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ARTICLE INFO ABSTRACT

Keywords: Considering the rising emission of the carbon dioxide (CO3) and its detrimental effects on the environment,
Polydimethylsiloxane conversion of CO; into value-added products has emerged as a critical area of research. In particular, the pho-
Co-doping

tocatalytic reduction of CO, into fuels using solar energy has recently attracted significant attention. In this
study, a nanocomposite of co-doped titanium dioxide (TiO2) nanoparticles with polydimethylsiloxane (PDMS) is
utilized for photocatalytic reduction of CO,. Photo, chemical, and thermal-stable PDMS serves as a transparent
flexible binder for photocatalyst nanoparticles, facilitating their usage and recycling. To make TiOy photo-
catalysts visible-active, reduce the charge recombination rate, and improve the charge transport and lifetime,
they are co-doped using nonmetal nitrogen (N) and metal silver (Ag) with different concentrations. Following the
optical, morphological, and structural analysis of the photocatalysts, their photocatalytic performance is eval-
uated in a fixed gas bed photoreactor. The TiOy photocatalyst shows the lowest yield for methane (3.2 pmol/g
catalyst) and ethane (0.42 pmol/g catalyst). While, the yield for methane and ethane using Ag-N-TiO, photo-
catalyst reaches 34.42 and 1.01 pmol/g catalyst, respectively. Remarkably, when the PDMS-Ag-N-TiOy nano-
composite is employed, the highest methane and ethane yield of 122.21 and 10.22 pmol/g catalyst are achieved,
respectively. Thus, in the presence of PDMS polymer, instantaneous quadrupolar interactions occur between its
siloxane groups and carbon dioxide molecules. This promotes the adsorption of greater amounts of CO, making
it more available for the photocatalytic reduction reaction and thereby enhancing hydrocarbon production.

Titanium dioxide
Photocatalytic reduction
Carbon dioxide

1. Introduction crisis while promoting sustainable fuel sources. In contrast to thermally
driven pathways, photocatalytic CO, conversion can proceed under
ambient temperature and pressure, avoiding additional energy input.

(Saravanan et al., 2021; Ahmadi et al.,, 2023). The photocatalytic

Since the Industrial Revolution, atmospheric carbon dioxide (CO3)
levels have increased from 280 ppm to approximately 430 ppm,

exceeding the safe threshold of 350 ppm. This rise, primarily driven by
fossil fuel combustion, has led to global warming, environmental
degradation, and serious threats to ecosystems, necessitating urgent and
effective mitigation efforts (Asadi et al., 2022; Zheng et al., 2024). In
recent years, researchers have begun exploring various methods for CO,
utilization and transformation, including photocatalytic reduction of
COg, electrochemical, thermal, biochemical, and chemoenzymatic ap-
proaches. Photocatalytic technology is a more energy-efficient and
sustainable technique compared to other approaches such as electro-
chemical and thermal methods. With its significant potential to reduce
environmental pollution, it offers an effective solution to the energy

reduction of CO utilizing semiconductors, represents a clean method for
the conversion of greenhouse gas into hydrocarbon fuels. The photo-
generated electrons reduce CO2 (often in the presence of Hy0) to
products such as methane (CHy4), ethane (CyHg), methanol (CH3OH),
and carbon monoxide (CO), while the holes oxidize water or
surface-adsorbed species (Garcia et al., 2025).

Solar-based technologies, such as photo-Fenton and photocatalytic
methods, have emerged as promising solutions to address ronmental
pollution and energy crises. The photo-Fenton process, as a member of
the advanced oxidation processes (AOPs), employs solar irradiation to
drive the Fe?*/Fe>* redox couple in the presence of hydrogen peroxide,
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thereby producing highly reactive radical species (Janani et al., 2025).
AOPs have gained considerable recognition as highly effective and
adaptable methods, attracting widespread interest in diverse disciplines
because of their effectiveness and environmental sustainability. These
processes have shown remarkable potential in various applications,
including hydrogen generation, CO5 reduction, wastewater treatment,
and microbial disinfection (Khan et al., 2025; Safa et al., 2025).

Among the various semiconductors used as photocatalysts, titanium
dioxide (TiO3), an n-type semiconductor, is widely employed for CO,
photoreduction. Its conduction band edge is sufficiently negative to
drive the reduction of CO,, while its valence band is positive enough to
oxidize water, and it also exhibits excellent chemical stability, non-toxic
nature, abundance, and low cost. These features have made TiO5 one of
the most extensively studied photocatalysts for solar-driven COy con-
version. However, it suffers from some challenges, especially its high
bandgap (~3.2 eV), which results in the absorption of only 3-4% of the
solar spectrum in the ultra-violet (UV) range (Guo et al., 2020; Cui et al.,
2022).

