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Abstract
The selective photocatalytic epoxidation of propylene using molecular oxygen under 
UV-A irradiation presents a promising sustainable alternative for propylene oxide (PO) 
production. In this study, NiO/TiO2 and CuO/NiO/TiO2 heterojunction photocatalysts 
were synthesized via the thermal annealing of sol-gel-derived TiO2 and tested in 
a fluidized bed photoreactor. Structural and optical characterizations confirmed 
the successful deposition of NiO onto TiO2 and highlighted the crucial role of NiO 
content in optimizing charge separation and catalytic efficiency. Among the NiO/
TiO2 series, the NiO(1.1%)/TiO2 composite exhibited the lowest photoluminescence 
intensity, indicating reduced electron–hole recombination, while UV–Vis DRS 
analysis revealed a red shift in the absorption onset and a reduction in the band 
gap energy. These features resulted in enhanced light absorption and facilitated 
charge transfer, leading to superior photocatalytic performance compared to lower 
and higher NiO loadings. Under irradiation, NiO(1.1%)/TiO2 achieved a propylene 
conversion of 52.5%, a selectivity to PO of 83.4%, and a PO yield of 43.8%, confirming 
its effectiveness in promoting selective epoxidation. The introduction of CuO to 
form the CuO(1.1%)/NiO(1.1%)/TiO2 heterojunction further enhanced the catalytic 
performance, reaching 61% propylene conversion, 92% selectivity to PO, and a PO 
yield of 56%. The improved activity was attributed to the efficient conversion of 
molecular oxygen into hydrogen peroxide, which acts as a selective oxidant for 
epoxide formation. Process optimization revealed that water vapor (1000 ppm) 
significantly enhanced PO selectivity, while incident light intensity played a crucial 
role in determining conversion rates. The system exhibited excellent stability over 
24 h of continuous operation, with no observable deactivation. Furthermore, an 
energy efficiency analysis demonstrated an exceptionally low energy consumption 
of 0.019 kWh per mole of propylene converted, significantly outperforming existing 
photocatalytic systems. These findings highlight the potential of CuO/NiO/TiO2-based 
photocatalysts, combined with fluidized bed reactors, as an energy-efficient and 
scalable approach for sustainable PO production.
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  1  Introduction
Propylene oxide (PO) is a crucial chemical intermediate widely utilized in the produc-
tion of polyurethanes, propylene glycols, and glycol ethers. These derivatives are fun-
damental in various industrial sectors, including automotive, construction, and textiles, 
where they are employed in the manufacturing of foams, coatings, adhesives, and other 
essential materials [1]. With global PO production exceeding 11 million metric tons 
annually, the need for sustainable and economically viable production methods has 
become increasingly urgent [2, 3].

Traditionally, PO production has been dominated by the chlorohydrin process and 
hydroperoxide-based co-oxidation methods, such as the cumene and styrene monomer 
routes [4]. While these processes are effective, they present significant environmental 
and economic drawbacks. The chlorohydrin process, which relies on chlorine and lime, 
generates large quantities of chlorinated byproducts, posing serious environmental dis-
posal challenges and leading to substantial waste management costs [5, 6]. Meanwhile, 
hydroperoxide-based co-oxidation routes generate co-products such as tert-butyl alco-
hol or cumene, complicating the separation process and leading to energy inefficiencies. 
Additionally, these methods often depend on hazardous organic peroxides, raising sig-
nificant safety concerns related to their handling and storage [7]. In light of these limi-
tations, the research community has increasingly focused on catalytic processes that 
enable the direct and selective oxidation of propylene to PO. Among these, thermal cata-
lytic methods have been extensively studied. Molybdenum-based catalysts, for instance, 
have exhibited high selectivity and stability at elevated temperatures. When supported 
on alumina or silica, these catalysts effectively activate oxygen, promoting selective oxi-
dation reactions by stabilizing reactive oxygen species on their surfaces [8–10]. Recent 
studies by Šustek et al. 11 and Song et al. 12 have demonstrated that molybdenum-based 
catalysts can enhance PO yields by improving the interaction between propylene and 
active oxygen species [11, 12].

Gold-based catalysts, particularly gold nanoparticles, have also shown great promise 
due to their exceptional ability to activate molecular oxygen at relatively low tempera-
tures. Research indicates that gold nanoparticles supported on titania or mesoporous 
silica can significantly enhance PO selectivity while minimizing the formation of unde-
sired byproducts [13–15]. Studies by Qi et al. 13 and Hou et al. 14 have demonstrated 
that gold nanoparticle systems facilitate electron transfer and maintain high PO selectiv-
ity, making them effective under mild reaction conditions [13, 14]. In addition, Lin et al. 
15 and Xu et al. 16 found that hierarchical zeolites, such as TS-1, offer large surface areas 
and controlled acidity, which are crucial for suppressing side reactions during propylene 
epoxidation [15, 16].

Nickel catalysts supported on titanium-silica (Ni/TS-1) have recently shown signifi-
cant promise, exhibiting high activity and selectivity for propylene epoxidation [17–19]. 
By utilizing nickel as the active phase, these catalysts provide a cost-effective alterna-
tive to traditional gold-based catalysts, achieving comparable selectivity while enhancing 
the economic sustainability of the process by reducing dependence on expensive noble 
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metals. Li et al. 17 further advanced this field by demonstrating that alkali metal modi-
fication of nickel catalysts improves oxygen mobility within the catalyst matrix, thereby 
enhancing overall catalytic performance [17]. This enhancement not only increases 
selectivity but also mitigates catalyst deactivation, which is crucial for maintaining 
long-term catalytic performance. In addition to nickel-based composites, copper-based 
catalysts have emerged as promising candidates for propylene epoxidation. Notably, 
copper catalysts exhibit a strong ability to generate reactive oxygen species, effectively 
facilitating the epoxidation reaction under mild conditions [20–23]. Furthermore, recent 
research indicates that the performance of copper catalysts can be significantly enhanced 
through their combination with other metal oxides, particularly ruthenium(IV) oxide 
(RuO2), as well as the use of tailored supports and promoters. These advancements lead 
to improved selectivity and stability, further reinforcing their potential as sustainable 
alternatives in the epoxidation process [24]. Collectively, these findings underscore the 
potential of nickel- and copper-based catalysts as economically viable alternatives for 
sustainable PO production, offering both operational efficiency and cost advantages over 
conventional noble metal catalysts. Given the environmental and economic challenges 
associated with traditional methods, green chemistry principles are increasingly shaping 
the development of PO production processes [25, 26].

Photocatalysis aligns with these principles, providing a green and sustainable alterna-
tive for the selective oxidation of propylene to PO under mild conditions. This approach 
operates at room temperature and atmospheric pressure by leveraging semiconductor 
activation through light, minimizing energy consumption and reducing environmental 
impact [27–29]. Additionally, photocatalysis eliminates the need for solvents and sig-
nificantly reduces the formation of hazardous byproducts, thereby mitigating environ-
mental impact and human health risks [30]. For these reasons, photocatalysis has the 
potential to reduce energy consumption and simplify downstream separation and purifi-
cation stages in industrial PO synthesis. Titanium dioxide (TiO2), one of the most exten-
sively studied photocatalysts, is particularly valued for its low cost, chemical stability, 
and ability to generate reactive oxygen species upon activation by UV light [31–33].

Nickel oxide (NiO) is a p-type semiconductor with a narrow band gap (~ 3.6–4.0 eV) 
that exhibits strong redox activity and chemical stability under photocatalytic con-
ditions. When coupled with TiO2, NiO can act as an efficient hole acceptor, promot-
ing charge separation and suppressing electron–hole recombination, which ultimately 
enhances photocatalytic activity [34, 35].

Copper oxide (CuO), another p-type semiconductor, possesses a narrower band gap 
(~ 1.2–1.7 eV) and can absorb visible light, extending the photoresponse range of TiO2 
when used in heterojunctions. CuO also contributes to the generation of reactive oxy-
gen species (ROS) through redox cycling between Cu(I)/Cu(II), which is essential for the 
activation of molecular oxygen in selective oxidation reactions [36].

When combined, CuO and NiO form binary oxide systems (CuO/NiO) that exhibit 
synergistic effects in photocatalysis. These effects include enhanced charge separation, 
broadened light absorption, and improved oxygen activation kinetics. Studies have 
reported that CuO/NiO heterojunctions coupled semiconductors such as TiO2, ZnO, or 
g-C3N4 demonstrate significantly improved performance in photocatalytic degradation 
and selective oxidation reactions, due to the effective alignment of band structures and 
interfacial charge transfer pathways [37, 38].
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Recent advances in heterojunction design have significantly enhanced the perfor-
mance of TiO2-based photocatalysts. For instance, NiO/TiO2 and CuO/TiO2 hetero-
junctions have been shown to improve charge separation and minimize electron–hole 
recombination—key factors in enhancing photocatalytic efficiency [39–42]. Their 
unique electronic properties, combined with efficient charge transfer mechanisms, pro-
vide additional pathways for enhancing photocatalytic activity. This underscores their 
potential in sustainable chemical processes and positions them as promising catalysts 
for further research and application in photocatalytic systems.

