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Abstract 
The urgent need to mitigate atmospheric CO2 and transition toward renewable energy has spurred growing interest in 
photocatalytic CO2 hydrogenation. In this work, we report on the fabrication of a novel 3D/1D NH2-MIL-125/TiO2 
nanowire (NWs) heterostructure via a straightforward mechanical assembly method, combining the excellent visible 
light absorption of amino-functionalized metal-organic frameworks (MOFs) with the robust charge transport properties 
of one-dimensional TiO2 NWs. Structural and optical characterisations have confirmed on intimate interfacial contact 
and synergistic electronic interactions between the MOF and TiO2, forming an S-scheme heterojunction which promotes 
an enhanced photogenerated carrier separation. Under visible light, the optimised 5 wt% NH2-MIL-125/TiO2 NWs 
composite achieved methane and CO yields of 13.98 μmol/g and 84.76 μmol/g, respectively. Notably, CH4 production 
soared to 660.47 μmol/g under solar-simulated irradiation, representing a 47-fold enhancement. This significant 
performance boost is attributed to improved light harvesting, facilitated electron migration, and strengthened 
interfacial dynamics. This study provides a scalable and efficient strategy for designing hybrid MOF-semiconductor 
photocatalysts, offering a promising pathway for sustainable solar fuel generation. 
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1. Introduction  

The ever-increasing global energy demand 
and the extensive reliance on fossil fuels have 
intensified environmental concerns, particularly 
on the escalating levels of atmospheric carbon 
dioxide (CO2) [1]. This greenhouse gas is a major 
contributor to global warming and climate change, 
posing significant risks to ecological systems and 
human societies [2]. In light of these challenges, 
converting CO2 into valuable fuels and chemicals 
using sustainable energy sources has emerged as 
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a promising strategy to mitigate carbon emissions 
and transition towards a circular carbon economy. 
Among the various CO2 utilisation technologies, 
photocatalytic CO2 reduction stands out as an 
environmentally benign and energy-efficient 
approach [3]. This process mimics natural 
photosynthesis by harnessing solar energy to 
drive the chemical transformation of CO2 into 
carbon-based fuels such as methane (CH4) and 
carbon monoxide (CO) [4]. The integration of solar 
energy not only ensures a renewable input but 
also offers the potential for decentralised, scalable 
applications [5]. However, practical 
implementation remains hindered by limitations 
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in catalyst performance, particularly poor light 
absorption, rapid charge recombination, and 
insufficient selectivity toward hydrocarbon 
products. 

To address these bottlenecks, the 
development of heterojunction photocatalysts has 
garnered significant attention. In this context, the 
combination of metal-organic frameworks (MOFs) 
and metal oxides provides an attractive pathway 
for enhancing photocatalytic activity [6]. NH2-
MIL-125, a titanium-based MOF functionalized 
with amino groups, exhibits high surface area, 
visible-light responsiveness, and rich coordination 
sites that facilitate CO2 adsorption and activation 
[7]. Meanwhile, titanium dioxide (TiO2) is a widely 
used support material in various fields like 
catalysis [8], temperature sensors [9], and anti-
counterfeiting applications [10,11]. It also exhibits 
a reducible nature, which enables favourable 
electronic interactions with active metals, along 
with its excellent thermal and chemical stability 
[12-15]. Notably, TiO2 can be synthesised in 
various morphologies, offering tunable 
physicochemical properties [16]. Baamran et al. 
[17] demonstrated that reducing the particle size 
of TiO2 via the sol-gel method enhances the 
dispersion of Ni, leading to improved performance 
in phenol steam reforming. Moreover, TiO2 can be 
transformed from its typical spherical form into 
one-dimensional (1D) nanowire architectures, 
which offer enhanced charge transport and 
surface reactivity [18]. However, the use of 
mechanically assembled NH2-MIL-125/TiO2 NWs 
composites with a focus on photocatalytic 
enhancement of CO2 to CH4 selectivity under solar 
simulation remains underexplored. 

