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ABSTRACT

This study investigates the structural, electronic, and optical properties of a
composite material system composed of the (TiOy); cluster and Fe-MIL-88B.
The structural optimization and interaction energy calculations were
performed using the GFN1-xTB method. The interaction between TiO, and Fe-
MIL-88B is quantified through these calculations, revealing a
thermodynamically favorable formation with an interaction energy of -199.54
kJ mol™. Bond order analysis and interatomic distances indicate weak chemical
bonding between Ti and C atoms, further supported by a total bond order of
0.746. The electronic properties, including ionization potential (IP), electron
affinity (EA), and global electrophilicity index (GEI), were computed, showing
that the TiOz/Fe-MIL-88B composite exhibits enhanced electron-accepting
behavior. UV-Vis spectral analysis and band gap calculations reveal that the
composite demonstrates a reduced band gap compared to its individual
components, facilitating better electron-hole separation and charge transfer.
The findings highlight the potential of the TiO»/Fe-MIL-88B composite for
photocatalytic applications, offering valuable insights into the development of
hybrid materials for environmental remediation and renewable energy
production.

Introduction

(RWGS) reaction. In the Sabatier reaction, CO, reacts
with Hz to produce CHs and H,O at temperatures
between 300 and 400°C [3,4]. For the RWGS reaction,

The rising concentration of carbon dioxide (COy) in the
atmosphere has led to significant environmental
changes, directly impacting human health and daily
life. Extensive scientific research has been undertaken
to reduce CO; emissions into the atmosphere. These
efforts have largely focused on two approaches: i) CO;
capture and storage (CCS) technology [1], and ii) the
conversion of CO; into valuable products [2]. The latter
approach is seen as particularly promising, as CO, can
be utilized as a carbon source. In industrial
applications, CO: is widely employed in both the
Sabatier reaction and the reverse water-gas shift
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CO; first reacts with H, to form CO and HxO, with the
CO subsequently being converted into hydrocarbons
via the Fischer-Tropsch process [5,6]. However, both
reactions require high temperatures and pressures.
This underscores the need for the development of
alternative CO; reduction methods that are energy-
efficient, cost-effective, and environmentally
sustainable.

The development of renewable energy, particularly
solar energy, has gained significant attention as a
solution to the energy crisis and environmental
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challenges [7], with photocatalytic CO; reduction
processes like artificial photosynthesis emerging as a
promising approach for converting CO; into fuels or
valuable organic compounds using solar energy and
water. Common photocatalysts employed in CO;
conversion include semiconductor oxides such as TiO,
Zn0, Ce0y, ZrO;, Fe;05 and WOs [8-13]. Among these,
TiOz, one of the most widely studied semiconductors,
remains a focal point of research. However, due to its
large bandgap energy (32 eV) and the high
recombination rate of photogenerated electrons (e*)
and holes (h*), the efficiency of TiO. in photocatalytic
CO; conversion remains limited [8].

In recent years, metal-organic frameworks (MOFs) have
emerged as promising photocatalytic materials,
attracting  significant attention for their unique
properties. These include a crystalline porous structure,
a large specific surface area that facilitates CO:
adsorption, and highly ordered, tunable chemical
components, all of which contribute to enhancing the
efficiency of photocatalytic processes. Combining
traditional photocatalysts like TiO2 with MOFs, such as
Fe-MIL-88B, can significantly improve the efficiency of
photocatalytic CO, conversion [14]. Fe-MIL-88B, an
iron-based MOF, enhances the photocatalytic
performance of TiO; by broadening its light absorption
range from the ultraviolet (UV) to the visible spectrum,
thereby increasing its overall photocatalytic activity.
Additionally, the combination reduces the band gap of
TiOz, promoting more efficient charge separation and
extending the lifetime of photogenerated electron-hole
pairs [14,15]. The direct excitation of Fe-O clusters in
Fe-MIL-88B triggers electron transfer from O*” to Fe*",
forming Fe®*, which is responsible for the
photocatalytic reduction of CO; [16].