To further enhance the efficiency of photocatalytic processes, recent scientific studies 
have focused on the design and synthesis of heterojunctions involving more than two 
semiconductor oxides. These advanced photocatalysts leverage the synergistic interac-
tions among their three constituent semiconductors, leading to improved separation 
of photo-excited charge carriers, enhanced generation of reactive oxygen species, and 
greater selectivity for the desired oxidation or reduction reactions [43–45]. These prop-
erties collectively result in a significant enhancement of the overall efficiency and effec-
tiveness of photocatalytic systems.

Additionally, reactor configuration plays a crucial role in optimizing the performance 
of photocatalytic systems. Fluidized bed reactors offer distinct advantages over fixed-
bed reactors, making them particularly suitable for photocatalytic applications. One of 
their primary benefits is the uniform distribution of the photocatalyst, which enhances 
light penetration and maximizes photon utilization, leading to improved reaction effi-
ciency [46–48].

They also enhance mass transfer, ensuring rapid reactant delivery and efficient byprod-
uct removal, thereby minimizing catalyst deactivation caused by fouling and coking. 
Additionally, their effective heat management prevents localized overheating, preserving 
catalyst integrity and improving long-term performance [46–48]. Moreover, fluidized 
bed reactors are highly scalable, providing flexibility across operational scales from lab-
oratory research to industrial applications. Additionally, their reduced solvent require-
ments align with green chemistry principles, further enhancing their sustainability and 
environmental benefits [46–48].

These combined features contribute to enhanced process efficiency, sustainability, and 
economic viability, establishing fluidized bed reactors as the preferred configuration for 
advancing photocatalytic processes.

This study aimed to design, synthesize, and evaluate a titania-based heterojunction 
incorporating nickel and copper oxides as active phases for the selective photoepoxida-
tion of propylene in a fluidized bed reactor. To our knowledge, this specific combination 
of materials and reactor configuration has not been previously explored, representing 
a novel approach in the field of propylene photoepoxidation. This study not only intro-
duces a unique catalyst formulation but also integrates it into an optimized reactor 
setup, addressing key challenges related to charge separation, oxygen activation, and 
process scalability. By demonstrating the synergistic effects of TiO2, NiO, and CuO in the 
composites within a fluidized bed system, this research offers a promising strategy for 
enhancing photocatalytic efficiency and selectivity, thereby advancing the development 
of sustainable and economically viable PO production technologies. These combined 
features contribute to improved process efficiency, sustainability, and cost-effectiveness, 
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positioning fluidized bed reactors as the preferred configuration for optimizing photo-
catalytic processes.

2  Materials and methods
2.1  Materials

Titanium tetraisopropoxide (C12H28O4Ti, ≥ 97% w/w, Sigma-Aldrich), copper(II) 
acetate (Cu(CO2CH3)2, ≥ 99% w/w, Sigma-Aldrich), nickel(II) acetate tetrahydrate 
(Ni(OCOCH3)24H2O, ≥ 99% w/w, Sigma-Aldrich), distilled water (Carlo Erba), and glass 
spheres (Lampugnani Sandblasting HI-TECH, 70–110  µm grain size) were purchased 
and used without further purification.

2.2  Preparation of TiO2 nanoparticles

The TiO2 photocatalyst was synthesized using the sol–gel method previously employed 
in our earlier work, with titanium tetraisopropoxide (TTIP) as the precursor [49]. In 
this process, 12.5 mL of TTIP was gradually added dropwise to 25 mL of distilled water 
under continuous stirring at room temperature for 10 min. The resulting suspension was 
then centrifuged and subjected to three washing cycles with distilled water to remove 
residual impurities. The purified material was subsequently dried and calcined in a muf-
fle furnace at 450 °C for 30 min under static air conditions.

2.3  Preparation of NiO/TiO2, and CuO/NiO/TiO2 composites

The photocatalyst samples were prepared via a solid-state reaction to ensure the for-
mation of interfaces between titanium oxide and metal oxides [45–47]. In particular, 
3.5  g of pre-synthesized TiO2 powder, obtained in the previous stage, was thoroughly 
ground with the metal oxide precursors using an agate pestle and mortar for 3 h. For the 
NiO(x%)/TiO2 samples, titanium dioxide was combined with nickel(II) acetate tetrahy-
drate, where x% denotes the NiO weight percentage in the NiO/TiO2 composites. For 
the CuO(1.1%)/TiO2 sample, titanium dioxide was mixed with copper(II) acetate, with 
1.1% representing the optimized CuO weight percentage in the CuO/TiO2 composite, 
as determined in our previous work [50]. In the case of the CuO/NiO/TiO2 composite, 
TiO2 was ground with a mixture of nickel(II) acetate tetrahydrate and copper(II) acetate, 
where CuO was fixed at 1.1%, while the NiO content corresponded to the optimized 
value established from photocatalytic experiments (vide infra).

In addition, pure NiO and pure CuO were synthesized separately by directly calcin-
ing nickel(II) acetate tetrahydrate and copper(II) acetate, respectively, under identical 
conditions.

The resulting finely ground mixtures were then calcined in static air at 400 °C for 2 h in 
a muffle furnace. This process yielded seven distinct photocatalysts detailed in Table S1.

2.4  Characterization of the photocatalysts

Structural analysis was conducted using powder X-ray diffraction (XRD) on a Philips 
X'Pert diffractometer. Copper Kα radiation was employed, and the data were collected 
over a 2θ range of 20°−80°, with a step size of 0.02° and a time per step = 100 s.

Scanning Electron Microscope imaging of the samples was performed with the elec-
tron beam column of a dual beam FIB-SEM machine (Solaris X, Tescan, Czech Repub-
lic), equipped with an energy dispersive X-ray spectroscopy (EDS) device (UltimMax 40, 
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Oxford Instruments, UK) using a Silicon Drift Detector to acquire EDS spectra from 
irradiated samples. The EDS detector control software elaborated Elemental maps and 
compositions (AZtec V. 6.1, Oxford Instruments, UK).

X-ray fluorescence (XRF) analysis was carried out using a Thermo Fisher ARL 
QUANT’X EDXRF spectrometer to quantify the content of Ni and Cu in the CuO/NiO/
TiO2 composite.

The Brunauer–Emmett–Teller (BET) surface area of the catalysts was determined by 
dynamic nitrogen adsorption measurements at–196  °C using a Costech Sorptometer 
1042. Prior to analysis, the samples underwent a pre-treatment for 30 min in a helium 
flow at 150 °C.

Raman spectroscopy was performed at room temperature using a Dispersive MicroRa-
man spectrometer (InVia, Renishaw) equipped with a 514 nm excitation laser, recording 
spectra over the Raman shift range of 100–1200 cm−1.

UV–Vis diffuse reflectance spectra (UV–Vis DRS) were acquired using a PerkinElmer 
Lambda 35 spectrophotometer fitted with an RSA-PE-20 reflectance accessory (Lab-
sphere Inc., North Sutton, NH). The band gap values of the composites were calculated 
using the Kubelka–Munk (K-M) function by plotting (K-M × hν)0.5 against hν, This choice 
is justified by the indirect allowed nature of the TiO2 (anatase) band gap [51–53], which 
governs the overall optical absorption of the heterostructures due to the high dispersion 
and low loading of the secondary metal oxides. In contrast, for pure CuO and pure NiO, 
the band gaps were determined using the direct (n = 2) and indirect (n = 0.5) transition 
models, respectively, in accordance with their established optical transition types [35, 
54].

A Perkin Elmer Spectrofluorometer LS55 was employed to perform fluorescence mea-
surements. For this purpose, an emission spectrum was acquired using an excitation 
wavelength (λex) of 279  nm and selecting slits of 10  nm. The resulting spectrum was 
recorded from 375 to 520 nm.

2.5  Photocatalytic tests

Figure  1 presents a schematic representation of the experimental setup used in this 
study. The system comprises: (i) four Mass Flow Controllers (MFCs) from Brooks Instru-
ments, enabling precise delivery of various chemical species (C3H6, O2, N2, and H2O) to 
the reactor; (ii) a temperature-controlled saturator for supplying vaporized water to the 
photoreactor; (iii) the photoreactor itself; (iv) a mass spectrometer (Trace MS; Thermo-
Quest) for analyzing the composition of the gaseous stream exiting the reactor; and (v) a 
continuous CO–CO2 analyzer (Uras 14; Hartmann & Braun) for monitoring the concen-
trations of carbon monoxide and carbon dioxide.