To enhance photocatalytic performance, various strategies have
been developed, including defect engineering, heterostructure con-
struction, surface modification, and activator-assisted catalysis. For
example, in activator-assisted photocatalysis, peroxymonosulfate (PMS)
is employed to generate reactive oxygen species (ROS) that accelerate
degradation reactions, while NaBH4 which provides electrons to facili-
tate redox reactions and enhance catalytic efficiency (Sre et al., 2025;
Steffy et al., 2025). In addition, To extend its optical response into the
visible region and improve charge separation, bandgap engineering
through metal and non-metal doping has been widely investigated.
Doping introduces impurity or defect states within the bandgap, which
can narrow the effective bandgap and act as trapping sites that facilitate
spatial separation of photogenerated electron-hole (Piatkowska et al.,
2021; Bahadorian et al., 2025). Thus far, TiOy photocatalyst has been
doped by nonmetals, including nitrogen (N) (Ahmadi et al. 2024), car-
bon (C) (Wang et al., 2017), phosphorus (P) (Deng et al., 2021), and
fluorine (F) (Diao et al., 2022). Among various non-metal dopants, ni-
trogen is particularly attractive for visible-light-driven TiO, photo-
catalysis because its covalent radius, electronegativity, and ionization
energy are comparable to those of oxygen, which facilitates substitu-
tional incorporation on oxygen sites and promotes effective hybridiza-
tion between N 2p and O 2p states in the valence band. In addition, the
abundance and low cost of nitrogen precursors, together with the good
thermal stability of N-doped TiO, under typical synthesis and operating
conditions, make nitrogen a practical and scalable dopant for enhancing
photocatalytic performance (Divya et al., 2022; Subhiksha et al., 2025).
As reported, N-doping of TiO5 noticeably improved photocatalytic ac-
tivity for the dynamic reduction of CO, to CO. The N- doped TiO,
nanophotocatalyst is synthesized using a sol-gel method and loaded onto
cordierite honeycomb monoliths. N- doped TiO, reduced the TiO, band
gap from 3.12 eV to 3.06 eV, and exhibited 4.67 times higher CO pro-
duction compared to pure TiO3 (56 vs. 12 pmol g—catalfl. h™Y) (Tahir
and Tahir, 2016). Incorporating noble metals, including gold (Au)
(Khairy et al., 2022), silver (Ag) (Nagaraj et al., 2021), platinum (Pt)
(Jing et al., 2022), copper (Cu) (Raguram and Rajni, 2022), and palla-
dium (Pd) (Jahdi et al., 2020), into TiOs is a viable approach to enhance
charge transfer efficiency by facilitating electron trapping, reducing
electron-hole recombination, and extending light absorption into the
visible range, thereby significantly improving photocatalytic perfor-
mance. Among these metals, silver is particularly attractive for practical
applications because it combines a strong plasmonic response in the
visible range with a comparatively lower cost and facile synthesis (Steffy
et al., 2025). Kang et al. synthesized reduced graphene oxide (rGO)-w-
rapped Ag-TiO; nanofibers (NFs) with a coaxial electrospinning method.
Upon exposure to visible light, rGO/Ag/TiO, NFs showed a 25-fold
enhancement in the conversion of CO5 to CHy4 relative to bare TiOo
NFs, yielding 4.301 pmol gy} of CHy for a duration of 7 h. Furthermore,
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Ag-TiO5 NFs (without rGO) demonstrated approximately 7 times higher
efficiency than pure TiO, NFs. Ag doping enhanced photocatalytic
performance by facilitating Fermi level equilibration, serving as a sink
for photogenerated electrons, offering catalytic sites for adsorbed spe-
cies and reaction intermediates, and increasing visible light absorption
through localized surface plasmon resonance (LSPR) (Kang and Hwang,
2022). In photocatalytic processes, suitable supports can significantly
improve activity and selectivity by increasing the accessible surface
area, facilitating mass transfer, preventing nanoparticle agglomeration,
and enabling convenient catalyst recovery and reuse (Ali et al., 2023).
Among various types of supports, polymeric ones have attracted
considerable attention due to their structural flexibility, chemical
properties tunability, suitable stability, and compatibility with diverse
environments. Using suitable polymeric support, the adsorption and
transport behavior of reactant molecules can be controlled (Srikanth
et al., 2017; Sosnin et al., 2021). Polydimethylsiloxane (PDMS) is a sil-
icone polymer with distinctive characteristics that has garnered signif-
icant interest in photocatalysis and it is one of the suitable candidates for
optical applications. This polymer, characterized by its flexible struc-
ture, optical transparency, biocompatibility, robust thermal stability,
high chemical stability, and appropriate permeability to CO,, demon-
strates considerable potential in enhancing photocatalytic processes.
The capacity of PDMS to form a flexible and gas-permeable matrix,
together with its potential to enhance the local concentration of COq,
introduces this polymer as a suitable support for photocatalytic CO5
reduction systems (Ali et al., 2023; Ali et al., 2024).

Although previous studies have explored the individual photo-
catalytic activities of N-doped TiO2 and silver, comprehensive research
on their combined performance across different doping levels remains
limited. Co-doping involves the simultaneous doping of metal cations,
anions, or metal/non-metal elements, in contrast to single doping.
Furthermore, photocatalytic CO, reduction is often conducted using
powdered catalysts, which can suffer from limited gas-solid contact, and
nanoparticle agglomeration. These factors restrict CO, availability near
active sites.