This study aims to present a novel 3D/1D 
NH2-MIL-125/TiO2 NWs composite synthesised 
via a straightforward mechanical assembly 
method. The formation of this heterostructure 
aims to synergistically enhance visible light 
harvesting, charge separation, and catalytic 
efficiency for solar-driven CO2 hydrogenation. 
Optimal loading of NH2-MIL-125 at 5 wt% onto 
TiO2 NWs is shown to significantly improve CH4 
and CO yields under solar irradiated conditions 
due to intimate interactions between MOF and 
TiO2 NWs. Augmented interactions between the 
two components ameliorated charge transfer and 
increased the exposed surface area to light 
irradiations and reactants. This work highlights a 
simple yet effective approach for designing MOF-
based heterojunctions, providing a new pathway 
for the development of efficient photocatalysts for 
renewable fuel production. 

 
2. Materials and Methods 

2.1. Materials 

Titanium(IV) dioxide (TiO2, ≥99%), titanium 
isopropoxide (99.9%), and aminoterephthalic acid 

(H2ATA, 99%) were purchased from Sigma 
Aldrich, Sodium hydroxide (NaOH) pellets 
(≥99%), methanol (≥95%), and N,N-
dimethylformamide (DMF, ≥99%) were obtained 
from Emsure. Hydrochloric acid (HCl, 37%) was 
supplied by RCI Labscan. Distilled water was 
used throughout the experiments. 

 
2.2. Catalyst Preparation 

As previously reported, TiO2 nanowires 
(NWs) were synthesised via a solvothermal 
method [18]. A 10 M NaOH solution was prepared 
by dissolving NaOH pellets in 20 mL of distilled 
water. Subsequently, 0.5 g of TiO2 powder was 
added, and the mixture was stirred magnetically 
for one hour. The resulting white suspension was 
then transferred into a Teflon-lined stainless-steel 
autoclave and subjected to heat treatment at 
200 °C for 24 hours. After the reaction, the product 
was washed repeatedly with distilled water and 
0.1 M HCl until the pH reading approached 
neutral. The sample was then dried overnight at 
100 °C and followed by calcination at 550 °C for 
five hours. The final product was denoted as TiO2 
NWs. 

Consistent with previously published studies 
[19], the NH2-MIL-125 was synthesised via a 
solvothermal method. In a typical procedure, 1.5 
mmol (0.4263 g) of titanium isopropoxide and 6.6 
mmol (1.0869 g) of H2ATA were dissolved in a 
solvent mixture of 18 mL DMF and two mL 
methanol. The resulting solution was transferred 
into a 50 mL Teflon-lined stainless steel 
autoclave, sealed, and heated at 150 °C for 72 
hours in a muffle furnace. After the solvothermal 
reaction, a yellow suspension formed, which was 
cooled to room temperature and then subjected to 
repeated washing with methanol and DMF to 
remove residual species that could block the 
framework's pores. Finally, the purified product 
was dried at 80 °C for 12 hours to activate the 
material for subsequent use. 

The NH2-MIL-125/TiO2 NWs were 
synthesised using a mechanical assembly method. 
Initially, 0.3 g of TiO2 NWs powder was dispersed 
in 30 mL of methanol (Solution A). Separately, 15 
mg of NH2-MIL-125 powders was dissolved in 10 
mL of methanol (Solution B). Solution B was then 
added dropwise to solution A under continuous 
stirring. After 4 hours of stirring, the resulting 
mixture was dried overnight in an oven at 100 °C. 
The synthesised sample was designated as 5 wt% 
NH2-MIL-125/TiO2 NWs. Furthermore, the mass 
of NH2-MIL-125 was adjusted to 30 mg and 45 mg 
to fabricate the 10 wt% and 15 wt% NH2-MIL-
125/TiO2 NWs, respectively. Figure 1 presents the 
complete synthesis pathway of the NH2-MIL-
125/TiO2 NWs catalyst. 
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2.3. Catalyst Characterisations 

X-ray diffraction (XRD) analysis was 
conducted using a Bruker D8 Advance 
diffractometer equipped with a Cu Kα radiation 
source (λ = 0.154 nm) operating at 40 kV and 40 
mA. Surface morphology was investigated via 
field emission scanning electron microscopy (FE-
SEM) using a Hitachi SU8020. Elemental 
composition and mapping were analysed by 
energy-dispersive X-ray spectroscopy (EDX) on a 
JEOL JSM-6390LV SEM. UV–vis diffuse 
reflectance spectra (UV–vis DRS) of the catalysts 
were recorded using a SHIMADZU UV-3600Plus 
spectrophotometer equipped with a powder 
sample holder under a wavelength range from 200 
to 800 nm. 

