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Abstract

The increasing atmospheric concentration of CO2 is a major contributor to global climate
change, underscoring the urgent need for effective strategies to convert CO2 into value-
added products. In this sense, a composite was successfully synthesized by combining
clinoptilolite zeolite (CZ) with varying amounts of copper oxide (CuO-1% and 10%) for CO2

photoreduction. The composites were characterized using insightful techniques, including
XRD, nitrogen physisorption, DRS, and SEM. The results confirmed the incorporation
and dispersion of CuO within the CZ support. The XRD analysis revealed characteristic
crystalline CuO peaks. Despite the low surface area (<15 m2·g−1) and macroporous nature
of the samples, EDS imaging revealed an effective and homogeneous dispersion of CuO,
indicating efficient surface distribution. UV–Vis diffuse reflectance spectroscopy revealed
band gap energies of 3.30 eV (CZ), 3.38 eV (1%-CuO/CZ), and 1.75 eV (10%-CuO/CZ),
highlighting the pronounced electronic changes resulting from CuO incorporation. Photo-
catalytic tests conducted under UVC irradiation (λ = 254 nm) revealed that 10%-CuO/CZ
exhibited the highest CO and CH4 production, 35 µmol·g−1 and 3.6 µmol·g−1, respectively.
The composite also delivered the highest CO productivity (5.91 µmol·g−1·h−1), approxi-
mately 3.5 times that of pristine CZ, in addition to achieving the highest CH4 productivity
(0.60 µmol·g−1·h−1). Furthermore, turnover frequency (TOF) analysis normalized per Cu
site revealed that CuO incorporation not only enhances total productivity but also im-
proves the intrinsic catalytic efficiency of the active copper centers. Overall, the synthesized
composites demonstrate promising potential for CO2 photoreduction, driven by synergistic
structural, electronic, and morphological features.

Keywords: zeolites; copper; greenhouse gas; photocatalysis; semiconductors

1. Introduction
The development of CO2 conversion technologies is essential in the face of rising

greenhouse gas emissions and the urgent need to combat climate change [1,2]. Among
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the most promising approaches are photoelectrochemical and photocatalytic processes,
which not only mitigate environmental impact but also harness renewable energy to
convert CO2 into valuable products, such as fuels and chemicals [3,4]. In photocatalysis, a
semiconductor material absorbs light energy, which promotes the formation of electron-
hole pairs (e−/h+) [5]. These charge carriers drive redox reactions on the photocatalyst
surface: electrons in the conduction band (CB) reduce CO2, while holes in the valence band
(VB) typically oxidize water, generating protons (H+) and oxygen [6,7].

A central challenge in the development of efficient photocatalysts for CO2 reduction
is selecting semiconductor materials that not only offer suitable VB and CB potentials
to drive redox reactions but also exhibit strong CO2 adsorption affinity and prolonged
charge carrier lifetimes [8,9]. To address these requirements, various strategies have been
explored, including doping, particle size control, sensitization, and the construction of
composites and heterostructures [10,11]. Integrating semiconductors with structured sup-
port has proven effective in enhancing photocatalytic performance by improving substrate
adsorption, facilitating charge separation, and increasing thermal stability. Among the
most studied supports, zeolites stand out due to their high surface area, thermal robustness,
and ion-exchange capacity, making them excellent platforms for dispersing semiconductor
nanoparticles and tuning their reactivity [12,13].

Clinoptilolite, a natural zeolite belonging to the heulandite group, is classified as
T10O20 according to Gottardi & Galli (1985) [14]. Its crystalline structure consists of a
three-dimensional network of interconnected SiO4 and AlO4 tetrahedra, forming chan-
nels composed of 8- to 10-membered rings. This porous framework enables efficient ion
exchange through mobile cations, which balance the framework’s negative charge. The
typical unit cell formula is (X)6(Al6Si30O72)20H2O, where X represents the exchangeable
cations [15,16]. Although its composition can vary by geological source, the predominant
elements include silicon, aluminum, calcium, sodium, and potassium. Due to its high
porosity, ion-exchange capacity, and excellent thermal and chemical stability, clinoptilo-
lite finds broad use in environmental applications, such as photocatalysis and industrial
applications [17–19].