In this work, an efficient TiO,-based photocatalytic system is intro-
duced for CO; reduction. To tune the energy levels of the TiO, and make
it visible-active, it is doped with N and Ag simultaneously. The effects of
varying concentrations of N and Ag dopants on the photocatalytic per-
formance of TiO, are systematically investigated, with a focus on the
reduction of CO; to methane and ethane, while transparent PDMS is
employed as a CO»-philic, gas-permeable support to concentrate CO5
around the photocatalyst nanoparticles. The integration of modified
TiO5 with PDMS aims to enhance photocatalytic efficiency and provide
new insights into material design for CO3 conversion.

2. Experimental
2.1. Materials

TiO4 utilized in this study is a commercial product (P25) sourced
from Evonik Company, exhibiting a stated purity of 99.5%. Urea with a
purity of 99%, silver nitrate (AgNO3) with a purity of 99.9%, and sodium
hydroxide with a purity of 97% are purchased from Merck. PDMS
(Sylgard 184 A) and its curing agent (Sylgard 184 B) are obtained from
Dow Corning Company (U.S.A.). The study employs ethanol with a
purity of 96% (Kimia Alcohol Zanjan Company). All materials are uti-
lized without purification.

2.2. Preparation of photocatalysts

2.2.1. Doping of TiO2 with nitrogen

A mixture of urea and TiOs is initially prepared with molar ratios of
5:1.5, 5:3, and 5:5, TiO9: urea. The mixture is subsequently mixed with
50 mL of deionized water and subjected to vigorous stirring for 2 h. The
resulted mixtures are labeled as 1.5 N-TiOy, 3 N-TiO,, and 5 N-TiOs,
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reflecting the varying molar ratios employed. The sample is then
exposed to a temperature of 100 °C to promote water evaporation.
Subsequent to the milling process, the powders are subjected to calci-
nation at a temperature of 400 °C for 1 h (Marques et al., 2019).

2.2.2. Doping of TiOz with silver

Ag-TiO; nanoparticles are prepared using AgNOj; as the precursor for
the silver component. 0.6 g of TiO3 nanoparticles are added to 100 mL of
AgNOs solution at concentrations of 0.5, 1, and 3 mM. The mixture is
stirred at a rate of 500 rpm for a period of 1 h at room temperature (RT).
The resultant mixtures are labeled as 0.5Ag-TiO, 1Ag-TiO,, and 3Ag-
TiOg, reflecting the various molar ratios employed. The pH of the sus-
pension is adjusted to 7 using a 0.1 M NaOH solution to improve the
adsorption of Ag onto TiO. Upon achieving Ag sorption equilibration,
the solution is filtered to separate the Ag-TiO, from the liquid phase.
Thereafter, the Ag-TiO, undergoes four cycles of washing with ethanol
and deionized water to remove any weakly bound and/or undoped Ag
on the TiO4 surface. The nanoparticles are subsequently dried in an oven
at 100 °C for 12 h (Ali et al., 2024).

2.2.3. Co-doping of TiOz with nitrogen and silver

The 1.5 N-TiO, sample is initially prepared as explained in Section
2.2.1, followed by doping with silver at a concentration of 0.5 mM as
mentioned in Section 2.2.2. The nanoparticles are briefly labeled as Ag-
N-TiOa.

2.2.4. Preparation of PDMS composite with Ag-N-TiO2

Initially, 0.1 g of Ag-N-TiO, powder is mixed with 0.95 g of n-hexane
and ultrasonicated for 15 min. Then, 0.91 g of Part A PDMS polymer is
added into the initial solution. To mix the powder and polymer, the
solution is ultrasonicated again. To remove the n-hexane solvent, the
solution is placed in a vacuum oven at 50 °C for 30 min. Subsequently,
0.09 g of Part B polymer is added into the solution and thoroughly
stirred using a shaker (Ali et al., 2024). To perform the photoreaction
test, the solution is transferred into a glass container until a thin film is
formed inside the container. Then, the container is positioned in the
center of the photoreactor for the performance test.

2.3. Characterization techniques

Fourier-Transform Infrared (FTIR) analysis (Spectrum One, USA) is
employed to identify the functional groups present in the samples. X-ray
diffraction (XRD) (Rigaku Ultima IV, Japan) is used to determine the
crystalline phase of the materials. Field-Emission scanning electron
microscopy (FESEM, TESCAN, Czech Republic) and energy-dispersive X-
ray spectroscopy (EDS) analysis are used to study the materials
composition and morphology. Using an Avantes (AvaLight-DHS) UV-Vis
spectrophotometer, the optical properties of the materials are recorded.
A fluorescence spectrophotometer is used to obtain photoluminescence
(PL) spectra of materials (Varian Cary Eclipse, USA). In the Brunauer-
Emmett-Teller (BET) analysis, the total pore volume, average pore
size, and specific surface area (Sggr) of the materials are measured by Ny
physisorption at 77 K utilizing Belsorp mini II equipment manufactured
in Japan.