The photoreactor used for the photocatalytic activity tests is a bubbling fluidized bed 
reactor with a planar geometry. It is equipped with two Pyrex windows to facilitate illu-
mination of the photocatalytic bed, with the light source positioned adjacent to one 
window to activate the photocatalyst. This reactor design has been utilized in previous 
photocatalytic studies, and a detailed description can be found in prior publications [48, 
55–58]. The light source consists of a matrix of 120 UV-A LEDs (LTPL-C034UVH365) 
emitting at a peak wavelength of 365 nm. It was designed to optimize the uniformity of 
light incident (whose values are reported in Figure S1) on the catalyst by employing a 
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triangular arrangement with a reticule spacing of 1.1 cm [59]. A detailed description of 
the light sources is provided in paragraph SM.1 of the Supporting Information.

Photocatalytic activity tests were conducted using a feed gas mixture of C3H6, O2, 
H2O, and N2, with a total inlet volumetric flow rate of 30 NL h−1. The molar concentra-
tions of propylene and oxygen were maintained at the stoichiometric ratio for the olefin 
epoxidation reaction (FR = CC3H6

IN/CO2
IN = 2), while the concentration of vaporized 

water in the inlet stream was fixed at 1000 ppm.
Prior to the photoepoxidation experiments, a 3.2  g of the photocatalyst was mixed 

with 20 g of glass spheres (grain size: 70–110 μm, Lampugnani Sandblasting HI-TECH) 
to ensure proper fluidization. The mixture was then loaded into the photoreactor. The 
tests were conducted with the photocatalyst bed operating in a bubbling fluidized 
regime, maintaining a gas superficial velocity approximately six times higher than the 
minimum fluidization velocity.

Preliminary experiments were carried out to assess the extent of particle elutriation by 
fluidizing the powders over several hours. The results indicated no significant particle 
loss, as corroborated by consistent photocatalytic activity observed throughout the irra-
diation period during the photoepoxidation tests.

Dark equilibrium adsorption of propylene on the photocatalyst surface was quantified 
by integrating the concentration profiles obtained prior to the onset of photocatalytic 

Fig. 1  Experimental setup used for the photoepoxidation tests
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reactions. UV-A LED modules were activated only after complete adsorption of the 
olefin onto the photocatalyst surface had been confirmed. All photoepoxidation experi-
ments started at ambient temperature, with a subsequent temperature rise to 40  °C 
following LEDs activation, attributed to heat dissipation from the LEDs. To assess the 
potential influence of temperature on the photocatalytic performance, a control exper-
iment was conducted in the dark at 40  °C. The test yielded negligible propylene con-
version, thereby ruling out any significant contribution from thermal activation. These 
results confirm that the observed catalytic activity is exclusively attributable to the pho-
tocatalytic process.

The data collected during the experiments were used to evaluate the performance of 
the photocatalytic system. The key parameters analyzed included: (i) propylene conver-
sion (X), (ii) PO yield (Y), (iii) PO selectivity (S), and (iv) COx selectivity (SCOx). These 
parameters were calculated using the following equations:

X =

(
1 −

cOUT
C3H6

cIN
C3H6

)
∗ 100� (1)

Y =

(
cOUT

C3H6O

cIN
C3H6

)
∗ 100� (2)

S =

[
cOUT

C3H6O(
cIN

C3H6
− cOUT

C3H6

)
]

∗ 100� (3)

SCOx
=

[
cOUT

CO + cOUT
CO2

3
(
cIN

C3H6
− cOUT

C3H6

)
]

∗ 100� (4)

where cIN
C3H6

 is the inlet concentration of propylene, cOUT
C3H6

, cOUT
C3H6O , cOUT

CO , and cOUT
CO2

 are 
the outlet concentrations of propylene, propylene oxide, carbon monoxide, and carbon 
dioxide, respectively.

Additionally, two experimental tests were conducted to verify hydrogen peroxide 
(H2O2) generation using the photocatalyst with the optimal NiO loading. In these tests, 
a feed stream with a flow rate of 30 L h−1 (STP), containing either 1000 ppm or 0 ppm 
water, 1000  ppm oxygen, and nitrogen, was introduced into the reactor. UV-A light 
was irradiated to activate the photocatalytic bed. The reactor's effluent gas stream was 
directed into a glass bubbler containing 25 mL of distilled water.

Samples of 1 mL were collected at predefined intervals (0 min, 15 min, 30 min, 60 min, 
120 min, 180 min, and 360 min) to determine the presence of H2O2. Each sample was 
treated with 300 µL of titanium(IV) oxysulfate solution, and the absorbance of the 
resulting H2O2/TiOSO4 complex was measured at λ = 410 nm using a UV–Vis spectro-
photometer (Lambda 35, PerkinElmer) [60].

3  Results and discussion
3.1  Photocatalysts characterization

To highlight the structural differences due to the presence of CuO in the NiO/TiO2 sys-
tem, the XRD patterns of CuO(1.1%)/TiO2, NiO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/
TiO2 are reported in Fig. 2a. For all samples, the formation of titania in the anatase phase 
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is confirmed by the presence of characteristic diffraction peaks. In particular, the most 
intense peaks are observed at 2θ values of 25.36°, 37.94°, 48.09°, 54.13°, and 55.09°, which 
correspond to the (101), (004), (200), (105), and (211) crystallographic planes, respec-
tively (JCPDS card no. 01-078-2486), with a weak signal at around 30.80° referred to the 
(121) plane (JCPDS card no. 00-0291360), corresponding to a small amount of brookite, 
in addition to the typical anatase peaks [45]. The formation of copper oxide is detectable 
in the CuO(1.1%)/TiO2 sample, with distinct peaks appearing at 35.5° and 38.9°, which 
correspond to (− 111) and (200) planes, respectively (CuO JCPDS card no. 00-041-0254). 
The presence of Cu2O, if any, is difficult to discern due to the overlap of its most intense 
peak at 37.11° (JCPDS card no. 35-1091) with one of the anatase peaks of titania. On 
the other hand, in the NiO sample, a peak at 2θ = 43.30°, assigned to (200), plane due 
to the formation of NiO is clearly distinguishable (JCPDS card no. 00-004-0835). Sur-
prisingly, in the sample where NiO and CuO coexist with the same content of 1.1%, the 
signals of the respective oxides are not visible, indicating a synergistic effect that favours 
their dispersion on the titania matrix. Moreover, a careful analysis of the XRD profiles 
in Fig. 2a XRD reveals that sample CuO(1.1%)/NiO(1.1%)/TiO2 exhibits lower crystal-
linity compared to the single-oxide samples, evidenced by broader, less distinct peaks, 
particularly the merged doublet at 2θ = 55° and 70°, corresponding to the (211) and (220) 
planes respectively. Figure 2b shows the XRD patterns of the titania samples with grow-
ing nickel content. It is clearly observed that the peak corresponding to the NiO crystal-
lites becomes more easily distinguishable from the background with increasing nickel 
loading until it is a well-formed peak in the sample NiO(1.1%)/TiO2.

To investigate the Ni distribution in proximity to the titania surface, scanning electron 
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) mapping 
was employed on Cu(1.1%)/NiO(1.1%)/TiO2, the most performing catalyst for the pho-
tocatalytic epoxidation of propylene, as shown in the following section. For compara-
tive analysis, NiO(1.1%)/TiO2 was also examined to assess the impact of CuO addition 
on NiO dispersion. SEM image of Cu(1.1%)/NiO(1.1%)/TiO2 and the relative EDX map-
ping of Ni, Cu and Ti, are shown in Fig. S2Ia-Id. It revealed a uniform Ni distribution 
throughout Cu(1.1%)/NiO(1.1%)/TiO2 sample, indicating no preferential surface local-
ization. Conversely, NiO(1.1%)/TiO2 (Fig. S2IIa-IId) while displaying a homogeneous Ni 
distribution, shows significant Ni depletion near the surface.

Fig.  2  a XRD patterns of CuO(1.1%)/TiO2, NiO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2; b XRD patterns of 
NiO(x%)/TiO2 composites at different NiO loadings, compared with pure TiO2 spectra. The labels identify the main 
peaks of anatase (Δ), brookite (°), CuO (*), and NiO (◊)
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To complement the qualitative SEM–EDS analysis with quantitative confirmation 
of metal oxide loading, X-ray fluorescence (XRF) analysis was carried out. Table S2 in 
Supporting Information presents the elemental and oxide compositions determined 
for the CuO(1.1%)/NiO(1.1%)/TiO2 photocatalyst. The XRF results confirm the pres-
ence of 0.82  wt% Ni and 0.87  wt% Cu, corresponding to 1.05  wt% NiO and 1.09  wt% 
CuO, respectively. These findings validate both the target loading values and the suc-
cessful coupling of the metal oxides with TiO2, confirming the effective formation of the 
intended heterojunction system.