The integration of semiconductors into zeolite matrices significantly enhances photo-
catalytic performance. Zeolites contribute to this process not only by serving as high surface
area supports but also through their intrinsic acidic and basic sites, which facilitate CO2

adsorption and activation [20–22]. For instance, CuO, an indirect band gap semiconductor
(~1.7 eV), can form a heterojunction with clinoptilolite [23–25], effectively suppressing
electron-hole recombination and enhancing the generation of reactive species. This syner-
gistic interaction improves both the efficiency and selectivity of photocatalytic reactions,
offering a promising strategy for the development of advanced catalysts for sustainable
chemical transformations [26–28]. In this study, we propose the use of clinoptilolite zeolite
combined with CuO for the development of composite materials aimed at CO2 photoreduc-
tion. Composites were synthesized via the coprecipitation method with two different CuO
loadings: 1% and 10% (w/w). In addition, we explored their physicochemical properties,
including surface area, band gap, and particle morphology, to assess the influence of CuO
incorporation on the structure and photocatalytic behavior of the composites under ultra-
violet irradiation to simulate artificial photosynthesis. The photocatalytic tests revealed
that both CuO-containing composites were effective in converting CO2 into CH4, CO, and
short-chain alcohols (methanol and ethanol), with the 10% CuO composite achieving the
highest production of gaseous and liquid products.
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2. Materials and Methods
2.1. Composite Synthesis

The composites were synthesized by dispersing 2 g of natural clinoptilolite zeo-
lite in 100 mL of water, followed by the addition of a specific amount of copper nitrate
(Cu(NO3)2·6H2O—NEON Corporation Ltd., Suzano, SP, Brazil) to achieve CuO loadings of
1% and 10% relative to the zeolite mass. The mixture was heated to 100 ◦C under continu-
ous stirring. Subsequently, a 1 mol/L sodium hydroxide (NaOH—NEON Corporation Ltd.,
Suzano, SP, Brazil) solution was gradually added until the pH reached 13. The system was
stirred for 30 min then washed thoroughly with ethanol and water. The resulting material
was dried in an oven at 80 ◦C for 12 h. The composites were designated based on their
copper content, 1%-CuO/CZ and 10%-CuO/CZ, while the commercial clinoptilolite zeolite
was labeled as CZ.

2.2. Characterization

The materials were characterized using a range of analytical techniques. The X-ray
diffraction (XRD) patterns were recorded on a Rigaku Ultima IV with Cu Kα radiation
(λ = 0.15406 nm) at a scanning rate of 0.5◦ min−1 over a 2θ range of 5–50◦. Copper content
was quantified via atomic absorption spectrometry (AAS) using a PerkinElmer PinAA-
cle 900T (PerkinElmer Inc., Waltham, MA, USA), with a synthetic air/acetylene flame
(10 mL/2.5 mL) mixture. Measurements were performed using a hollow cathode lamp
with the emission at 324.75 nm. Morphological analysis was performed by field emission
SEM (JEOL JSM 6510, JEOL Ltd., Tokyo, Japan). Thermogravimetric analyses character-
ized all materials were performed on an SDT 650 analyzer (TA Instruments, New Castle,
DE, USA), using 10 mg samples in a platinum crucible under a nitrogen atmosphere
(60 mL min−1) and a temperature range of 25–550 ◦C at a heating rate of 10 ◦C min−1.
Bandgap energies were estimated by the Tauc Plot method using DRS data (obtained from
a Shimadzu UV-2600 spectrophotometer, Shimadzu Corporation, Kyoto, Japan). Infrared
spectra were acquired on a Bruker VERTEX 70 spectrophotometer (Bruker Optics GmbH,
Ettlingen, Germany) in the 4000–400 cm−1 range. The isotherm N2 adsorption/desorption
was performed on a Quantachrome NOVA 4200E analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA) at 77 K, after degassing at 80 ◦C for 12 h. The specific surface area
was determined by the Brunauer–Emmett–Teller (BET) equation.