2.4. COy photoreduction in photoreactor

Photocatalytic CO, reduction tests are performed in a fixed gas bed
photoreactor at 1 bar pressure and 25 °C. A 200 mL Pyrex photoreactor
with a quartz window on the top to enhance light transmission to the
photocatalyst surface is utilized. A UV-visible 250 W mercury vapor
lamps (A > 350 nm), with average irradiance of 280 W/m?, is positioned
5 cm from the window at the top of the photoreactor. Initially, 0.1 g of
photocatalyst powder is dispersed in 10 mL of deionized water and then
heated to form a thin layer of photocatalyst on a glass plate. It is sub-
sequently positioned at the center of the photoreactor. The preparation
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of the PDMS and Ag-N-TiO, composite for the photoreactor test is also
discussed in Section 2.2.4. Before lighting the lamp, a continuous flow of
99.99% high-purity CO; gas is injected into the photoreactor for 1 h at a
flow rate of 50 mL/min to remove air and impurities. After that, the CO,
gas flow passes through a bubbler containing deionized water for 30 min
to introduce humidified CO- gas as the input feed into the photoreactor.
After the photoreactor is filled with humidified CO,, all outlets are
sealed and the lamp is lit. After 8 h from the start of the reaction, a 1 mL
sample is taken from the photoreactor for analysis using a syringe. The
syringe is then injected into a gas chromatograph (Agilent 7890 B)
equipped with an ionization detector (FID) for gas sample analysis
(Ahmadi et al. 2024). To ensure that the products obtained are only the
result of photocatalytic reduction of CO2, a number of experiments are
performed under the following conditions: 1) no radiation 2) no pho-
tocatalyst 3) no COy gas 4) pure PDMS. Ultimately, no products are
observed in these 4 experiments. To ensure the reliability of the pho-
tocatalytic performance evaluation, experiments are repeated three
times under identical conditions, showing an experimental error of less
than 1%

3. Results and discussion

To understand the effect of the single and co-doping on the optical
properties of the photocatalysts, the UV-visible absorbance spectra of
the samples are recorded and depicted in Fig. 1(a). Moreover, the optical
bandgap for different samples is estimated using the Tauc plot as
(Bhatkhande et al., 2002).

(ahw) =A(hv — E)" @

1240

hy 1

(2)
where o represents the absorption coefficient, hvy denotes the photon
energy, A is a constant determined by the effective electron-hole mass,
E, the optical band gap energy, n can be values of 0.5 or 2, and A the
incident light wavelength. To compare the bandgap between undoped
and doped TiO; with N and Ag, the extracted results from UV-visible
spectra are also displayed in Table 1.

Fig. 1(a) indicates that pure TiO2 nanoparticles are UV-active. In
photocatalysts doped with N and Ag, expanding the optical absorption
into the visible region is evident. The results align with the color alter-
ation of the samples (Fig. 1(c)). Table 1 indicates that N-doping results in
a reduction of the band gap relative to pure TiO,, signifying effective
doping. The most probable mechanism that explains the observed light
absorption may be the oxygen vacancy generated by the thermal treat-
ment. Through the doping of N atoms into the TiO, lattice, the N 2p
states contribute to the narrowing the bandgap via mixing with O 2p
states. The narrower bandgap expands the photon absorption spectrum
and promotes the excitation of an electron from the valence band to the
conduction band in the doped semiconductor, consequently enhancing
the photocatalytic activity of the material (Wang et al., 2005; Zhang
et al., 2021). Furthermore, doping with Ag causes a shift in the light
absorption edge to the longer wavelengths. Ag clusters can provide the
formation of localized energy levels within the band gap of TiOs,
improving the light absorption (Zhang et al., 2021).

To evaluate the crystalline structure of the photocatalysts and the
doping effects, the X-ray diffraction pattern of the pure TiO and doped
samples are presented in Fig. 2(a). The XRD peaks of the samples include
two crystalline phases, anatase and rutile, with anatase being the pre-
dominant phase. The X-ray diffraction peaks of the prepared samples are
observed at 20 = 25.3°, 36.9°, 37.7°, 38.5°, 48°, 53.8°, 55°, 62.6°, 68.7°,
70.2°, 75°, and 76°, corresponding to the miller indices (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220), (215), and (301),
respectively, and are in accordance with the standard of the anatase
phase of TiOy (JCPDS 78-2486) (Gegova et al., 2015). The X-ray
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Fig. 1. (a) UV-vis absorption spectra of photocatalyst samples, (b)Tauc plot of pure TiO, and modified samples (c) the color of the different samples.

Table 1
Bandgap results obtained from the Tauc plot of the
samples.
Photocatalyst Band gap (eV)
TiO, 3.21
1.5 N-TiO, 2.77
3 N-TiO, 2.81
5 N-TiO, 2.93
0.5Ag-TiO, 2.58
1Ag-TiO, 2.74
3Ag-TiO, 2.77
Ag-N-TiO; 2.43

diffraction peaks observed at 26 values of 27.4°, 36.0°, 39.1°, 41.2°,
56.6°, and 62.7° correspond to the miller indices (110), (101), (200),
(111), (220), and (002), respectively, and are indicative of the rutile
phase of TiO (JCPDS 89-4202) (Karunakaran et al., 2011).