Despite these promising results, there have been
relatively few theoretical studies exploring the
interaction between TiO, and Fe-MIL-88B. As a result,
many of the underlying mechanisms that contribute to
their enhanced photocatalytic performance remain
unclear. Therefore, the objective of this study is to
conduct theoretical calculations to elucidate the nature
of the interaction between TiO, and Fe-MIL-88B,
providing deeper insights into their synergistic effects
and potential for improving CO; photoreduction
efficiency.

Models and computational methods

Models

The (TiOy)7 cluster was selected for this research due to
its superior stability in comparison to other small
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(TiOy)n clusters (n = 1-9), based on the calculated
formation energy per TiOz unit [17]. The initial
geometry of this cluster was modeled after the anatase
phase of bulk TiO.. A Fe-MIL-88B structure similar to
those used in previous study from our group was
adopted [18]. This MOF framework consists of
octahedral  p3-FesO  clusters  connected through
benzene-1,4-dicarboxylate (BDC) linkers, forming a
hexagonal array of aligned, corner-sharing trigonal
prisms. The resulting structure forms a three-
dimensional hexagonal network with P63/mmc space
group symmetry. The choice of the (TiOy); cluster
allowed for a practical balance between computational
efficiency and structural accuracy, as smaller clusters
are useful for exploring key interaction mechanisms.
The Fe-MIL-88B model, with its stable structure and
well-defined pore system, was utilized to mimic realistic
adsorption and photocatalytic behavior, providing a
solid basis for investigating the molecular-level
interaction between TiO, and Fe-MIL-88B in the
context of COz photoreduction.

Computational methods

All' structural optimizations and energy calculations
were performed using the GFN1-xTB method, a semi-
empirical tight-binding approach [19]. GFN1-xTB was
selected for its computational efficiency and ability to
handle a wide range of molecular systems with
reasonable accuracy, particularly in comparison to
more computationally expensive methods like density
functional theory (DFT). The method is especially
advantageous when studying large, complex systems
due to its significantly lower computational cost, while
still providing reliable predictions for geometries and
electronic properties. GFN1-xTB has been successfully
applied to similar systems involving metal-organic
frameworks (MOFs) and transition-metal oxides [20,
21, making it well-suited for investigating the
interaction between TiO; clusters and Fe-MIL-88B in
this study. Its ability to optimize structures and
calculate energetics in a resource-efficient manner
allows for the exploration of various configurations and
adsorption  behaviors without compromising on
accuracy. The electronic properties of the studied
systems were further elucidated by evaluating
parameters such as vertical ionization potential (IP),
vertical electron affinity (EA), and Global Electrophilicity
Index (GEl).

UV-Vis spectra were computed using the ultra-fast
method for electronic spectra of large systems based
on the tight-binding simplified Tamm-Dancoff
approximation (sTDA) [22]. This approach was selected
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due to its ability to efficiently handle large molecular
systems while maintaining reasonable accuracy in
predicting electronic transitions. The method provides
a significant speed advantage over conventional time-
dependent density functional theory (TD-DFT) while
still offering reliable spectral data, making it well-suited
for large-scale simulations.

Results and discussion
Interaction between TiO> and FeMIL-88B

Figure 1 below illustrates the optimized structure of the
material system composed of the (TiO); cluster and
Fe-MIL-88B. The interaction between Fe-MIL-88B and
the (TiOz); cluster is quantified by the interaction
energy (Einy), which is calculated as follows:

Eit = E(TiIO2/Fe-MIL-88B) - E(Fe-MIL-88B) - E(TiO2) (Eq.1)

where E(TiO,/Fe-MIL-88B), E(Fe-MIL-88B), and E(TiO;)
are energy of TiO,/Fe-MIL-88B, Fe-MIL-88B and TiO;
cluster, respectively.