 
2.4. Photocatalytic Activity Test 

The experiment was carried out in a 
cylindrical stainless-steel fixed-bed photoreactor 
loaded with 0.1 g of pristine TiO2 NWs. The 
reactor diameter and height were 6.5 cm and 7 cm, 
respectively, providing a total internal volume of 
232.3 cm3. A quartz window positioned above the 
stainless-steel chamber allowed light to enter the 
reactor. Before irradiation, a mixture of CO2 and 
H2O was introduced into the reactor for purging. 
The gases were continuously flowed through the 
system for 30 minutes at room temperature to 
ensure complete air removal. After purging, the 
outlet valve was closed, and the reactor pressure 
was adjusted to 0.3 bar. The photoreactor was 
then exposed to visible light for 4 hours using a 35 
W Xenon (Xe) lamp with a light intensity of 20 
mW cm-2. A reflector was employed to focus the 

light onto the reactor volume. After 1 hour of 
irradiation, a 0.3 mL gas sample was extracted 
using a syringe and analysed using gas 
chromatography (GC). The GC system was 
equipped with both a thermal conductivity 
detector (TCD) and a flame ionisation detector 
(FID) to detect both CO and CH4. The procedure 
was subsequently repeated using NH2-MIL-
125/TiO2 NWs composites with varying NH2-MIL-
125 loadings (5, 10, and 15 wt%). Finally, a solar 
simulator with a light intensity of 100 mW cm-2 
was then used to contrast with the 20 mW cm-2 
visible lamp. 

 
3. Results and Discussion 

3.1. Characterisations 

3.1.1. X-Ray Diffraction (XRD) 

The presence of all constituent materials in 
the ternary NH2-MIL-125/TiO2 NWs composites 
was confirmed through XRD analysis. The 
successful synthesis of the NH2-MIL-125 was 
evidenced by the distinct diffraction peaks 
observed at 2θ values of 11.5°, 16.5°, and 17.9°, 
corresponding to the (211), (222), and (312) 
crystallographic planes, respectively [20,21]. The 
diffraction peaks at 2θ values of 25.4°, 38.0°, 48.1°, 
53.0°, 55.2°, and 62.9° correspond to the (101), 
(004) and (200) planes, respectively, confirming 
the presence of pure TiO2 NWs. These reflections 
are characteristic of the anatase phase of TiO2, 
indicating that the synthesised TiO2 NWs exhibit 
high phase purity. This observation aligns well 
with previously reported data on anatase-phase 
TiO2 NWs [22,23]. The close agreement between 

Figure 1. Synthesis procedure for the preparation of NH2-MIL-125/TiO2 NWs. 
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our XRD patterns and those in the literature 
further validates the successful synthesis of TiO2 
NWs in this study. These characteristic peaks 
were clearly present in both the pure MOF and the 
MOF-based composite samples, as illustrated in 
Figure 2. Furthermore, the XRD patterns were 
consistent with previously reported studies [7]. 

 
3.1.2. Morphological and structural analysis 

FE-SEM was used to assess the 
morphological and structural characteristics of 
pristine TiO2 NWs and 5% NH2-MIL-125/TiO2 
NWs catalysts. As shown in Figure 3(a), the 
solvothermal synthesis produced TiO2 with a well-
defined one-dimensional (1D) nanowire 
morphology, which serves as a robust structural 
scaffold for catalyst integration. This 1D 
architecture facilitates high surface area exposure 
and provides abundant anchoring sites for MOF 
deposition, promoting the formation of uniformly 
distributed active sites while simultaneously 
limiting the MOF crystal growth to nanoscale 
dimensions. Figure 3(b) reveals that the NH2-
MIL-125 particles adopt a three-dimensional (3D) 
disk-like morphology with diameters ranging 

from 50 to 100 nm, consistent with sizes 
previously reported by Ikreedeegh et al. [19]. 
Although only 5 wt% NH2-MIL-125 was 
incorporated, the composite exhibits a well-
integrated and densely populated morphology, 
with MOF nanoparticles dispersed 3D across the 
surface and along the length of the 1D TiO2 
nanowires. This 3D dispersion is critical in 
maximising interfacial contact, enhancing charge 
transport pathways, and fully exploiting the high 
surface area of both components, ultimately 
contributing to improved catalytic efficiency in 
solar-driven CO2 hydrogenation. 