Fig. 2(a) shows no impurity phase after N-doping, suggesting that N
atoms are located in the interstitial and substitutional sites of the TiOo
crystal lattice. Furthermore, it depicts that the diffraction peak positions
of N-doped TiO5 samples closely resemble those of pure TiO, nano-
particles. However, a further examination of the major anatase peak on
the (101) plane reveals a minor shift towards higher angles for N-doped
samples (Fig. 2(b)). The shifts signify an increase in oxygen vacancies
resulting from nitrogen impurity substitution in the TiO, lattice
(Selvaraj et al., 2013; Li et al., 2015; Deshmukh et al., 2021). The
diffraction patterns of the TiO5 sample doped with Ag dose not exhibit a
distinct Ag peak (Fig. 2(a)). It can be attributed to the low doping
concentration of Ag within the TiO, nanoparticles. The ionic radius of
the Ag cation (Ag") is roughly 126 Pm, significantly larger than that of
the titanium cation (Ti*"), which measures approximately 68 Pm.
Consequently, it can be inferred that a minimal quantity of Ag * ions
infiltrates the TiO5 crystal lattice (Yuan et al., 2010; Santos et al., 2015).

The mean anatase crystallite size of all samples is determined from
the full width at half maximum (FWHM) of the principal anatase
diffraction peaks using Debye-Scherrer method. Before N-doping, the
average crystallite size of TiO is 20.4 nm. After N-doping, it drops to
19.8, 19.5, and 19.4 nm for the 1.5 N-TiO5, 3 N-TiO5, and 5 N-TiOy
samples, respectively. The average TiO; crystal size after Ag-doping is
determined to be 17.7 nm, 17.6 nm, and 17.3 nm for the 0.5Ag-TiOy,
1Ag-TiO,, and 3Ag-TiO, samples, respectively.

FESEM images of the TiO9, 1.5 N-TiO3, 0.5Ag-TiO,, Ag-N-TiO,, and
PDMS-Ag-N-TiO, samples are presented in Fig. 3, showing no significant
changes after the doping. Further, suitable dispersion of nanoparticles in
PDMS matrix is observed.

The elemental composition of the Ag-N-TiO, nanoparticles are
examined by mapping and EDS analysis, and the results are shown in
Fig. 4. The mapping images indicate acceptable distribution of elements
(Fig. 4 (a)). The EDS spectrum confirms the presence of Ti, O, Ag, and N
in the Ag-N-TiOy sample with weight percentages (wt.%) of 54.45%,
44.4%, 0.48%, and 0.67%, respectively (Fig. 4 (b)). The intensity of the
peaks attributed to Ag and N are negligible due to their low concen-
tration in the TiO, matrix. No significant signal from other elements is
observed, suggesting the high purity of the synthesized photocatalyst.

Nitrogen gas (N3) adsorption-desorption analysis is conducted to
examine the influence of N and Ag doping on the surface area and
porosity of the prepared photocatalysts. Fig. 5 illustrates the Ny
adsorption-desorption isotherms of undoped TiO; photocatalyst and
doped samples with varying loadings. The BET surface area data for all
samples are presented in Table 2. It can be seen that all the photo-
catalysts follow the type (IV) isotherm physical adsorption isotherm
according to the IUPAC physical adsorption isotherm classification and
have a type H3 hysteresis loop at high relative pressures (P/Py =
0.8-9.0), indicating a mesoporous material with low porosity. Table 2
indicates that N-doping positively influences the specific surface area of
TiOs. In the N-doped samples, the 1.5 N-TiO, sample has the highest
surface area, which can increase the effective interaction between the
photocatalyst and the reactant. In fact, it can be stated that the higher
the surface area, the better the photocatalyst activity. The specific sur-
face area also decreases with increasing N-doping concentration. A
similar trend of reduced specific surface area is seen in samples with
elevated Ag concentrations, possibly attributable to particle aggregation
on the surface and obstruction of active sites resulting from increased
doping agent loading (Sirivallop et al., 2020).

As Fig. 6(a) shows all four samples exhibit similar vibrations in the
infrared band. The high intensity and broad peak in the low wavelength
region of 400 cm ™! to 900 ecm ™! is attributed to the strong stretching
vibrations of Ti-O and Ti-O-Ti bonds (Sun et al., 2018). The two peaks at
3000 cm ™! to 3600 cm ™! and 1620 cm ™! are attributed to the stretching
vibration of the hydroxyl group on the surface and the bending O-H
bond of water molecules, respectively (Yuan et al., 2010; Beshtar et al.,
2024). Notably, in comparison with the pure TiO,, the intensity of the
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Fig. 2. (a) XRD patterns of pure TiO, and doped samples compared to the standard reference (b) The minor changes in the (101) plane of the anatase phase occurred

due to the N-doping.