Table 1 presents the specific surface area (SSA) values of all photocatalysts, deter-
mined using the BET method.

The results indicate that TiO2 exhibits the highest SSA (79 m2  g−1), whereas bare 
NiO and CuO display the lowest values (11 m2 g−1 and 9 m2 g−1, respectively). For the 
NiO(x%)/TiO2 series, the SSA values progressively decrease with increasing NiO con-
tent. Specifically, NiO(0.5%)/TiO2 exhibits an SSA of 78 m2 g−1, closely resembling that 
of pure TiO2, indicating minimal surface coverage at this loading. However, as the NiO 
content increases, the SSA gradually declines, reaching 77 m2 g−1 for NiO(1.1%)/TiO2, 
76 m2 g−1 for NiO(2.1%)/TiO2, and 75 m2 g−1 for NiO(4.2%)/TiO2. This inverse correla-
tion between NiO loading and SSA suggests that NiO deposition progressively covers 
the TiO2 surface, potentially leading to partial pore blockage and a reduction in avail-
able adsorption sites, consistent with trends observed in similar systems reported in the 
literature [61, 62]. A similar trend is observed for CuO(1.1%)/TiO2, which has an SSA of 
76 m2 g−1, indicating that CuO deposition also slightly reduces the available surface area. 
The CuO(1.1%)/NiO(1.1%)/TiO2 composite exhibits an SSA of 75 m2  g−1, consistent 
with the trend of a slight reduction due to the combined presence of both metal oxides. 
Despite the observed decrease, it is important to note that, in all cases, the reduction in 
SSA compared to pure TiO2 is not significant. Even at the highest metal oxide loadings, 
the SSA values remain within a narrow range, suggesting that the structural integrity of 
TiO2 is largely preserved.

The Raman spectra of the NiO(1.1%)/TiO2, CuO(1.1%)/TiO2, and CuO(1.1%)/
NiO(1.1%)/TiO2 composite photocatalysts are displayed in Fig. 3a.

The characteristic Raman bands observed at approximately 146, 403, 521, and 
640  cm−1 correspond to the Eg(1), B1g, A1g + B1g(2), and Eg(2) vibrational modes of 
anatase TiO2, respectively [63, 64]. These bands confirm that the anatase phase is pre-
served after the deposition of metal oxides.

Table 1  Specific surface area (SSA) and optical energy band gap (Ebg) values of the synthesized 
photocatalysts, determined using the BET method and UV–Vis diffuse reflectance spectroscopy, 
respectively. The data are compared with those of bare NiO and CuO
Sample SSA (m2 g−1) Ebg (eV)
TiO2 79 3.1

NiO(0.5%)/TiO2 78 3

NiO(1.1%)/TiO2 77 2.8

NiO(2.1%)/TiO2 76 2.75

NiO(4.2%)/TiO2 75 2.75

CuO(1.1%)/TiO2 76 3.05

CuO(1.1%)/NiO(1.1%)/TiO2 75 3

CuO 9 1.5

NiO 11 3.18
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For the CuO(1.1%)/TiO2 composite, an additional distinct peak appears at 296 cm−1, 
which is attributed to the Ag mode of CuO crystals [65]. The presence of this peak 
confirms the successful deposition of CuO nanoparticles on the TiO2 surface, forming 
a CuO/TiO2 heterojunction. In the case of the NiO(1.1%)/TiO2 composite, the Raman 
spectrum shows a slight broadening of TiO2 bands, particularly in the regions where the 
Eg and A1g vibrational modes of anatase TiO2 appear. This effect can be attributed to the 
influence of NiO, which exhibits its strongest Raman signals at approximately 483 cm−1 
and 557 cm−1, corresponding to F2g vibrational modes [66–68]. The presence of these 
features suggests that NiO is well deposited over the TiO2 surface, interacting with the 
TiO2 lattice and slightly modifying its vibrational structure. Furthermore, these intensity 
variations and spectral broadening effects associated with CuO and NiO deposition are 
also evident in the Raman spectrum of the CuO(1.1%)/NiO(1.1%)/TiO2 ternary compos-
ite [64, 69]. This confirms the successful deposition of both metal oxides on the TiO2 
surface, leading to heterojunction formation and ensuring efficient interaction between 
the components.

Figure 3b presents the Raman spectra of the NiO/TiO2 binary composites at different 
NiO loadings. With increasing NiO content, a progressive broadening of the character-
istic TiO2 peaks at 396, 517, and 640 cm−1 is observed. This trend is primarily associated 
with the high dispersion of NiO nanoparticles over the TiO2 surface, which modifies the 
vibrational structure of the TiO2 support [68, 70, 71]. For NiO loadings up to 1.1 wt%, 
the Raman spectra primarily exhibit characteristic TiO2 bands, with only minor broad-
ening effects. However, for NiO loadings exceeding 1.1 wt%, the TiO2 bands in the 350–
700 cm−1 range emerge over a broad underlying signal, which can be attributed to the 
presence of NiO. This broad feature suggests that, at higher NiO concentrations, NiO 
forms an extended deposit over the TiO2 surface, contributing a background signal to 
the overall spectrum in this Raman shift range. The emergence of this broad signal indi-
cates that NiO begins to form more structured domains at loadings higher than 1.1 wt%. 
Overall, the interaction between NiO and TiO2 remains evident across all samples, but 
the spectral evolution suggests that an optimal NiO loading exists beyond which exces-
sive NiO coverage hinders catalytic efficiency (vide infra).

Fig. 3  a Raman spectra of CuO(1.1%)/TiO2, NiO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2; b Raman spectra of 
NiO(x%)/TiO2 composites at different NiO loadings, compared with pure TiO2 and NiO spectra
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To investigate the optical properties and estimate the energy band gap of the photo-
catalysts, UV–visible Diffuse Reflectance Spectroscopy (UV–Vis DRS) was performed 
(Fig.  4). The Kubelka–Munk (K-M) function was applied to approximate the optical 
absorbance of the samples, allowing for the determination of their band gap energies 
[72].

As expected for the anatase polymorph, bare TiO2 exhibits a steep absorption edge at 
approximately 385 nm, corresponding to the intrinsic band gap transition. This absorp-
tion edge arises from the electronic transition between the valence and conduction 
bands of TiO2. Specifically, the valence band is dominated by π bonding orbitals formed 
by the 3d(t2g) orbitals of Ti4⁺ ions and the π orbitals of O2− in the TiO2 crystal lattice, 
while the conduction band consists of π antibonding orbitals involving the same 3d(t2g) 
orbitals in Ti4+ ions and O2− orbitals [73].

With increasing NiO content, two notable spectral changes are observed. First, the 
absorption onset shifts toward longer wavelengths (red shift), indicating that the pres-
ence of NiO promotes strong electronic interactions at the NiO/TiO2 interface. This 
shift suggests an effective charge transfer transition from the valence band of NiO to 
the conduction band of TiO2, extending light absorption into the visible region [73–75]. 
The most pronounced red shift occurs for NiO(1.1%)/TiO2, suggesting that this specific 
NiO loading achieves the most efficient interfacial electronic coupling. For higher NiO 
loadings (2.1% and 4.2%), the red shift effect diminishes, likely due to the formation of 
NiO domains, as confirmed by Raman spectroscopy, which could reduce the interfa-
cial charge transfer efficiency. The second key spectral feature is the modification in the 

Fig. 4  K-M values as a function of wavelength for the synthesized photocatalysts
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position of the absorption maximum in the range 300–350 nm. Compared to pure TiO2, 
all NiO-containing samples exhibit a shift in the absorption maximum. However, for 
NiO(0.5%) and NiO(1.1%), the maximum remains at the same position, indicating that 
up to this concentration, NiO does not further modify the local electronic states respon-
sible for this transition. When the NiO content exceeds 1.1%, the absorption maximum 
resumes shifting toward lower wavelengths, suggesting that at higher loadings, NiO 
begins to influence the optical properties differently, possibly due to changes in particle 
dispersion or agglomeration effects. These spectral modifications indicate strong elec-
tronic interactions between TiO2 and NiO, but only up to an optimal NiO content [73–
75]. A similar trend is observed for CuO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2, 
reinforcing the hypothesis of efficient interfacial contact between the deposited oxides 
and TiO2, which enhances light absorption and charge carrier dynamics [53, 64, 74–77]. 
Furthermore, the presence of CuO in the CuO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/
TiO2 composites is confirmed by the presence an additional absorption contribution 
from ~ 340 to ~ 400 nm [64].