 
3.1.3. Elemental identification and quantitative 
analysis 

The synthesised 5% NH2-MIL-125/TiO2 NWs 
composite was further analysed using EDX for 
elemental identification and quantitative 
analysis. To ensure uniform dispersion of the 
NH2-MIL-125 component, EDX spectra were 
acquired at multiple regions across the catalyst 
composite. As shown in Figure 4(a), the EDX 
layered image confirms a homogeneous 
distribution of elements throughout the sample. 
The elemental mapping results clearly verified 
the presence of Ti, O, C, and N, corresponding to 
the major components of the nanocomposite 
(Figure 4(b-d)). These findings indicate effective 
mixing and dispersion of both composite 
materials, revealing a uniform dispersion of MOF 
species throughout the TiO2 NW support.  
Besides, these results indicate not only the 
uniform dispersion of MOF species throughout 
the TiO2 support but also suggest an enhanced 
interfacial interaction between the two 
components. Such uniform dispersion and 
intimate contact are critical for facilitating 
efficient charge transfer, reducing electron–hole 
recombination, and increasing the number of 
accessible active sites. As reported by You et al., 
such hierarchical 3D/1D morphologies 
significantly increase porosity and the active 
surface area, making it highly desirable for 

Figure 2. XRD patterns of NH2-MIL-125, TiO2 
NWs and 5% NH2-MIL-125/TiO2 NWs catalysts. 

Figure 3. FE-SEM images of (a) TiO2 NWs and (b) 5% NH2-MIL-125/TiO2 NWs catalysts. 



 

 
 

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (2), 2026, 305 

Copyright © 2026, ISSN 1978-2993 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

enhancing intrinsic catalytic activity through 
improved light harvesting and charge transfer 
efficiency [24]. Thus, these synergistic effects 
ultimately contribute to improved light absorption 
and solar-driven conversion efficiency, thereby 
enhancing the overall performance of CO2 
hydrogenation to renewable fuels. 

 
3.1.4. UV−Vis Diffuse Reflectance (UV-vis DRS) 

The optical absorbance properties of NH2-
MIL-125, TiO2 NWs and 5% NH2-MIL-125/TiO2 
NWs catalysts were analysed using UV–vis DRS, 
with the spectra converted via the Kubelka–Munk 
function. As illustrated in Figure 5(a), pure TiO2 

NWs exhibited a narrow absorption range and low 
absorbance, indicating limited light-harvesting 
capability. The bare NH2-MIL-125 MOF exhibited 
a pronounced absorption peak in the visible light 
region, highlighting its potential for enhanced 
solar energy utilisation. This strong absorption is 
primarily attributed to the amino 
functionalization of the organic linker (H2ATA), 
which facilitates charge transfer from oxygen to 
titanium within the Ti–O clusters [25]. Upon MOF 
loading, the 5% NH2-MIL-125/TiO2 NWs 
displayed enhanced absorbance along with a 
slight red shift, suggesting improved visible-light 
absorption.  

Figure 4. (a) EDX mapping and elemental distribution of (b) C, (c) Ti, (d) O and (e) N over 5% NH2-MIL-
125/TiO2 NWs catalysts. 

Figure 5. (a) UV–vis DRS of NH2-MIL-125, TiO2 NWs and 5% NH2-MIL-125/TiO2 NWs catalysts, Tauc 
plot calculations of (b) NH2-MIL-125, (c) TiO2 NWs and 5% NH2-MIL-125/TiO2 NWs catalysts. 
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production of CH4. Notably, the composite 
containing 5 wt% NH2-MIL-125 MOF exhibited 
the highest photocatalytic efficiency after 4 hours 
of irradiation, achieving CH4 and CO production 
rates of 13.98 and 84.76 μmol/g, respectively. It is 
also the only composite that showed the yield of 
CH4 and CO in the first hour of irradiation. 
Compared to pristine TiO2 NWs, these values 
correspond to enhancements of approximately 7% 
for CH4 and 230% for CO, confirming the 
beneficial role of MOF in boosting photocatalytic 
performance. As evidenced by the UV–vis DRS 
absorbance spectrum, the composite exhibited a 
noticeable red shift toward the visible light 
region, indicating enhanced light-harvesting 
capability and improved photocatalytic activity. 
The positive effect of this reduction was further 
supported by characterisation results, where the 
5% NH2-MIL-125/TiO2 NWs composite 
demonstrated superior optoelectronic properties 
with a narrowing of Eg compared to the TiO2 NWs 
counterpart. These enhancements included 
greater visible light absorption and more efficient 
electron–hole pair separation, both of which 
contribute to improved photocatalytic 
performance. 