two absorption peaks associated with the hydroxyl group and water
molecules is stronger in the prepared N-TiO3 sample. This indicates that
the N-TiO5 sample has more surface-adsorbed water and hydroxyl
groups, which are crucial for photocatalytic reactions. On the other
hand, the hydroxyl groups on the surface of the photocatalyst, enhance
photocatalytic activity through their interactions with photogenerated
holes, which provide better charge transfer and inhibit the recombina-
tion of electron-hole pairs (Selvaraj et al., 2013; Cheng et al., 2016). The
peak at 1025 cm ™! is ascribed to the N atoms embedded in the TiO,
lattice, as illustrated in Fig. 6(b). This result clearly demonstrates that N
is incorporated into the TiO, lattice. Nitridation transpires through the
substitution of the oxygen atom in TiO, with the nitrogen atom from the
urea molecule, resulting in the formation of the O-Ti-N bond (Selvaraj
etal., 2013; Mehdizadeh et al., 2020; Khan et al., 2021). The intensity of
the peaks at 1620 cm ™' and 775 cm ™! shifts to lower wavenumbers after
Ag loading, which can be attributed to the asymmetric stretching vi-
bration of the Ti-O-Ag bond (Suwarnkar et al., 2014).

A constraint of photocatalysts is the instability of excited electrons
and their recombination with the generated holes. Hence, PL spectros-
copy serves as an effective method for separating and measuring the
electron-hole recombination rate and indicating the electronic structure
of photocatalysts (Sirivallop et al., 2020). In this regard, PL spectroscopy
is assessed for pure TiOy samples in comparison to TiOy doped with N
and Ag. Fig. 7 illustrates the PL emission spectra for four TiO,, 1.5
N-TiO3, 0.5Ag-TiO3, and Ag-N-TiO5 samples. As shown in Fig. 7 the
Ag-N-TiO», 0.5Ag-TiO9, 1.5 N-TiO,, and TiO5 samples have lower peak
intensity in the wavelength region of 475-540 nm and consequently
have lower recombination rates. Therefore, the synergistic impact of N
and Ag enhances the photocatalytic activity of TiO,. Nitrogen enhances
the electron-hole lifetime by trapping holes, and it has been proven if Ag
ions reduce to Ag’, functioning as an electron storage sink on the TiOy

surface, can capture the photoexcited electrons. (Devi et al., 2012; Sir-
ivallop et al., 2020; Khan et al., 2021). There is also the possibility of the
formation of a junction between undoped and doped TiO,, which re-
duces electron-hole recombination.

A fixed gas bed reactor is utilized for the photocatalytic reduction of
CO2. The photocatalytic efficacy of the prepared samples is assessed
under visible light irradiation. Fig. 8(a) illustrates the generation of light
hydrocarbon products resulting from the photocatalytic reduction of
CO; over an 8-h period, utilizing a 250 W Hg lamp within the photo-
reactor. It should be noted that to prove the necessity of the simulta-
neous presence of photocatalyst, reactants, and light in the
photocatalytic reduction of CO,, several control experiments are
designed and performed. These experiments include dark conditions
with the photocatalyst in a CO2 atmosphere, without CO, but with the
photocatalyst in an Ny atmosphere under light irradiation; without the
photocatalyst but in the presence of CO5 under light irradiation; and
with pure PDMS polymer but in the presence of CO, under light irra-
diation. The results show that no hydrocarbon is produced in the
absence of any of the main factors. These findings confirm that CO is
the only carbon source for the production of hydrocarbon products and
there are no organic residues in the samples that can act as a carbon
source. Consequently, this set of control experiments conclusively
demonstrates that the simultaneous presence of a photocatalyst, re-
actants, and light irradiation is essential for the photocatalytic reduction
of CO5 to occur.

As observed in Fig. 8(a), methane and ethane are identified as the
main gaseous products. The quantity of electrons and holes necessary for
methane formation is inferior to that required for ethane, resulting in
methane as the predominant product. The yield value of these two
products is used as a criterion for assessing photocatalytic activity. Ex-
amination of the reaction mechanism reveals that when a photon with
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energy equal to or greater than the bandgap of the photocatalyst illuminates on TiO-based photocatalysts, it is absorbed and an electron
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Table 2
Properties of photocatalysts measured BET analysis.