Figure 1: Optimized structure of (TiO,);/Fe-MIL-88B.
Color codes: brown - C, red — O, ivory — H, yellow
brown — Fe, light blue - Ti

The interaction energy for the (TiO);/Fe-MIL-88B
system was found to be -199.54 kJ mol™, indicating
that the formation of this hybrid system s
thermodynamically favorable. To further explore the
interaction between Fe-MIL-88B and the (TiO,); cluster,
we examined the Wiberg bond order (BO) and
interatomic distances (d). The results show that the
bond order between the Ti atoms of the (TiOy)7 cluster
and the nearest C atoms of Fe-MIL-88B ranges from
0.143 to 0.225, with a total bond order of 0.746. This
calculated bond order, based on the classical Wiberg
indices, is slightly lower than the standard value of 1 for
a typical single bond, indicating the presence of a weak
bonding interaction. The shortest distance between Ti
and Fe-MIL-88B corresponds to a Ti-C distance of
2.508 A, which exceeds the sum of their atomic radii

(2.1 A). This is consistent with the low bond order
values, where the bonds between Ti and C are less
than 1. These findings suggest that the interaction
between the (TiO); cluster and Fe-MIL-88B is not
purely physical but has a partial chemical nature. This is
a crucial observation, as the formation of weak
chemical bonds in the TiOz/Fe-MIL-88B composite
system can significantly influence the electronic
structure and optical properties of the material, setting
it apart from its individual components.

Electronic properties

The electronic properties of Fe-MIL-88B, (TiO,);, and
their composite system, as presented in Table 1, reveal
significant insights into their photocatalytic potential.

Table 1. Calculated electronic properties of the studied

systems
. Fe-MIL- (TiOy)7/Fe-
Parameter (TiO2)7 88B MIL-88B
P, eV 11.403 8.530 8.640
EA, eV 4532 5.127 5.505
GEl, eV 4.620 6.850 7.978

The ionization potential of the (TiOy); cluster is the
highest at 11.403 eV, indicating a strong resistance to
electron loss, while Fe-MIL-88B has a lower IP of 8.530
eV, which slightly increases to 8640 eV in the
composite, suggesting that the combination modifies
the electronic  structure. Electron affinity, which
measures the ability to accept electrons, increases in
the composite system (5.505 eV) compared to both the
(TiOy)7 cluster (4.532 eV) and Fe-MIL-88B (5.127 eV),
indicating enhanced electron-accepting capabilities.
This increase in EA is beneficial for photocatalytic
applications as it improves electron capture and
reduces electron-hole recombination. Furthermore, the
global electrophilicity index, which correlates with Lewis
acidity, is significantly higher in the composite (7.978
eV) compared to its individual components, suggesting
greater Lewis acidity and stronger electron-accepting
behavior. These enhanced electronic properties,
particularly the increased GEI and EA, suggest that the
TiOy/Fe-MIL-88B composite is more effective in
photocatalytic processes like CO; reduction, where
strong electron-accepting capabilities are essential for
interacting with reactants and facilitating conversion
reactions.
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Optical properties

To compare and predict the photocatalytic activity of
the materials, we calculated the UV-Vis spectra and
band gap wvalues. A key factor in explaining
photocatalytic performance is determining the potential
energies of the valence band (Evs) and conduction band
(Ece). These potential energies are calculated using the
absolute electronegativity (x) and the energy of a free
electron on the standard hydrogen electrode scale (Ee),
based on the following formula:

_IP+EA 42
—2 )

Ey=72-E+05E, (Eq3)

ECB: EVB - Eg (Eq'4)

where Ee = 4.5000 eV [23]

Figure 2 presents the UV-Vis spectra for the (TiOy);
cluster, Fe-MIL-88B, and the TiOy/Fe-MIL-88B
composite. The calculated values for electronegativity
(x), band gap, conduction band energy (Ecs), and
valence band energy (Eve) are provided in Table 2.

300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.
1. et e . e ' e E e 1.000
0.900 /" \, 0.900
0.800 / \ 0.800
0.700 / AN 0.700
20.600 \. 0.600
go-s00 ~— 0.500
£0.400 N\ 0.400
0.300 / N 0.300
02004 / AN 0.200
0.1004/ 0.100

0. T T T u T T —— T T .000
300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.
Wavelength (nm)

(T i 2)7
300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.