2.3. CO2 Photoreduction Reactions

For the CO2 photoreduction experiments, batch quartz tube reactors with a total volume
of 144 mL were used, each equipped with a septum for gas sampling and capillary inlets
and outlets fitted with valves for CO2 purging (see Supplementary Materials Figure S1).
After 10 min of CO2 purging, both inlet and outlet valves were closed, establishing a closed
batch system for photoreduction reaction. To maintain a homogeneous reaction environment
and control the reaction temperature, the tubes were placed inside a temperature-controlled
chamber coupled to a magnetic stirring system. Thermal regulation was achieved by forced
air circulation combined with a continuous water flow circulating through the walls of the
chamber, ensuring efficient heat dissipation during irradiation. The reactions were irradiated
with UV-C light using six Philips TUV 15W SLV/25 lamps (λ = 254 nm). Prior to irradiation,
high-purity CO2 was purged into the system for 10 min to ensure saturation of the suspension,
which was prepared by dispersing 100 mg of the photocatalyst in 100 mL of distilled water.
After 6 h of illumination, gas-phase aliquots (400 µL) were collected through the septum
and manually injected into an Agilent 8860 GC System Custom gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) equipped with a Carboxen 1010 PLOT capillary column
(Supelco (Merck KGaA), Bellefonte, PA, USA). After chromatographic separation, the gases
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were detected by flame ionization (FID) and thermal conductivity (TCD) detectors. All analy-
ses were performed in duplicate to ensure consistency and reproducibility. Hydrogen nuclear
magnetic resonance spectroscopy (1H NMR) was applied to analyze the water-dissolved
compounds. The measurements were acquired on a Nuclear Magnetic spectrometer (Bruker
600 MHz NMR, Ascent 600 model, Bruker BioSpin GmbH, Rheinstetten, Germany) at 25 ◦C.
Prior to data collection, a protocol for attenuating the water resonance signal was applied. Each
sample (540 µL) was combined with 60 µL of a D2O solution containing DMSO (2.36 mM),
the latter was the internal standard. The resulting spectra was processed with MestreNova
software (version 14.2.3).

The number of electrons involved in the CO2 photoreduction process was estimated
from the stoichiometric electron requirements of each reaction pathway. Product formation
values (µmol·g−1) were multiplied by the corresponding number of electrons necessary for
the reduction of CO2 to each compound: 2 e− for CO, 6 e− for CH3OH, 8 e− for CH4, 12 e−

for C2H5OH, and 8 e− for acetate. The total number of electrons involved (µmol e−·g−1)
was obtained by multiplying the amount of each product (µmol·g−1) by its corresponding
electron requirement and summing the contributions of all products:

Total e− = (2 × nCO) +
(
6 × nCH3OH

)
+

(
8 × nCH4

)
+

(
12 × nC2H5OH

)
+ (8 × nacetate)

where ni is the amount (µmol·g−1) of each species produced.

3. Results
3.1. Characterization

Figure 1a displays the XRD patterns for both pristine and CuO-modified clinoptilolite,
in the 10–30◦ 2θ range, where the presence of the crystalline phase of clinoptilolite and
common impurities can be assessed. The unmodified zeolite shows diffraction peaks
characteristic of clinoptilolite (JCPDS #79–1462), confirming its crystalline structure, along
with additional peaks attributed to quartz (JCPDS #1–649), anorthite (JCPDS #2–537),
and calcite (JCPDS #24–27), typical impurities from mineralogical complexity of natural
clinoptilolite sources, which often include aluminosilicate and carbonates. EPR spectra
(Figure S2) also support the presence of impurities; a very broad line at low magnetic field
is observed, indicating strong exchange interactions between paramagnetic species. In
addition, six characteristic hyperfine transitions of Mn2+ are clearly visible in the region near
g ≈ 2.00, which result from the coupling between the unpaired d-electrons and the nuclear
spin of 55Mn (I = 5/2). This signal, typically isotropic, exhibits a g-factor close to 2.00 and
confirms the presence of Mn2+ ions well isolated in the aluminosilicate framework. The use
of EPR is particularly important because it reveals impurities that are often undetectable
by conventional techniques such as EDS and XRD, especially when present at very low
concentrations or in structurally disordered environments. Comparing the CZ with the
CuO-bearing composites, spectral differences are observed, indicating that the NaOH used
in the co-precipitation has an effect on the impurities’ removal, evidenced by the decreased
intensity of the broad line and the narrowing in the line width of the Mn2+ centers. CuO-
modified composites have secondary phases as well. However, the prominent calcite
peak at approximately 29.5◦ appears diminished, suggesting partial leaching of calcium
carbonate during synthesis. Furthermore, distinct peaks corresponding to CuO (JCPDS
#48–1548), associated with the (002) and (111) planes near 35.5◦ and 38.8◦, are visible only
in the diffractogram of the 10%-CuO/CZ composite (Figure 1b). These peaks are absent in
the 1%-CuO/CZ sample, likely due to the lower copper content, which may fall below the
XRD detection limit.
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Figure 1. X-ray diffraction patterns of commercial clinoptilolite (CZ) and the synthesized CuO/CZ
composites. (a) Diffraction patterns recorded in the 2θ range of 5–30◦. (b) Enlarged view of the
diffractograms in the 2θ range between 30–40◦, highlighting the region associated with CuO.

