-vacancy centres, indicative of radiative defect states
that assist charge management. In contrast, the non-micronized coun-
terpart displays strong PL quenching due to Cu-rich surface aggregates
acting as deep non-radiative recombination centres, consistent with XPS
and UV-Vis diffuse reflectance observations. Photocatalytic experiments
performed in D;O demonstrated that lactic acid is the primary electron
donor, while water plays a minor yet essential role as a secondary proton
reservoir. The kinetic behavior of the system was described through a
modified Langmuir-Hinshelwood model incorporating an inhibition
term at high lactic acid concentrations. The model reproduced experi-
mental trends with excellent agreement (R? = 0.936) and reliably pre-
dicted hydrogen evolution under intermediate lactic acid
concentrations. Finally, when normalized to catalyst mass, incident-
light power, and lactic-acid moles, the 2Cu-TiOy SAS photocatalyst
achieved a hydrogen production rate of 941 pmoly; gc_altalyst W lmoliia
value significantly higher than state-of-the-art TiO,- or CdS-based ma-
terials reported in the literature. Overall, this study demonstrates that
SAS micronization combined with controlled Cu doping offers a
powerful route to engineer TiO2 photocatalysts with superior visible-
light activity. The insights gained into dopant incorporation, defect
formation and reaction kinetics provide a comprehensive foundation for
the rational design of next-generation photocatalysts for solar-driven
hydrogen production from renewable organics.
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