1. . L T L s L i L 1.000

0.900 /7 N\ . 0.900

0.800 / \ 0.800

0.700 \ 0.700
20.600 / ' 0.600
o500 / \ 0.500
S0.400 / \ 0.400

0.300 0.300

0.200 / \ 0.200

0.100 J \ 0.100

0.

T T T T T T T T .000
300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.
Wavelength (nm)

Fe-MIL-88B
300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.
1. : ' e : ' : 1 : 1.000
0.900 \'x\ 0.900
0.8004 / \ 0.800
0.700 / 0.700
20.600 \ 0.600
§0.500 / 0.500
£0.4004 [ \ 0.400
0.300 .  poao
0.2004 N — 0.200
0.1004 — 0.100

0. T T T T T T T T T .000
300.0 370.0 440.0 510.0 580.0 650.0 720.0 790.0 860.0 930.0 1000.
Wavelength (nm)

(TiO2)7/Fe-MIL-88B

Figure 2. Calculated spectrum of (TiOy);, Fe-MIL-88B
and (TiO,)7/Fe-MIL-88B
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Table 2. Calculated absolute electronegativity,
conduction band energy, and valence band energy

System X, eV  Eg eV Ecs eV Evg eV
(TiO2)7 79675 4593 1171 5.764
Fe-MIL-88B 6.8285 3631 0513 4144
(TiO2)7/Fe-MIL-88B  7.0725 3113 1016 4129

When TiO; is supported on Fe-MIL-88B, the UV-Vis
absorption spectra (Figure 2) demonstrates a redshift,
enhancing its absorption within the visible light region
of (TiO,)7. Meanwhile, the absence of significant shifts
in absorption peaks compared to Fe-MIL-88B indicates
that the combination preserves the intrinsic light
absorption characteristics of the MOF component.
However, a more detailed analysis of the electronic
properties, such as the band gap (Eg), conduction band
energy (Ecs), and valence band energy (Evs), reveals
important trends. According to Table 2, the band gap
of the TiO,/Fe-MIL-88B composite (3.113 eV) is smaller
than that of both the (TiOy); cluster (4.593 eV) and Fe-
MIL-88B (3.631 eV), indicating enhanced electron-hole
separation. The Ecg of the composite is calculated at
1.016 eV, lower than that of the (TiO,)7 cluster (1.171eV),
while the Evg is also reduced to 4.129 eV, approaching
the value for Fe-MIL-88B (4.144 eV). These changes in
the energy levels suggest that the composite may
facilitate improved charge transfer, which is crucial for
photocatalytic processes like CO; reduction. It is
important to note that the calculated band gaps are
higher than those observed in bulk materials, primarily
due to quantum confinement effects associated with
the small system size [24]. However, the key
observation here is the trend: the reduction in the
band gap and slight lowering of the ECB indicate that
the TiO,/Fe-MIL-88B composite may be better suited
for CO, photoreduction by promoting more efficient
electron transfer, which is essential for converting CO;
into useful products.

Conclusion

The interaction between the (TiO,); cluster and Fe-MIL-
88B forms a thermodynamically stable hybrid system,
as evidenced by the favorable interaction energy.
Analysis of bond order and interatomic distances
reveals weak but notable chemical interactions
between TiO, and Fe-MIL-88B, which play a crucial
role in modifying the electronic structure of the
composite. This interaction enhances the electron
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affinity and global electrophilicity index (GEl) of the
system, indicating improved electron-accepting
capabilities.  Such  properties are  particularly
advantageous for photocatalytic processes like CO,
reduction, where efficient charge transfer is essential.
Although the calculated band gaps are slightly higher
due to quantum confinement effects, the overall
reduction in the band gap and a lower conduction
band energy level suggest a more effective mechanism
for charge separation and transfer within the
composite. These synergistic characteristics make the
TiOy/Fe-MIL-88B system a promising candidate for
photocatalytic CO, reduction, offering a potential
pathway to address environmental challenges and
advance sustainable energy solutions..
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