To complement the phase identification obtained by XRD, the copper incorporation
efficiency in the CuO/CZ composites was also quantified. Although the diffractograms
confirm the presence of CuO reflections only for the higher-loading sample (10%-CuO/CZ),
chemical analysis provides a more accurate assessment of the actual copper content intro-
duced during synthesis. The composites were synthesized by combining Cu2+ precursors
with CZ via a coprecipitation route, in which Cu(OH)2 initially precipitates upon NaOH
addition and subsequently undergoes thermal conversion to CuO in the aqueous medium
at approximately 100 ◦C. Atomic absorption spectroscopy revealed that the effective copper
loadings (0.6% for 1%-CuO/CZ and 3.5% for 10%-CuO/CZ) were lower than the nominal
values, indicating partial removal of weakly bound or non-incorporated copper species
during the washing steps.

The structural features of the CZ and its composites were further examined using
FTIR spectroscopy (Figure 2). The spectrum of commercial CZ exhibited a strong and
broad absorption band near 1015 cm−1, attributed to asymmetric stretching vibrations of
Si–O–Si, Al–O–Al, and Al–O–Si linkages [22]. Additional characteristic zeolite bands were
observed at 796 cm−1 (symmetric stretching of Si–O–Si and Si–O–Al), 602 cm−1 (vibrations
of double rings within the zeolite framework), and approximately 438 cm−1 (bending
vibrations of SiO or Al–O) [29]. The CZ spectrum also exhibited a band at 1629 cm−1,
corresponding to the deformation vibrations of water molecules structurally integrated
within the zeolite [30]. However, two new absorptions at 1559 and 1415 cm−1, absent in
pristine CZ, were observed and are attributed to acetate groups present on the CuO surface,
originating from the copper precursor used in the synthesis, as previously verified in related
studies of the group [31–33]. The presence of these species confirms the incorporation of
copper oxide into the CZ/CuO-1% composite, even though no CuO-related peaks were
detected in its XRD pattern due to the low loading.

To assess the thermal stability of the zeolite-based materials, thermogravimetric anal-
ysis (TGA) was conducted, as shown in Figure 3a. The sample 10%-CuO/CZ exhibited
a lower mass loss after 200 ◦C compared to both CZ and 1%-CuO/CZ This difference,
sustained throughout the entire thermal profile, suggests that the higher copper loading
reduced the water retention capacity of the CZ, likely due to the occupation of hydrophilic
sites by CuO particles. In contrast, the 1%-CuO/CZ sample displayed thermal behavior
nearly identical to that of CZ up to around 550 ◦C, indicating that, within this temperature
range, the lower CuO content did not significantly alter interactions with water or surface
functionalities. However, beyond 550 ◦C, both CuO-containing samples exhibited a more
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pronounced mass loss not observed in the CZ, as evidenced by the DTG curves in Figure 3b.
Specifically, the modified materials presented sharper peaks between 550 and 650 ◦C, while
the CZ sample showed a broader thermal event extending from 580 to 740 ◦C. This broad
feature is consistent with the dehydroxylation of the clinoptilolite framework and the de-
composition of residual carbonate species [34,35]. The sharper DTG peaks observed in the
copper-loaded samples may be attributed to the decomposition of basic copper carbonate,
which was identified by FTIR spectroscopy and typically decomposes at lower temper-
atures than calcium carbonate [36]. Alternatively, the presence of copper may influence
the thermal stability of the material by catalyzing the decomposition of surface groups or
enhancing dehydroxylation processes.

Figure 2. FTIR spectra of pristine CZ and CuO/CZ composites.

Figure 3. (a) Thermogravimetric analysis and (b) DTG of pristine CZ and CZ/CuO composites.

The nitrogen adsorption/desorption isotherms (Figure 4) of CZ and CuO/CZ compos-
ite exhibited a steep increase in nitrogen uptake at high relative pressures, characteristic of
Type III isotherms, typically associated with nonporous or macroporous materials according
to IUPAC classification. The absence of a pronounced hysteresis loop and the low BET sur-
face areas further support the dominance of macroporosity or external surface adsorption.
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The specific surface areas of the materials, determined by the BET method, were generally
low, all below 15 m2·g−1 (14 m2·g−1, 0.8 m2·g−1, and 2.3 m2·g−1 for CZ, 1%-CZ/CuO, and
10%-CZ/CuO, respectively) which is consistent with previously reported values for CZ
in the range of 14–19 m2·g−1 [37]. After copper incorporation, no significant decrease in
surface area was observed. This suggests a high dispersion of CuO species across the CZ
surface, likely in the form of ultrafine particles or clusters that do not substantially block
the pores or reduce the accessible surface area. The high dispersion of CuO may indicate
a strong interaction between the copper precursor and the surface functional groups of
CZ, favoring uniform distribution rather than aggregation. This uniform dispersion is
beneficial for photocatalytic applications, as it increases the number of active sites while
maintaining surface accessibility.