Photocatalyst ~ BET surface area Pore volume Average pore diameter
(m*/g) (cm®/g) (nm)
TiO, 40.16 0.50 50.04
1.5 N-TiOy 66.62 0.59 35.54
3 N-TiO, 62.17 0.28 18.26
5 N-TiO, 49.98 0.35 28.13
0.5Ag-TiO, 42.24 0.40 38.49
1Ag-TiO, 39.38 0.46 47.22
3Ag-TiO, 38.16 0.46 48.81
Ag-N-TiOy 46.12 0.43 36.67

is transferred from the valence band to the conduction band, resulting in
the formation of an exciton (electron-hole pair). Consequently, the free
electron and hole generated after the exciton dissociation engage in
reduction and oxidation reactions in the presence of reactants. The
process of methane and ethane formation is described by:

hv+PDMS_Ag_N_TiO, — hj, + ez, 3)
H,0+2h" - %Oz +2H" 4
CO, + e —CO, (5)
CO,+H*+e - CO+ OH" (6)
CO+H"+e -»C+OH @
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C+H"+e —»CH (8)
CH+H'+e —-CH, (©)]
CH,+H" +e —CHs (10)
CH; +H" +e —CH,4 an
2 .CH3—CyHg (12)

As depicted in Fig. 8(a), due to the poor absorption of the undoped
TiO, under the visible light, it exhibits negligible activity in the pro-
duction of hydrocarbons. N-doped TiO provides more reactions that the
pure TiO since it absorbs more photons because of its lower bandgap.
Furthermore, the formed state in N-doped TiO; traps the photo-
generated holes, reducing the recombination rate, which subsequently
enhances the photocatalytic activity. The hydrocarbon production de-
creases as N-doping concentration increases. As the N-doping increases,
a greater number of nitrogen atoms are incorporated within the TiO,
lattice at the oxygen sites. However, given the differences in atomic
diameter and valence electron count between N and O, an increased
level of N-doping results in a decrease of active sites, disruption of
stoichiometry, and an increase of the bandgap, which consequently di-
minishes photocatalytic activity. As reported, the increased N content on
the catalyst surface results in the formation of electron-hole recombi-
nation centers, reducing the photocatalytic activity (Li et al., 2012).
Among the N-doped samples, the 1.5 N-TiO, sample has the highest
photocatalytic activity, with methane and ethane production of 28.29
and 1.1 pmol/g catalyst, respectively, which is consistent well with
UV-vis and BET analyses.

According to Fig. 8(a), Ag-doping enhances the production of hy-
drocarbons in comparison with pure and N-doped TiO,. However,
among the three Ag-doping concentrations, the 0.5Ag-TiO, sample
shows the highest activity, yielding methane and ethane hydrocarbons
at values of 29.76 and 1.49 pmol/g of catalyst, respectively which are
consistent with the optical and microstructure properties. Following the
determination of the best percentages of N and Ag, the Ag-N-TiO,
photocatalyst is prepared and assessed using photoreaction testing to
determine the synergistic effects of co-doping. The photoreactor test
results indicate a significant increase in hydrocarbon product yield in
compared to all single-doped TiO, samples, proving the synergistic ef-
fect of N and Ag. These findings confirm the data obtained from UV-Vis
and PL analyses, suggesting enhanced visible light absorption and more
efficient exciton dissociation.

As another strategy, nanocomposite of Ag-N-TiOo/PDMS is prepared
and its photocatalytic performance is evaluated. As observed in Fig. 8
(a), a significant improvement in the performance of the co-doped TiO5
is achieved when PDMS is employed as the support. Remarkably, the
production of methane and ethane increases by approximately 2.8 and
10 times, respectively. This substantial increase can be attributed to
several factors related to the properties of PDMS and its interaction with
COs. PDMS exhibits an inherent affinity for CO5 adsorption, making the
photocatalytic system highly COs-philic. The chemical structure of
PDMS contains siloxane bonds (Si-O-Si) that can interact with and
adsorb CO5 molecules. This interaction is characterized as an instanta-
neous quadrupole type. The CO5 molecule, due to its linear structure,
possesses a quadrupole moment with a partial positive charge on the
carbon (C) atom and partial negative charges on the O atoms. The
siloxane bonds (Si-O-Si) in PDMS can generate local electric field gra-
dients due to the relative positive charge on the silicon atoms, resulting
from the electronegativity difference between Si and O. This unique
interaction between the quadrupole moment of CO5 and the local elec-
tric field gradients in PDMS contributes to the polymer CO»-philic nature
and its enhanced CO- adsorption capability. The flexible Si-O backbone
and low glass transition temperature of PDMS further augment its CO»
adsorption properties. This interaction, combined with other
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intermolecular forces, particularly van der Waals interactions, signifi-
cantly increases the affinity of PDMS for CO2 molecules. As a result of
these interactions, the local concentration of CO3 in the vicinity of the
photocatalyst surface is substantially increased. This higher concentra-
tion of CO5 leads to an enhanced availability of the reactant for the
photocatalytic reduction process. This synergistic effect between the
PDMS polymer and the Ag-N-TiO, photocatalyst demonstrates a prom-
ising approach for improving the efficiency of CO5 photoreduction
processes, potentially offering a more effective method for the conver-
sion of CO5 into valuable hydrocarbon products (Yoganathan et al.,

2010; Rezakazemi et al., 2012; Genduso et al., 2019). It should be noted
that the CO,-philic nature of PDMS has also been supported by recent
first-principles studies. Density functional theory (DFT) calculations
have quantitatively demonstrated that CO, preferentially binds to
siloxane (Si-O-Si) segments of PDMS through quadrupole-driven elec-
trostatic interactions, with binding energies in the range of ~1-18
kcal/mol depending on polymer conformation and curvature. These
studies further revealed that the local polarization induced by Si atoms
enhances CO; quadrupole interactions, leading to increased adsorption
affinity (Vaishnav et al., 2023).