To quantitatively assess the evolution of optical properties with increasing NiO con-
tent, the band gap energy (Ebg) of each NiO/TiO2 photocatalyst (Table 1) was determined 
using the Tauc plot method (Figure S3). The results indicate a systematic decrease in 
band gap energy as NiO content increases. TiO2 initially exhibits a band gap of 3.10 eV, 
which gradually reduces upon NiO deposition, reaching 3.00  eV for NiO(0.5%)/TiO2, 
2.80 eV for NiO(1.1%)/TiO2, and 2.75 eV for both NiO(2.1%)/TiO2 and NiO(4.2%)/TiO2. 
A key observation from these values is that beyond NiO(1.1%), the band gap reduction 
tends to asymptotically stabilize at ~ 2.75 eV, suggesting that additional NiO loading does 
not further enhance the electronic coupling with TiO2. This behavior indicates that there 
is a saturation point in the modification of the TiO2 electronic structure, beyond which 
excess NiO likely forms separate domains rather than continuing to contribute to het-
erojunction formation. This observation is consistent with the Raman spectra, where 
NiO domains become evident for loadings above 1.1%, reinforcing the conclusion that 
NiO(1.1%) represents the optimal composition for maximizing interfacial charge trans-
fer efficiency. A similar band gap reduction is observed for the CuO-containing pho-
tocatalysts, with CuO(1.1%)/TiO2 displaying a band gap of 3.05  eV, while CuO(1.1%)/
NiO(1.1%)/TiO2 reaches 3.00 eV, both values lower than that of bare TiO2. This trend 
indicates that CuO and NiO deposition significantly influence the electronic structure 
of TiO2, enhancing its optical properties by extending light absorption into the visible 
range.

To examine how dopants affect the characteristic transitions of TiO2 anatase, we 
performed photoluminescence (PL) spectroscopy. Figure  5 shows the PL spectra for 
the samples under examination. The peak at 425 nm can be attributed to the radiative 
recombination of self-trapped electrons (STE). This phenomenon occurs when there is 
the radiative recombination of an exciton, i.e., when an electron with energy greater than 
or equal to the energy gap can move through the crystal. In this scenario, the electron 
can be slowed down until it is attracted by a hole through Coulomb forces, thereby gen-
erating a quasiparticle known as an exciton. This exciton, upon recombination, leads, in 
anatase, to the observed 425 nm emission [78]. In contrast, radiative emission at 490 nm 
indicates an electronic transition from the conduction band to a localized energy level 
within the band gap, positioned below the Fermi level, generated by oxygen vacancies 
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[78]. Therefore, by observing the variation of the intensity of these peaks with nickel 
content, it can be deduced that these transitions can be hindered and the exciton life 
prolonged, thus favouring photocatalytic processes. In particular, low NiO doping (0.5%) 
in TiO2 has a negligible effect on the optical properties, as evidenced by the emission 
spectrum in Fig. 5. In contrast, for the samples containing 1.1 and 2.2 weight percent of 
NiO, a reduction in emission intensity is observed, with the lowest value for NiO(1.1%)/
TiO2. A lower intensity implies more efficient separation of electron–hole pairs, leading 
to decreased recombination and a positive impact on photocatalytic performance [53]. 
However, by further increasing the nickel content, the NiO(4.2%)/TiO2 sample shows 
an intensity comparable to that of bare TiO2. This could be caused by several factors, 
such as the presence of an oxide layer on the surface of TiO2 (shielding effect) and/or the 
role of Ni2+ as a recombination center [79–81]. Conversely, the CuO(1.1%)/NiO(1.1%)/
TiO2 sample showed no benefit from CuO addition, displaying a spectrum comparable 
to NiO(4.2%)/TiO2.

3.2  Photoepoxidation activity tests

3.2.1  Influence of NiO content in NiO(x%)/TiO2 composite

To evaluate the influence of NiO loading on photocatalytic performance, photoepoxi-
dation experiments were run under controlled conditions, maintaining a stoichiometric 
molar ratio between propylene and oxygen, and UV-A light intensity of 142 mW cm−2. 
To assess the effect of NiO loading on the photocatalytic performance, photoepoxidation 
experiments were conducted under controlled conditions, maintaining a stoichiometric 
molar ratio between propylene and oxygen and a UV-A light intensity of 142 mW cm−2. 
The performance of the NiO(1.1%)/TiO2 catalyst is shown in Fig. 6.

Fig. 5  Photoluminescence spectra of pristine TiO2 and NiO(x%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2 samples
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Fig. 6  a C3H6 conversion (X), C3H6O concentration, b CO2 and CO concentrations during the photoepoxidation 
test with NiO(1.1%)/TiO2 under UV-A light
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Upon UV-A irradiation, a sharp increase in C3H6 conversion was observed (Fig. 6a), 
coinciding with a temperature rise from ambient levels to ~ 40 °C, which was induced by 
LED heating. The conversion rate stabilized within 15 min, indicating the establishment 
of a steady-state regime.

The initial overshoot in C3H6 conversion at the beginning of the light phase, observed 
before reaching steady-state conditions, can be attributed to the partial desorption of 
olefin molecules previously adsorbed on the catalyst surface during the dark phase. 
Upon UV-A activation, these pre-adsorbed species are rapidly released into the gas 
phase, momentarily increasing the detected conversion rate. Once this desorption con-
tribution is depleted, the system transitions to a purely photocatalytic regime, where the 
conversion remains stable and governed by photoinduced reaction kinetics. Unlike C3H6 
conversion, PO generation increased gradually after UV-A activation, without exhibiting 
a transient peak. The PO concentration progressively rose until reaching a stable value 
after approximately 20  min, indicating a gradual buildup of PO in the gas phase and 
confirming the photocatalyst ability to sustain selective epoxidation under continuous 
irradiation. After switching off the UV-A LEDs, both propylene conversion and PO con-
centration gradually declined, demonstrating that the reaction is strictly photoinduced 
with negligible thermal contributions. During irradiation, CO2 and CO were detected 
as the only by-products (Fig. 6b), reaching steady-state concentrations of 235 ppm and 
6  ppm, respectively. Notably, no other oxygenated by-products were detected, further 
reinforcing the selectivity of NiO(1.1%)/TiO2 toward PO formation under these condi-
tions. The same qualitative trend was observed for all the tested photocatalysts.

A comparative summary of the photoepoxidation performance for all tested photo-
catalysts is presented in Table 2, while Fig. 7 illustrates the trends in PO selectivity (S) 
and yield (Y) as a function of NiO loading.

The results indicate that bare TiO2 exhibits low activity, with a propylene conversion 
of 21.5% and minimal PO selectivity (< 4%), leading to predominant total oxidation (96% 
selectivity to CO2 + CO). This behavior reflects the intrinsic limitation of TiO2, which 
favors deep oxidation over selective epoxidation due to the lack of a co-catalyst capa-
ble of improving charge separation and promoting selective oxygen activation. On the 
other hand, pure NiO exhibited a very limited propylene adsorption capacity of 0.8 µmol 
gCAT

−1, consistent with its low specific surface area (11 m2 g−1). As a result, the measured 
steady-state propylene conversion was only 5.2%, significantly lower than that of TiO2 
(21.5%). Nonetheless, the PO selectivity remained comparable (~ 3.9%), likely reflecting 
the similar electronic band edge positions of NiO and TiO2 (vide infra).

Table 2  Steady-state values of propylene adsorption during the dark phase, propylene 
conversion (X), selectivity (S), and yield to PO (Y), as well as selectivity to CO + CO2 (SCO + CO2 ), 
for photoepoxidation tests under UV-A light with varying NiO loadings in NiO(x%)/TiO2 and NiO 
photocatalysts
Photocatalyst NiO (wt%) C3H6 Adsorbed (µmol gCAT

−1) X (%) S (%) Y (%) SCO+CO2 ( %)
TiO2 0 5.5 21.5 3.8 0.8 96.2

NiO(0.5%)/TiO2 0.5 5.3 24.7 84 20.7 16

NiO(1.1%)/TiO2 1.1 5.1 33.4 82.4 27.5 17.6

NiO(2.1%)/TiO2 2.1 4.7 23.2 80.8 18.7 19.2

NiO(4.2%)/TiO2 4.2 4.5 11.9 77.3 9.2 22.7

NiO 100 0.8 5.2 3.9 0.2 96.1
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Incorporating NiO into TiO2 significantly altered the photocatalytic behavior. Increas-
ing the NiO content from 0.5 to 1.1 wt% led to a notable enhancement in both propylene 
conversion and PO selectivity. The NiO (0.5%)/TiO2 composite exhibited a propylene 
conversion of 24.7%, with a PO selectivity of 84.0%, while the NiO (1.1%)/TiO2 catalyst 
achieved the highest conversion of 33.4%, along with a selectivity of 82.4% and a PO 
yield of 27.5%. This improvement can be attributed to multiple factors. First, NiO con-
tributes to the in situ generation of hydrogen peroxide (H2O2) from molecular oxygen 
under UV-A irradiation (vide infra). Since H2O2 is a well-known oxidant for epoxida-
tion reactions, its presence enhances the selective oxidation of propylene to PO, aligning 
with mechanistic pathways reported in the literature [5, 82–84]. Second, the quantity of 
C3H6 adsorbed in dark conditions (Table 2) decreases as NiO content increases, from 
5.5  µmol  g cat