 
3.2.2. Light source screening 

Different light sources were employed in the 
photocatalytic CO2 reduction experiments to 
evaluate the performance of the composites under 
solar-driven conditions. As illustrated in Figure 
7(a), irradiation using a solar simulator led to a 
notable enhancement in the production of both 
CH4 and CO compared to visible light irradiation. 
There is no CH4 and CO production under dark 
conditions. The improvement was particularly 
significant for CH4 production, which also showed 
increased selectivity under solar simulator 
conditions. After 4 hours of irradiation, CH4 and 

Subsequently, Tauc plots were constructed to 
estimate the optical band gaps (Eg) of the 
materials as depicted in Figure 5(b-c). The Tauc 
method is based on the principle that the 
absorption coefficient (α), as a function of photon 
energy (hν), can be expressed by Equation (1): 

 
𝛼𝛼ℎ𝑣𝑣 = 𝐵𝐵(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)𝑚𝑚    (1) 

 
Where B is a constant, Eg represents the band gap 
energy, h is Planck’s constant, and ν is the 
frequency of the incident photon. The exponent m 
depends on the nature of the electronic transition: 
it is 1/2 for direct transitions and 2 for indirect 
transitions. According to the literature, NH2-MIL-
125 MOF is a direct band gap material; 
meanwhile, TiO2 NWs are an indirect band gap 
material [26; 27]. The pure NH2-MIL-125 MOF 
exhibited an Eg of 2.82 eV. Besides, the pure TiO2 
NWs exhibited an Eg of 3.22 eV. Upon MOF 
incorporation, the Eg of 5% NH2-MIL-125/TiO2 
NWs decreased to 3.12 eV, suggesting narrowing 
of the band gap and enhanced light harvesting 
capability. 

 
3.2. Photocatalytic Activity 

3.2.1. Catalyst composition screening 

To determine the best composite composition 
for photocatalytic CO2 reduction, various amounts 
of NH2-MIL-125 MOF (0, 5, 10 and 15 wt%) were 
incorporated into TiO2 NWs and evaluated under 
visible light irradiation. As shown in Figure 6(a), 
the evolution of CH4 increased progressively with 
irradiation time across all composite variations. 
In contrast, CO production exhibited an 
increasing trend during the first 3 hours, followed 
by a slight decline in the final hour of irradiation 
(Figure 6(b)). Pristine TiO2 was subjected as a 
control sample to demonstrate that the 
incorporation of NH2-MIL-125 MOF improves the 

Figure 6. Effect of NH2-MIL-125 loadings on (a) CH4 yield and (b) CO yield. (Operating conditions: Room 
temperature, pressure of 0.3 bar, catalyst weight of 0.1 g and visible light irradiation of 20 mW.cm−2). 
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CO yields under the solar simulator reached 
660.47 and 104.57 μmol/g, representing 47.23-fold 
and 1.23-fold increases, respectively, compared to 
visible light (Figure 7(b-c)).  

The solar simulator operated at an intensity 
of 100 mW/cm2, whereas the visible light source 
was limited to 20 mW/cm2. Therefore, the 
generation of CH4 was favoured under solar 
simulator irradiation due to its higher light 
intensity and the presence of the whole light 
spectrum, which encompasses ultraviolet (UV), 
visible, and infrared (IR) wavelengths. The 
reported enhancement under solar simulator 
reflects a system-level increase in total energy 
input rather than a normalised improvement in 
intrinsic quantum efficiency. Furthermore, the 
enhanced photon energy under these conditions 
significantly boost electrons generation within the 
catalyst composites, thereby facilitating the CO2 
to CH4 conversion reaction.  