Figure 4. Nitrogen adsorption/desorption isotherms.

The literature presents varying results regarding the effect of metal incorporation on
surface morphology. While some studies report negligible changes in surface area upon
metal incorporation, others have observed either a reduction or even an increase, depending
on the preparation method [38,39]. For example, in the case of CuO/TiO2 composites, no
significant decrease in surface area was reported, suggesting a high dispersion of CuO
species across the support surface [40]. In contrast, studies have been conducted on MCM-
41-based composites with varying metal loadings, specifically containing copper oxide
(via coprecipitation) and iron oxide (via impregnation) [38,39]. It was reported that the
metal-modified materials had lower surface areas compared to the pure MCM-41 support;
however, the composites with higher metal content also showed increased surface area and
pore volume relative to those with lower loading.

As previously discussed, evaluating the band gap of photocatalysts intended for CO2

reduction is a critical step. Photocatalytic CO2 reduction involves redox reactions that occur
within a potential window of approximately −1.5 to +1.5 eV. Therefore, it is essential not
only for the material to have a sufficiently narrow band gap to be activated by light but
also for the band gap to align with the energy range required for these reactions [9].

Figure 5 shows the estimated band gap values for CZ and its CuO-based composites.
It is important to note that clinoptilolite is an aluminosilicate insulator, and therefore the
value obtained from the Tauc-Kubelka-Munk analysis corresponds to an apparent optical
band gap, associated with defect-related or edge-type electronic transitions rather than a
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true semiconductor band structure. Nevertheless, this apparent band gap is relevant for
assessing changes in the optical absorption profile upon CuO incorporation.

Figure 5. Band gap determination for (a) CZ, (b) 1%-CuO/CZ, and (c) 10%-CuO/CZ; (d) correspond-
ing diffuse reflectance spectra.

The CZ and 1%-CuO/CZ samples displayed similar apparent band gap energies of
3.30 eV and 3.38 eV, respectively, indicating that a low CuO loading does not significantly
perturb the optical response of the clinoptilolite framework. At this concentration, Cu
species are likely dispersed as isolated Cu(II) centers or very small clusters, which contribute
only marginally to the absorption edge.

The excitation of the pristine zeolite under the experimental photocatalytic conditions
is feasible given that the lamp used in the reactions exhibits its most intense emission
line at 254 nm (~4.88 eV), which matches one of the strongest absorption bands typically
observed in zeolites. This spectral overlap enables UV excitation of defect sites or extra-
framework species, providing a plausible pathway for the limited intrinsic photoactivity
often observed in natural zeolites. This consideration is particularly relevant for interpreting
the photocatalytic results presented in the following section.

In contrast to the low-loading composite, the 10%-CuO/CZ material exhibits a pro-
nounced band gap reduction to 1.75 eV. This decrease is attributed to the higher CuO content,
whose intrinsic band gap (1.7–2.9 eV) increasingly dominates the optical response of the
hybrid system [41]. Moreover, the formation of interfacial Cu-O-Si/Al linkages at higher
loadings can modify the local electronic environment and introduce intermediate energy
states within the composite, thereby enhancing visible-light absorption. Together, these effects
explain the substantial narrowing of the band gap in 10%-CuO/CZ and support the role of
the CuO/CZ interface in improving light harvesting and charge separation efficiency.
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Figure 6 presents SEM images of the samples, showing that all materials consist of
irregularly shaped agglomerates, with no well-defined morphology. The incorporation of
CuO at both 1 wt% and 10 wt% does not lead to noticeable changes in particle structure
or surface features. Additionally, no distinct CuO particles are observed on the surface,
suggesting a homogeneous dispersion of copper oxide within the CZ matrix. Further
compositional analysis is provided by the SEM–EDS maps shown in Figures S3 and S4
(Supplementary Materials). The mapping of the commercial CZ confirms the presence
of C, O, Al, Si, Na, and Mg. For the 10%-CuO/CZ composite, Cu was not detected in
the EDS map, which can be explained by the low Cu content. In fact, atomic absorption
spectroscopy confirmed the presence of Cu at 0.6 wt%. In contrast, the 10%-CuO/CZ
sample exhibited a clear Cu distribution in the EDS map, consistent with its higher loading.
These results demonstrate the successful incorporation of CuO into the CZ framework,
while also highlighting the detection limits of EDS for low-concentration elements.