−1 for pure TiO2 to 4.5  µmol  g  cat
1 for NiO(4.2%)/TiO2. The NiO(1.1%)/

TiO222 composite maintains an adsorption capacity of 5.1 µmol g₋cat
−1, ensuring a suf-

ficient local concentration of reactants at the catalyst surface. This balance between 
surface adsorption and reaction kinetics is essential for maximizing PO formation. As 
the NiO content increased beyond 1.1 wt%, a progressive decline in propylene conver-
sion was observed, dropping to 23.2% for NiO (2.1%)/TiO2 and further to 11.9% for NiO 
(4.2%)/TiO2. This effect can be explained by the shielding effect, where excessive NiO 
limits TiO2 activation by absorbing UV photons that would otherwise generate charge 
carriers in TiO2 [85–87]. The PL analysis provides additional insight into charge carrier 
dynamics. The NiO(1.1%)/TiO2 composite exhibited the lowest PL intensity, indicating 
a slower recombination rate of photogenerated electrons and holes (Fig. 5). This behav-
ior suggests that NiO at this concentration effectively enhances charge separation by 

Fig. 7  Steady-state values of selectivity (S) and yield to PO (Y) for photoepoxidation tests under UV-A light as a 
function of NiO loading in NiO(x%)/TiO2 photocatalysts
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forming a heterojunction with TiO2, facilitating electron transfer and extending charge 
carrier lifetimes. In contrast, at higher NiO loadings, PL intensity increased, signaling 
that excess NiO introduces new recombination centers rather than further improving 
charge separation. Moreover, Raman spectroscopy (Fig.  3b) confirmed that when the 
NiO content increased beyond 1.1 wt%, NiO domains start to form. This suggests that 
at NiO loading higher than 1.1 wt%, phase segregation occurs, reducing the number of 
interfacial sites where charge transfer can efficiently take place. This structural evolu-
tion further supports the decline in catalytic performance beyond 1.1 wt% NiO. Overall, 
the combined analysis of photocatalytic activity, optical properties, and structural char-
acterization reveals that NiO(1.1%)/TiO2 exhibits the optimal balance between charge 
separation, light absorption, and surface reaction dynamics. The enhanced charge sepa-
ration lead to improved PO formation, while maintaining adequate propylene adsorp-
tion ensures a high local reactant concentration. The absence of large NiO clusters at this 
composition maximizes the NiO/TiO2 interfacial contact, promoting efficient charge 
transfer and limiting recombination. Beyond 1.1  wt% NiO, the decline in conversion 
and yield can be explained by the combined effects of competitive photon absorption, 
increased charge recombination, and NiO aggregation, all of which reduce the efficiency 
of the epoxidation reaction. The shielding effect, in particular, reduces TiO2 activation, 
while excessive NiO domains disrupt the heterojunction, diminishing its ability to facili-
tate charge transfer. Therefore, as also illustrated in Fig. 7, the NiO(1.1%)/TiO2 compos-
ite was identified as the optimal photocatalyst, delivering the highest PO yield (27.5%) 
with high selectivity (82.4%). Based on these findings, the NiO(1.1%)/TiO2 composite 
was selected for further investigations, focusing on reaction mechanisms and long-term 
catalytic stability to validate its applicability in sustainable PO production.

3.2.2  Influence of H2O presence in the gaseous feed stream and evaluation of in situ H2O2 

generation under irradiation

To confirm the key the role of in situ H2O2 generation in the epoxidation of C3H6, pho-
tocatalytic tests were conducted using the NiO(1.1%)/TiO2 catalyst under two differ-
ent conditions: with and without water in the feed stream. The results, summarized in 
Table 3, reveal a dramatic shift in reaction selectivity when H2O is absent from the sys-
tem. In the absence of H2O, PO selectivity dropped to zero, while selectivity towards 
CO + CO2 (SCO+CO2) increased to nearly 100%. Simultaneously, propylene conversion 
decreased from 33.4% (with 1000  ppm H2O) to 10.9%, indicating a significant reduc-
tion in overall photocatalytic activity. This decline can be attributed to the absence of 
hydroxyl radicals (·OH), which are crucial reactive species driving oxidation reactions. 
Hydroxyl radicals are typically formed through the interaction of photogenerated holes 
with adsorbed H2O molecules, and their presence is necessary for both H2O2 generation 
and the oxidation of propylene to PO. Without H2O, oxidation pathways are dominated 

Table 3  Steady-state values of propylene conversion (X), selectivity (S), and yield to PO (Y), as well 
as selectivity to COx(SCO+CO2 ), for photoepoxidation tests with the NiO(1.1%)/TiO2 photocatalyst 
under UV-A light in the absence and presence of H2O in the gaseous feed stream
cIN

H₂O [ppm] X (%) S (%) Y (%) SCO+CO2 ( %)
0 10.9 n.d n.d 99.7

1000 33.4 82.4 13.0 28.0
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by direct electron transfer mechanisms, leading exclusively to total oxidation products 
(CO2 and CO) rather than selective epoxidation [58].

The importance of in situ H2O2 formation was further confirmed by analyzing the 
accumulation of H2O2 under UV-A irradiation (Fig. 8).

When 1000  ppm of H2O was present in the feed, the absorbance signal at 410  nm, 
corresponding to the H2O2–TiOSO4 complex, progressively increased over time, dem-
onstrating continuous in situ H2O2 formation during irradiation. In contrast, when H2O 
was absent, the signal remained negligible, confirming that no detectable H2O2 was pro-
duced under dry conditions. These results strongly suggest that the presence of H2O in 
the feed stream is essential for enabling H2O2-mediated oxidation pathways, which are 
directly responsible for the selective generation of PO under UV-A irradiation when 
H2O is present in the gaseous stream.

3.2.3  Influence of the incident light intensity on the photoepoxidation performance of the 

NiO(1.1%)/TiO2 catalyst

The effect of incident light intensity (Φ) on the photoepoxidation activity and selectivity 
of the NiO(1.1%)/TiO2 catalyst was systematically analyzed under controlled conditions. 
Photocatalytic experiments were conducted while varying Φ from 0 to 320 mW cm−2, 
maintaining constant reactant concentrations of cH2O = 1000  ppm, cC3H6  = 4000  ppm, 
and CO2  = 2000  ppm. The results, summarized in Fig.  9, reveal a linear increase in 
propylene conversion (X) from 0 to 52.5% as Φ increased from 0 to 297.2  mW  cm−2 
(Fig. 9a). This trend is attributed to the generation of a higher number of photogenerated 

Fig. 8  Absorbance values at 410 nm recorded by UV–Vis spectrophotometer analysis for samples collected during 
the evaluation of H2O2 generation on NiO(1.1%)/TiO2 under UV-A light light in the absence and presence of H2O in 
the gaseous feed stream containing either 1000 ppm or 0 ppm water, 1000 ppm oxygen, and nitrogen
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electron–hole pairs, which enhances the formation of reactive oxygen species (ROS) and 
in situ H2O2, thereby accelerating the conversion of propylene to PO [88].

At higher light intensities (Φ = 297.2–320  mW  cm−2), no further increase in conver-
sion was observed, indicating the onset of a plateau effect. This behavior is likely caused 
by two factors: (i) enhanced charge carrier recombination at high photon flux, which 
reduces the number of free charges available for photocatalysis, and (ii) a decline in LED 
efficiency at maximum power outputs, leading to less effective light utilization [49, 88, 
89]. The stabilization of conversion beyond this threshold suggests that the reaction has 
reached a photon-limited regime, where increasing Φ no longer enhances reaction rates 
due to intrinsic recombination losses. Despite variations in Φ, the system exhibited sta-
ble selectivity, maintaining a value of approximately 81% across all tested light intensities 
(Fig.  9b). This observation suggests that the mechanism governing selective oxidation 
remains unchanged, and the ratio between desired and undesired oxidation pathways is 
not significantly influenced by higher photon fluxes. The maximum PO yield recorded 
was 43.8% at 297.2 mW cm−2, confirming that this intensity represents the optimal con-
dition for maximizing PO formation.