Control experiments confirmed that the 
evolved CH4 originated from CO2 reduction rather 
than catalyst degradation. No CH4 or CO was 
detected when the reactor was fed with only H2O 
under irradiation, nor were any products observed 

in the absence of the photocatalyst. This confirms 
that product formation was driven solely by the 
photocatalytic hydrogenation of CO2. 

 
3.3. Mechanism of Solar-Driven CO2 Reduction 

The direction of charge transfers within the 
composite was determined by using the Eg of TiO2 
NWs to calculate the valence band edge (EVB) and 
conduction band edge (ECB) positions based on the 
well-established empirical Equations (2) and (3): 
 
𝐸𝐸𝐶𝐶𝐶𝐶 = 𝑋𝑋 − 𝐸𝐸𝑒𝑒 − 0.5𝐸𝐸𝑔𝑔    (2) 
𝐸𝐸𝑉𝑉𝑉𝑉 = 𝐸𝐸𝐶𝐶𝐶𝐶 + 𝐸𝐸𝑔𝑔     (3) 
 
Where Ee is the energy of free electrons on the 
hydrogen scale (4.5 eV), Eg is the band gap energy 
(3.22 eV for TiO2 NWs), and X is the absolute 
electronegativity or Mulliken's electronegativity 
of the semiconductor (5.81 eV for TiO2 NWs).  

By using equation (2), the ECB of TiO2 NWs 
was calculated to be -0.30 eV, while the EVB was 
determined as 2.92 eV using equation (3). These 
results are consistent with previous studies [28], 
which reported similar ECB and EVB values for 

Figure 7. (a) Performance of CO2 hydrogenation at 4 hr under dark, visible light and solar simulator 
irradiations. Effect of different light sources on (b) CH4 yield and (c) CO yield at different times. 
(Operating conditions: Room temperature, pressure of 0.3 bar, catalyst weight of 0.1 g of 5% NH2-MIL-
125/TiO2 NWs). 
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TiO2 NWs at -0.37 eV and 2.72 eV, respectively. In 
contrast, the NH2-MIL-125 MOF has reported the 
lowest unoccupied molecular orbital (LUMO) and 
the highest occupied molecular orbital (HOMO) 
positions of -0.82 eV and 1.85 eV, respectively, as 
noted in the literature [29]. Given that the 
experimentally observed band gap of the MOF in 
this study (Eg = 2.82 eV) closely matches the 
reported data (Eg = 2.67 eV) [29], these literature-
based band positions were adopted to construct 
the band structure alignment.  

Based on the band structure alignment of 
NH2-MIL-125 MOF and TiO2 NWs, as illustrated 
in Figure 8, the experimental results represent a 
strong deviation from a conventional Type-II 
heterojunction, instead suggesting the formation 
of an S-scheme charge transfer mechanism. 
Under light irradiation, both NH2-MIL-125 MOF 
and TiO2 NWs were photoexcited, generating 
electron–hole pairs. The photogenerated electrons 
in the conduction band (CB) of TiO2 NWs 
recombine with the residual holes in the HOMO of 
NH2-MIL-125 MOF, forming an S-scheme 
heterojunction. This recombination pathway 
preserves the charge carriers with the strongest 
redox potentials. Although a Type-II 
heterojunction is theoretically possible based on 
potential gradients, it would result in electrons 
accumulating at the TiO2 NWs CB (–0.30 eV). This 
potential is thermodynamically insufficient for 
the CO2 to CO conversion, which requires a 
reduction potential (Ep) of –0.52 eV. For the redox 
reaction to occur, the LUMO or CB of the 
photocatalyst must be more negative than its 
reduction potential. In contrast, the S-scheme 
mechanism retains electrons in the NH2-MIL-125 
MOF LUMO (–0.82 eV), which provides a 
significant thermodynamic driving force for the 

reduction reaction. Thus, the band alignment and 
the specific reduction potential requirements 
jointly confirm the operation of an S-scheme 
mechanism.  