Figure 6. SEM images of CZ and 1%-CuO/CZ, and 10%-CuO/CZ composites.

3.2. Photocatalytic Tests

To assess whether there was formation of products unrelated to the photocatalytic
activity of the synthesized materials, three control experiments were performed: (i) under
dark conditions, (ii) in the absence of CO2, and (iii) without a catalyst (Figure 7). As
expected, no detectable products were observed in the first two cases, confirming that
both light irradiation and CO2 are essential for the reaction and that there is no organic
contamination that could mask CO2 reduction results. However, in the absence of a
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catalyst, a minor amount (<1 µmol) of CH4 and CO was detected. This result suggests
that a small fraction of the CO2 can undergo reduction due to radical reactions initiated
by UVC illumination, leading to trace formation of gaseous products even without the
photocatalytic material.

Figure 7. Control experiments were carried out under dark conditions, in the absence of CO2, and
without a catalyst at 6 h of reaction.

Figure 8 and Table 1 present the photocatalytic performance of the synthesized ma-
terials in the CO2 photoreduction process, highlighting the generation of CO and CH4 as
the predominant gaseous reduction products. Notably, CuO plays a crucial role in CO2

photoreduction, particularly in enhancing CO production. Among the tested photocata-
lysts, 10%-CuO/CZ exhibited the highest activity, achieving 35.44 µmol·g−1 of CO and
3.62 µmol·g−1 of CH4 after 6 h. The amount of CO produced is approximately 3.5 times
higher than that of pristine CZ. In contrast, 1%-CuO/CZ showed moderate performance,
with 18 µmol·g−1 of CO and 2.03 µmol·g−1 of CH4. While the pure CZ sample produced
only 10 µmol·g−1 of CO, it generated a slightly higher amount of CH4 (2.63 µmol·g−1)
compared to 1%-CuO/CZ, indicating that CuO incorporation primarily promotes CO for-
mation. These results indicate that CuO dispersion and the interaction with the CZ matrix
are more favorable in the 10%-CuO/CZ sample, significantly improving photocatalytic
efficiency. Additionally, the superior performance of 10%-CuO/CZ may also be attributed
to its higher macroporosity compared to 1%-CuO/CZ, which likely facilitates more effi-
cient mass transport of reactants and products during the photocatalytic process. This
result is consistent with findings in the literature, where CuO is recognized as a promising
photocatalyst due to its suitable electron donor properties and favorable band structure for
CO2 reduction [42].

Water molecules can also enhance CO2 adsorption through hydrogen bonding inter-
actions, improving the activation of CO2 on the photocatalyst surface [43]. Following the
initial formation of CO, these interactions may also support the subsequent hydrogenation
steps that lead to CH4 production [42]. Thus, CO production is favored in the material
with higher CuO content, with the catalytic activity being modulated by the presence of
a reversible Cu+/Cu2+ redox couple, resulting from modifications in the local chemical
environment [44]. The interconversion of copper species, influenced by the reaction envi-
ronment, may account for the formation of distinct products. In this context, Cu+ sites are
often proposed to serve as active centers for the initial reduction of CO2 to CO. The resulting
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CO can then undergo hydrogenation to yield the CHO intermediate, which is subsequently
reduced via electron and proton transfer, ultimately leading to CH4 formation [44].

Figure 8. Photocatalytic CO2 reduction performance of the synthesized catalysts. (a) CO and (b) CH4

production.

Table 1. Total product amounts (µmol·g−1) and corresponding productivities normalized by reaction
time (µmol·g−1·h−1) for gaseous and liquid products formed during CO2 photoreduction over CZ
and CuO/CZ catalysts after 6 h of irradiation.