3.2.4  Influence of propylene inlet concentration on the photoepoxidation performance of the 

NiO(1.1%)/TiO2 catalyst

Experimental tests were conducted by varying the propylene concentration in the reac-
tor inlet stream (cIN

C3H6
), covering a range from 2000 to 8000  ppm, while maintaining 

constant H2O concentration (1000  ppm), oxygen-to-propylene stoichiometric ratio 
(FR = cIN

C3H6
/ co2

IN = 2), and light intensity (Φ = 297.2 mW cm−2). The results, summarized 
in Fig.  10 and Table  4, demonstrate that the reaction system maintained stable selec-
tivity to PO at approximately 83% across all tested conditions, confirming that propyl-
ene concentration does not significantly affect the reaction pathway toward selective 
epoxidation.

Increasing the propylene concentration initially enhanced both conversion and PO 
yield, highlighting the critical role of propylene availability in facilitating olefin adsorp-
tion on the catalyst surface. Within the range of 2000 to 4000 ppm, the increased surface 
coverage of propylene led to an improvement in conversion (from 48.2 to 52.5%) and 
PO yield (from 39.2 to 43.8%). This trend suggests that at low-to-moderate cC3H6 , the 
active sites on the NiO(1.1%)/TiO2 photocatalyst effectively adsorb the olefin, promot-
ing efficient oxidation pathways toward PO formation. However, at higher propylene 

Fig. 9  Steady-state values of a propylene conversion (X) and b selectivity (S) and yield to PO (Y) for photoepoxida-
tion tests under UV-A light as a function of incident light intensity using the NiO(1.1%)/TiO2 photocatalyst
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concentrations (6000–8000 ppm), a decline in both conversion (down to 21.6%) and PO 
yield (down to 18.0%) was observed despite the continued increase in adsorption. This 
decrease can be attributed to competitive adsorption effects, where excess propylene 
molecules hinder the adsorption of water and oxygen, which are essential for the genera-
tion of reactive oxygen ROS and in situ H2O2 formation, both necessary for the epoxida-
tion process [90]. Interestingly, the decline in PO yield lessened with further increases 
in propylene feed concentration, suggesting that the balance of competitive adsorption 
between propylene, oxygen, and water molecules stabilizes at higher CC3H6

IN levels. 
This indicates that while high propylene concentrations inhibit oxidation pathways, the 
system does not completely shift toward total oxidation, and some degree of PO forma-
tion is still maintained.

Table 4  Steady-state values of propylene adsorption during the dark phase, propylene 
conversion (X), selectivity (S), and yield to PO (Y), as well as selectivity to CO + CO2(SCO+CO2 ), for 
photoepoxidation tests under UV-A light as a function of inlet propylene concentration using the 
NiO(1.1%)/TiO2 photocatalyst
cC3H6

IN [ppm] C3H6 Adsorbed [µmol gCAT
−1] X [%] S [%] Y [%] SCO+CO2 [%]

2000 2.6 48.2 81.4 39.2 18.6

4000 5.1 52.5 83.4 43.8 16.6

6000 7.8 25.9 84.5 21.9 15.5

8000 7.7 21.6 83.3 18.0 16.7

Fig. 10  Steady-state values of selectivity (S) and yield to PO (Y) for photoepoxidation tests under UV-A light as a 
function of inlet propylene concentration using the NiO(1.1%)/TiO2 photocatalyst
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3.2.5  Photoepoxidation performances of CuO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2 

photocatalysts

The photocatalytic activity of CuO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2 was 
evaluated under identical operating conditions (cH2O= 1000  ppm, cC3H6  = 4000  ppm, 
CO2 = 2000 ppm, and Φ = 297.2 mW cm−2), and the results are summarized in Table 5.

The data indicate that CuO(1.1%)/TiO2 exhibited moderate activity, achieving a pro-
pylene conversion of 31.5% and a PO yield of 22.2%, with a PO selectivity of 70.4%. 
Compared to NiO(1.1%)/TiO2, which exhibited a higher conversion (52.5%) and yield 
(43.8%), the single-metal CuO modification showed reduced performance. This behavior 
suggests that while CuO enhances photocatalytic activity, it alone does not provide the 
same charge separation efficiency as NiO, likely due to differences in band alignment 
and electron transfer dynamics. Additionally, the higher selectivity toward COx (29.6%) 
observed for CuO(1.1%)/TiO2 suggests that CuO alone may promote partial oxidation 
pathways, leading to increased CO2 formation. In contrast, the CuO(1.1%)/NiO(1.1%)/
TiO2 heterojunction demonstrated the highest overall performance, achieving a PO 
yield of 56.1%, with a propylene conversion of 61.0% and an exceptionally high PO selec-
tivity of 92.0%. The improved activity of the CuO/NiO/TiO2 system can be attributed to 
the enhanced interfacial charge transfer (vide infra), where NiO and CuO work coopera-
tively to facilitate efficient electron–hole separation and oxygen activation [91].

3.2.6  Long-term stability of the CuO(1.1%)/NiO(1.1%)/TiO2 photocatalyst under continuous 

UV-A irradiation

The stability of the CuO(1.1%)/NiO(1.1%)/TiO2 photocatalyst was evaluated through a 
24-h irradiation test, performed under the previously determined optimal operating con-
ditions (cH2O = 1000 ppm, cC3H6 = 4000 ppm, cO2  = 2000 ppm, and Φ = 297.2 mW cm−2). 
The results, presented in Fig. 11, demonstrate that both propylene conversion (X) and 
PO yield (Y) rapidly increased within the first 15  min of irradiation, reaching steady-
state conditions. These values remained constant over the entire 24-h reaction period, 
indicating that no significant deactivation phenomena occurred.

Specifically, steady-state propylene conversion and PO yield were maintained at 61% 
and 56%, respectively, confirming the excellent long-term stability of the photocatalyst 
under continuous operation.

Furthermore, post-reaction Raman analysis (Figure S4 in the Supporting Informa-
tion) revealed no detectable phase transformation in the CuO(1.1%)/NiO(1.1%)/TiO2 
composite, confirming the preservation of its structural integrity after prolonged UV-A 
irradiation. This stability is particularly important for practical applications, demonstrat-
ing that the CuO(1.1%)/NiO(1.1%)/TiO2 system is a robust and durable photocatalyst for 
sustained propylene epoxidation under UV-A irradiation.

Table 5  Steady-state values of propylene conversion (X), selectivity (S) and yield to PO (Y), and 
selectivity to CO + CO2(SCO+CO2 ) for photoepoxidation tests under UV-A light conducted with 
NiO(1.1%)/TiO2, CuO(1.1%)/TiO2 and CuO(1.1%)/NiO(1.1%)/TiO2

Photocatalyst X (%) S (%) Y (%) SCO+CO2 ( %)
NiO(1.1%)/TiO2 52.5 83.4 43.79 16.6

CuO(1.1%)/TiO2 31.5 70.4 22.18 29.6

CuO(1.1%)/NiO(1.1%)/TiO2 61.0 92.0 56.12 8.0
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3.2.7  Possible reaction mechanisms and charge transfer pathways governing the 

photoepoxidation of propylene on the CuO(1.1%)/NiO(1.1%)/TiO2 heterojunction

The band edge positions of the valence band (EVB) and conduction band (ECB) at pH 7 
(vs. NHE) for TiO2, NiO, and CuO were determined using the Mulliken electronegativity 
method combined with the Nernst equation [38, 92, 93].

EVB = χ − Ec + 1
2

Ebg − 0.059 ∗ 7� (6)

ECB = EVB − Ebg � (7)

where χ represents the absolute electronegativity of the material, Ec is the energy of 
free electrons on the hydrogen scale (≈ 4.5 eV), and Ebg is the band gap energy derived 
from UV–Vis DRS analysis. The absolute electronegativity values for TiO2 (5.81  eV), 
NiO (5.78  eV), and CuO (5.81  eV) were used, along with their respective band gaps: 
TiO2 (3.10  eV), NiO (3.18  eV), and CuO (1.52  eV) [94]. Using these parameters, the 
calculated EVB/ECB values are + 2.45 V / -0.65 V for TiO2, + 2.46 V /− 0.72 V for NiO, 
and + 1.66 V/ + 0.14 V for CuO (vs. NHE at pH 7). These values define the band align-
ment depicted in Fig.  12, confirming that the NiO/CuO/TiO2 heterojunction exhibits 
a type I (straddling gap) configuration [95]. The assumption of pH = 7 was adopted for 
consistency with the Mulliken electronegativity method, as is commonly reported in the 
literature for gas-phase photocatalytic systems [50, 96].