The composite’s architecture plays a pivotal 
role in enabling this mechanism. The 1D TiO2 
NWs provide directional electron transport 
pathways and reduce charge scattering, while also 
offering high surface area for MOF anchoring. 
Simultaneously, the 3D dispersion of disk-like 
NH2-MIL-125 MOF particles ensures intimate 
contact with the TiO2 surface, maximising 
interfacial junctions and promoting efficient 
charge migration across the heterojunction. This 
synergistic 1D/3D structure enhances light 
harvesting, accelerates charge transfer, and 
suppresses recombination, all of which contribute 
to higher photocatalytic efficiency.  

During the solar-driven CO2 reduction 
process, the oxidation reaction occurs at the VB of 
the TiO2 NWs, where photogenerated holes are 
consumed to produce protons and molecular 
oxygen, as shown in Equation (4). Simultaneously, 
as illustrated in Equations (5) and (6), the 
photogenerated electrons participate in the 
reduction of CO2, where the formation of CO and 
CH4 involves the transfer of two and eight 
electrons, respectively. The product selectivity is 
heavily influenced by the availability of 
photogenerated electrons, as indicated in Figure 
7(b-c). Under visible light irradiation, the lower 
light intensity results in a lower generation rate 
of photoexcited electrons. Consequently, CO 
becomes the dominant product because its 
formation requires only two electrons, making it 
kinetically more favourable under electron-
limited conditions. In contrast, the solar simulator 
provides significantly higher incident energy, 
generating a much higher density of electrons on 
the catalyst surface. This abundance of charge 
carriers facilitates the more complex, multi-
electron reduction of CO2 to CH4 (eight electrons). 
The preservation of strong redox potentials within 
this S-scheme heterojunction is crucial for driving 
both half-reactions efficiently, and the composite’s 
tailored nanostructure is instrumental in 
supporting this functionality. 
 
2𝐻𝐻2𝑂𝑂 + 4ℎ+ → 𝑂𝑂2 + 4𝐻𝐻+     𝐸𝐸𝑃𝑃 = +0.81 𝑒𝑒𝑒𝑒 (4) 
𝐶𝐶𝐶𝐶2 + 2𝐻𝐻+ + 2𝑒𝑒− → 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂     𝐸𝐸𝑃𝑃 = −0.52 𝑒𝑒𝑒𝑒 (5) 
𝐶𝐶𝐶𝐶2 + 8𝐻𝐻+ + 8𝑒𝑒− → 𝐶𝐶𝐶𝐶4 + 2𝐻𝐻2𝑂𝑂     𝐸𝐸𝑃𝑃 = −0.24 𝑒𝑒𝑒𝑒 (6)
  
4. Conclusion 

In this study, NH2-MIL-125/TiO2 NWs 
composites were successfully synthesised via a 
combination of solvothermal and mechanical 
assembly methods and evaluated for solar-driven 
photocatalytic CO2 reduction. Structural, 
morphological, and optical characterisations 
confirmed the successful integration of the MOF 

Figure  8. Schematic presentation for 
photocatalytic CO2 reduction and the formation of 
S-scheme heterojunction over the 5% NH2-MIL-
125/TiO2 NWs catalyst under visible light and 
solar simulator. 
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and TiO2 NWs, with enhanced light absorption, 
reduced band gap, and well-dispersed active 
components. Photocatalytic testing under visible 
light revealed that the 5% NH2-MIL-125/TiO2 
NWs composite exhibited the highest activity, 
achieving CH4 and CO yields of 13.98 μmol/g and 
84.76 μmol/g, respectively. Remarkably, under 
solar-simulated irradiation, CH4 production 
surged to 660.47 μmol/g, demonstrating a 47-fold 
improvement compared to visible light conditions. 
This substantial enhancement is attributed to 
synergistic effects between the MOF and TiO2 
NWs, including improved light harvesting with a 
formed S-scheme heterojunction, efficient charge 
separation, and the one-dimensional nanowire 
morphology facilitating charge transport. This 
approach not only broadens the light absorption 
spectrum but also optimises interfacial charge 
dynamics, offering a promising strategy for 
efficient solar to renewable fuel conversion in CO2 
hydrogenation systems. Future investigations 
will prioritise a comprehensive evaluation of the 
long-term stability and recyclability of the amine-
functionalized MIL-125/TiO2 NWs. These 
longitudinal studies, which were constrained in 
the current work by temporary equipment 
unavailability, are essential to fully establish the 
industrial viability of the proposed photocatalyst. 
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