Photocatalysts Production (µmol·g−1) Productivity (µmol·g−1·h−1)

Ethanol

CZ 7.8 1.30
1%-CuO/CZ 4.1 0.68
10%-CuO/CZ 17 2.83

Acetate

CZ 18.8 3.13
1%-CuO/CZ 16.3 2.72
10%-CuO/CZ 16.9 2.82

Methanol

CZ 0 0
1%-CuO/CZ 1.8 0.30
10%-CuO/CZ 3.8 0.63

Carbon Monoxide

CZ 10.30 1.72
1%-CuO/CZ 16.42 2.74
10%-CuO/CZ 35.44 5.91

Methane

CZ 2.64 0.44
1%-CuO/CZ 2.03 0.34
10%-CuO/CZ 3.62 0.60

The liquid phase of the photocatalytic CO2 reduction was analyzed by 1H NMR at 6 h
of reaction, revealing the formation of three main products: ethanol, acetate, and methanol
(Figure 9). Among them, acetate was the predominant product for the pristine CZ sample
(18.8 µmol·g−1), followed by ethanol (7.8 µmol·g−1), while no detectable amount of methanol
was observed. The incorporation of 1% CuO into CZ resulted in a decrease in ethanol
production (4.1µmol·g−1) but enabled the formation of methanol (1.8 µmol·g−1), while acetate
remained at comparable levels (16.3 µmol·g−1). Notably, the photocatalysts 10%-CuO/CZ
exhibited the highest ethanol production (17 µmol·g−1), accompanied by 3.8 µmol·g−1 of
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methanol and 16.9 µmol·g−1 of acetate. These results suggest that the presence of CuO
significantly influences the selectivity of the liquid-phase products, favoring the generation
of alcohols, particularly ethanol and methanol, at higher CuO contents. At the same time,
acetate formation remains relatively stable across all catalysts.

 

Figure 9. Liquid-phase products obtained from photocatalytic CO2 reduction over CZ and CuO/CZ
catalysts after 6 h of reaction. (a) Quantification of ethanol, acetate, and methanol. (b) Representative
1H NMR spectrum evidencing the characteristic signals of the identified products.

The selectivity of the photocatalytic CO2 reduction process revealed significant dif-
ferences depending on the catalyst composition (Figure 10). For the pristine CZ sample,
acetate was the predominant product (47.6%), followed by CO (26.0%) and ethanol (19.7%),
whereas no methanol formation was detected. The incorporation of 1% CuO modified the
product distribution, decreasing acetate selectivity to 40.1% and ethanol to 10.1%, while
favoring the formation of methanol (4.4%) and increasing CO selectivity to 40.4%. This
indicates that the presence of CuO facilitates electron transfer processes that enhance CO
generation and promote the reduction pathway toward methanol.

Figure 10. (a) Selectivity of the liquid- and gas-phase products formed during photocatalytic CO2

reduction over CZ and CuO/CZ catalysts. (b) Total number of electrons involved in the CO2

photoreduction process at 6 h of reaction.

At higher CuO loading, a pronounced shift in selectivity was observed, with ethanol
becoming the major product (22.1%), followed by CO (46.2%) and acetate (22.0%). Con-
versely, methanol and CH4 had low selectivity values (5.0% and 4.7%, respectively). These
results suggest that the CuO content plays a crucial role in modulating the reaction path-
ways: while pristine CZ tends to favor acetate formation, the addition of CuO enhances CO
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generation and, at higher loadings, shifts the selectivity toward alcohol production, partic-
ularly ethanol. This behavior may be associated with the improved charge separation and
enhanced surface redox properties imparted by CuO, which favor multi-electron/proton
transfer reactions required for alcohol synthesis.

In addition to product quantification, photocatalytic efficiency can also be evaluated
by the total number of electrons involved in the CO2 reduction reaction per gram of pho-
tocatalyst. The 10%-CuO/CZ sample exhibited the highest electron participation, with
461.84 µmol e−·g−1, confirming its superior ability to generate and transfer photogener-
ated electrons under UV illumination. In contrast, pristine CZ and 1%-CuO/CZ showed
significantly lower values, with 285.64 and 239.08 µmol e−·g−1, respectively. These results
corroborate the product distribution trends and reinforce the beneficial role of CuO, partic-
ularly at higher loading, in promoting effective charge separation and enhancing electron
mobility, thereby increasing the number of electrons available for CO2 photoreduction [45].

The selectivity observed in the liquid and gaseous products of CO2 photoreduction
varied significantly with the catalyst composition (Figures 8–10). For CZ, the major liquid-
phase product was acetate (18.8 µmol·g−1), followed by ethanol (7.8 µmol·g−1), with
no detectable methanol formation. This behavior can be attributed to the macroporous
surface structure of CZ, which, despite its relatively low specific surface area, provides
Brønsted and Lewis acid sites capable of adsorbing and activating CO2 [46]. At these sites,
CO2 is stabilized as carbonate/bicarbonate intermediates, which can undergo successive
reductions and favor C–C coupling, ultimately leading to acetate formation [47]. The
predominance of this product suggests that, in the absence of metallic redox species, the
catalytic pathway is governed by the acidic centers of the zeolite, which prolong the
residence time of intermediates and facilitate condensation between *CO and *CHX species.