Upon UV-A irradiation, the CuO(1.1%)/NiO(1.1%)/TiO2 composite efficiently absorbs 
light, generating photoexcited electron–hole pairs. The photogenerated holes from the 
NiO valence band (VB) migrate to the TiO2 VB, and subsequently transfer to the CuO 
VB. Meanwhile, electrons excited in the NiO conduction band (CB) are transferred to 

Fig.  11  Propylene conversion (X) and yield to PO (Y) as a function of irradiation time using the CuO(1.1%)/
NiO(1.1%)/TiO2 photocatalyst (operative conditions: cH2O= 1000 ppm, cC3H6 = 4000 ppm, CO2 = 2000 ppm, and 
Φ = 297.2 mW cm.−2)
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the TiO2 CB, and finally reach the CuO CB. This directional charge migration is driven 
by the band alignment of the heterojunction, which facilitates efficient charge separation 
and minimizes recombination losses.

Since the O2/O2·⁻ redox potential (− 0.35 V vs. NHE at pH 7) [87] is more negative 
than the ECB of CuO (+ 0.14 V vs. NHE), electrons in the CuO CB cannot reduce molec-
ular oxygen to superoxide (O2·⁻). However, as the ECB of CuO is less positive than the O2/
H2O2 redox potential (+ 0.28 V vs. NHE) [97], electrons in the CuO CB can promote the 
reduction of O2 to H2O2 via proton-coupled electron transfer, a process enhanced by 
proton hopping and diffusion [98]. This pathway ensures the formation of H2O2, which 
plays a crucial role in the selective oxidation of propylene to PO. In regions where TiO2 
is not directly in contact with CuO and NiO, the holes in the TiO2 VB oxidize adsorbed 
H2O, generating hydroxyl radicals (·OH). This oxidation process is thermodynamically 
favorable, as the OH·/H2O redox potential (+ 2.31 V vs. NHE) [97] is less positive than 
the EVB of TiO2 (+ 2.45  V vs. NHE). In contrast, holes in the CuO VB cannot oxidize 
water, as the EVB of CuO (+ 1.66  V vs. NHE) is less positive than the OH·/H2O redox 
potential, making CuO ineffective for direct water oxidation.

Based on these findings, the proposed reaction mechanism involves multiple steps.

Fig. 12  Proposed mechanism for electron and hole transfer for CuO(1.1%)/NiO(1.1%)/TiO2 composite in propyl-
ene photoepoxidation under UV-A light irradiation
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CuO (1.1%) /NiO (1.1%) /TiO2 + hν → h+ + e−� (8)

h+ + H2O(ads) → OH· + H+� (9)

2e− + O2 + 2H+ → H2O2� (10)

C3H6(ads) + H2O2 → C3H6O + H2O� (11)

C3H6(ads) + OH·/h+ → intermediates → CO2 + H2O� (12)

First, upon UV-A irradiation, charge separation occurs according to the Eq.  8. The 
holes in the TiO2 VB oxidize adsorbed water, forming hydroxyl radicals (Eq. 9). Simul-
taneously, the electrons in the CuO CB reduce molecular oxygen to hydrogen peroxide 
(Eq. 10). The formed H2O2 serves as the primary oxidant for the selective epoxidation 
of adsorbed propylene, leading to PO formation (Eq. 11). A secondary pathway involves 
propylene oxidation via hydroxyl radicals and photogenerated holes, resulting in CO2 
formation (Eq.  12). This mechanism highlights the synergistic role of CuO, NiO, and 
TiO2 in promoting efficient charge separation, enhancing oxygen activation, and driving 
selective PO formation. The dual metal oxide heterojunction facilitates the formation of 
H2O2 as a key oxidant, while minimizing electron–hole recombination and undesired 
deep oxidation to CO2. This pathway is consistent with the high PO selectivity (92%) and 
enhanced photocatalytic efficiency observed for the CuO(1.1%)/NiO(1.1%)/TiO2 com-
posite, validating its superior performance in propylene photoepoxidation.

3.2.8  Electric energy consumption and comparison with the literature

The photocatalytic test data enabled the calculation of the electric energy required to 
convert one mole of propylene (EM) using the empirical equation developed by Bolton et 
al. [99], as expressed by:

EM = P

F IN
C3H6

X � (13)

where P represents the nominal power of the light source (kW), F IN
C3H6

 is the molar 
flow rate of propylene in the inlet stream (molC3H6 h−1), and X denotes the propylene 
conversion.

A comparative analysis of photocatalytic propylene epoxidation systems from the liter-
ature was conducted, focusing on operating parameters, photocatalyst types, and energy 
consumption values, as summarized in Table 6.

The results reveal that the fluidized bed reactor (FBPR) configuration used in this 
study offers a distinct advantage over conventional fixed-bed photocatalytic reactors 
(PBPRs), particularly in terms of lower energy consumption as well as higher conversion 
and yield.

Among the reported photocatalytic systems, our optimized CuO(1.1%)/NiO(1.1%)/
TiO2 photocatalyst exhibited the lowest EM value (0.019 kWh mol−1

C3H6 conv), significantly 
outperforming other photocatalytic systems. The results emphasize that the CuO(1.1%)/
NiO(1.1%)/TiO2 heterojunction is a highly promising photocatalyst for energy-efficient 
and selective propylene epoxidation, providing a sustainable alternative to conventional 
catalytic processes.
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4  Conclusions
This study investigated the selective photocatalytic epoxidation of propylene under 
UV-A irradiation using NiO/TiO2 and CuO/NiO/TiO2 heterojunction photocatalysts in 
a fluidized bed photoreactor. Structural, morphological, and optical characterizations 
confirmed the successful deposition of NiO and CuO onto TiO2, leading to enhanced 
charge separation and reduced electron–hole recombination. Among the NiO/TiO2 
series, NiO(1.1%)/TiO2 exhibited the best performance, achieving 52.5% propylene 
conversion, 83.4% selectivity to PO, and a PO yield of 43.8%. The improved activity was 
attributed to optimized charge transfer dynamics, a reduction in the band gap energy, 
and the enhanced generation of hydrogen peroxide, which plays a key role in selective 
epoxidation. Further modification with CuO led to the development of the CuO(1.1%)/
NiO(1.1%)/TiO2 heterojunction, which significantly enhanced photocatalytic efficiency. 
This system achieved 61% propylene conversion, 92% selectivity to PO, and a PO yield 
of 56%, making it the most effective catalyst tested. The improved performance was 
ascribed to the synergistic interaction between CuO and NiO, which facilitated charge 
migration, reduced recombination losses, and promoted oxygen activation into H2O2, 
a key oxidant for the selective epoxidation of propylene. Process optimization demon-
strated that water vapor (1000  ppm) played a crucial role in enhancing PO selectivity 
by promoting in situ H2O2 formation, while incident light intensity strongly influenced 
conversion efficiency. Stability tests confirmed that the CuO(1.1%)/NiO(1.1%)/TiO2 
photocatalyst remained highly stable over 24 h of continuous operation, with no observ-
able deactivation. Additionally, an energy consumption analysis revealed an exception-
ally low energy requirement of 0.019 kWh per mole of propylene converted, highlighting 
the superior efficiency of the proposed system compared to conventional photocatalysts 
reported in the literature.

These findings underscore the potential of CuO/NiO/TiO2 heterojunctions in com-
bination with fluidized bed photoreactors as a viable, scalable, and energy-efficient 
approach for sustainable propylene oxide production.
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Table 6  Comparison with literature works dealing with different photocatalysts for propylene 
Epoxidation under UV-A light. PBPR = fixed bed photocatalytic reactor; FBPR = fluidized bed 
photocatalytic reactor
Photocatalyst Type of 

reactor
F

IN
C3H6

( 
mol h−1)

X (%) Y (%) P [kW] EM (kW h 
mol−1

C3H6conv)
Refs

V0.2/MCM-41 PBPR 2.65 0.07 0.07 0.2 107.80 [100]

V0.2Ti0.3/MCM-41 PBPR 2.65 0.16 0.16 0.2 47.20 [100]

Ti0.3/MCM-41 PBPR 2.65 0.01 0.01 0.2 754.70 [100]

Rb ion-modified 1.5% (wt) V2O5/
SiO2

PBPR 0.011 1.56 1.60 0.3 1748.20 [101]

TiO2 PBPR 0.01 5.5 5.50 4.3 7818.20 [102]

ZrO2 PBPR 0.01 5 5 6.3 12,600.00 [102]

BiWO-Ti50i/Glass Spheres FBPR 5.4 10 10 0.1 0.19 [103]

CuO(1.1%)/NiO(1.1%)/TiO2 FBPR 5.4 61 56.12 0.057 0.019 Our 
Op-
timal 
Test

https://doi.org/10.1186/s11671-025-04296-6
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