The photocatalytic efficacy for the photoreduction of CO3 is exam-
ined as a function of irradiation duration ranging from 0 to 8 h (Fig. 8
(b)). The time progression of the CO, conversion demonstrates that the
yield of hydrocarbon products grows linearly with reaction time
throughout the 8-h experiment, signifying the stability of the PDMS-Ag-
N-TiO, sample during the reaction process. Also, the photocatalytic
conversion of CO; to hydrocarbon products using the PDMS-Ag-N-TiO,
sample is repeated three times, and the results are shown in Fig. 8(c). No
significant change in the amount of methane and ethane production is
observed in any of the tests, indicating that the PDMS-Ag-N-TiO5 sample
is stable under the present experimental conditions. Table 3 summarizes
the comparative catalytic performance obtained in this study and those
reported previously. While the PDMS-photocatalyst nanocomposite
showed enhanced CO, photoreduction, several practical limitations
should be noted. The performance depends on PDMS loading and dis-
tribution, and excessive polymer content may reduce effective light
utilization and/or introduce mass transfer constraints; therefore, opti-
mization of PDMS content is required. In addition, experiments were
conducted in a laboratory scale reactor, so further engineering assess-
ment is needed for scale-up and continuous operation.
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Table 3
Photocatalyst performance comparison with materials reported in the literature.
Photocatalyst Product yield Experimental Condition Reference
TiO, 0.33 (pmol/g.h)  CO, gas with H,0, gas- (Moradi
CHy4 phase batch, 250 W (Hg et al., 2020)
lamp), 25 °C and 1 atm
(001)TiO5- 0.5 (pmol/g.h) CO, gas with H,0, gas- (Bian et al.,
gC3Ny4/BiVO, CH4 15.2 phase batch, 300 W Xe 2021)
(pmol/g.h) CO lamp, 25 °C and 1 atm
Pt@BiVO4/ 4.96 (umol/g.h) CO,, gas with H,0, gas- (Ahmadi
TiO, CH4 phase batch, 250 W (Hg et al. 2024)
lamp), 40 °C and 1 atm
Au/TiOs« 3.30 (umol/g.h)  batch reactor, 1 bar, 2:7 (Wang et al.,
CHy4 water vapor/COz, 50 W LED 2021)
0.66 (umol/g.h)
C-Hg
S@ZnO/TiOy 16.67 (umol/g. CO,, gas with H,0, gas- (Al-Hajji
h) CHy phase batch, 200 W Hg/Xe et al., 2025)
lamp
PDMS-Ag-N- 15.27 (pmol/g. CO, gas with H,0, gas- This work
TiOy h) CH, phase batch, 250 W (Hg
1.27 (pmol/g.h)  lamp), 40 °C and 1 atm
C-Hg

4. Conclusions

This work addresses the current gap in the development of flexible,
low-cost, visible-light-active TiO,-based photocatalytic systems capable
of efficiently convertion of CO2 into valuable hydrocarbons. Using Ag
and N co-doping strategy for TiOy and dispersing it in transparent,
flexible, stable, and CO,-philic PDMS, a photocatalytic nanocomposite
was achieved that showed a high yield for conversion of CO. into
methane and ethane. First, the Ag-doped and N-doped TiOy with
different concentrations of the doping agents were prepared and their
crystallinity, optical properties, and microstructural properties were
investigated. As revealed, Ag and N doping reduced the band gap of
TiO9, making them visible-active. Using a fix-bed photoreactor to eval-
uate the photocatalytic performance, 1.5-N-TiO; and 0.5-Ag-TiO,
resulted in the highest production yield for conversion of CO; into the
methane and ethane. These doping concentrations were employed for
co-doing of TiO, which resulted in the significant improvement in the
conversion of CO, into the hydrocarbons. Ag-N-TiO; achieved 34.42 and
1.01 pmol/g catalyst yield values for methane and ethane, respectively.
To make the photocatalyst more applicable and efficient, nano-
composite of Ag-N-TiO, and PDMS was prepared. Remarkably, when the
PDMS-Ag-N-TiO, nanocomposite is employed, the highest methane and
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ethane yeilds of 122.21 and 10.22 pmol/g catalyst were achieved,
respectively. PDMS promoted the adsorption of greater amounts of CO2
on the photocatalyst surface, making it more available for the photo-
catalytic reduction reaction and thereby enhancing hydrocarbon pro-
duction. This research presented a promising approach for improving
the efficiency of CO» conversion processes to valuable fuels, potentially
contributing to environmental pollution reduction and sustainable en-
ergy resource development. The findings also highlight the broader
potential of polymer-photocatalyst hybrid systems for integration into
practical photoreactors. Future work should focus on quantitatively
characterizing polymer-CO; interactions, optimizing the composition
and thickness of the nanocomposite layers and exploring the perfor-
mance of such systems under real solar irradiation and more realistic
process conditions.
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