Upon incorporation of CuO into the structure (1%-CuO/CZ and 10%-CuO/CZ) a clear
shift in product distribution was observed. In 1%-CuO/CZ, ethanol formation decreased
(4.1 µmol·g−1), while methanol emerged (1.8 µmol·g−1), and acetate remained at a level
comparable to that of pure CZ (16.3 µmol g−1). This indicates that small amounts of
CuO promote water dissociation and the generation of reactive hydrogen, but the limited
dispersion of CuO is insufficient to redirect the dominant reaction pathway, which remains
governed by the acidic sites of the zeolite [48,49].

In contrast, for 10%-CuO/CZ, the scenario changes markedly: ethanol production
increased significantly (17 µmol·g−1), accompanied by methanol (3.8 µmol·g−1), while
acetate remained nearly constant (16.9 µmol·g−1). This shift in selectivity can be ascribed
to the presence of highly dispersed Cu+/Cu2+ redox sites, which serve as active centers for
CO2 conversion to CO and, subsequently, for its sequential hydrogenation into alcohols [22].
Unlike pure CZ, where C2 products arise from the coupling of activated intermediates at
acidic sites, in 10%-CuO/CZ the predominant route involves multi-electron hydrogenation
of adsorbed CO, yielding ethanol as the main liquid product. This hypothesis is supported
by the higher number of electrons transferred (461.84 µmol e−·g−1), demonstrating that
CuO enhances the efficiency of photogenerated charge separation and increases the number
of electrons available for reduction reactions.

Comparison with other CuO-modified zeolitic systems reported in the literature fur-
ther substantiates this interpretation. In MCM-41/CuO materials, for instance, increasing
CuO content enhanced selectivity toward alcohols (mainly methanol), attributed to the role
of Cu in stabilizing *CH3O and *CH2OH intermediates [22]. Similarly, in CuO-modified
zeolite A, the coexistence of zeolite acid sites and copper redox centers favored the for-
mation of C2 compounds, including ethanol and ethylene. Therefore, the transition from
acetate selectivity in pure CZ to ethanol selectivity in 10%-CuO/CZ can be attributed to
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the synergy between the macroporous CZ structure, which ensures reactant accessibility,
and CuO redox sites, which introduce alternative hydrogenation pathways.

The TOF based on the number of electrons transferred per active Cu site was calculated
by considering the actual Cu content in each catalyst and the total number of electrons
involved in the photoreduction process over 6 h of reaction. For 1%-CuO/CZ, which
contained 0.6 mg of Cu, the total number of electrons generated was 23.91 µmol, resulting
in a TON of 2.53 e− per mol of Cu and a corresponding TOF of 0.42 h−1. In contrast,
10%-CuO/CZ, with a higher Cu content (3.6 mg), produced 46.18 µmol of electrons, cor-
responding to a TON of 0.815 and a TOF of 0.14 h−1. These findings show that, although
10%-CuO/CZ contains a greater absolute amount of Cu and generates more total electrons,
its intrinsic efficiency per Cu site is significantly lower than that of 1%-CuO/CZ. Therefore,
1%-CuO/CZ exhibits superior Cu-normalized catalytic efficiency, indicating more effective
utilization of active sites and a more favorable electron transfer dynamics.

4. Conclusions
The incorporation of CuO into the clinoptilolite matrix significantly enhanced both the

efficiency and selectivity of CO2 photoconversion. The 10%-CuO/CZ composite displayed
superior charge separation and electron availability, resulting in a substantial increase in
CO formation and the selective production of alcohols (ethanol and methanol), whereas
pristine CZ predominantly favored the formation of acetate. These findings highlight the
synergistic interplay between the zeolite framework and the Cu-based redox centers, which
promotes electron transfer and modulates reaction pathways. Notably, the TOF analysis
normalized per Cu site confirmed that, despite differences in the total Cu content, the
CuO-modified materials exhibit distinct intrinsic efficiencies, further supporting the role of
copper active centers in governing electron transfer dynamics. Overall, the performance
achieved demonstrates the potential of CuO–zeolite composites as a promising platform
for the rational design of selective photocatalysts for CO2 conversion.
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29. Król, M.; Koleżyński, A.; Mozgawa, W. Vibrational Spectra of Zeolite Y as a Function of Ion Exchange. Molecules 2021, 26, 342.
[CrossRef]
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