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ARTICLE INFO ABSTRACT

Keywords: In this work, innovative Bi’-Ui0-66/TiO.-Bi>t photocatalysts were synthesized by electrospinning. The
Bi’-Ui0-66/TiO4-Bi® morphological and spectroscopic analyses showed the existence of Bi®* and Bi® (metallic) and also Zr (in the
Electrospinning ) valence states +IV) on the surface of TiO2 nanofibers (NFs). The band gap decrease from 3.09 eV in pristine TiOy
I;B; ‘Z‘r’izifr‘i’::;”aon to 2.8 eV in Bi-Ui0-66,/TiO5 NFs improved the light-harvesting efficiency. Hydrogen production was tested under

visible light irradiation using a 500 W linear halogen lamp (420-600 nm) positioned at 10 cm from the reaction
solution. Hydrogen production via photocatalysis was increased by 2-fold and 24-fold with Bi®-Ui0-66,/TiO,-Bi®*
(3734 pmolg ! h™) compared to Ui0-66,/TiO, and TiO, NFs, respectively. This enhancement was attributed to
the synergistic effect between Bi’ and Bi®" (as predicted also by the density functional theory model) and the
improved visible light absorption by Bi’. Additionally, the formation of a Bi;O3-TiO5 heterojunction promoted
the separation of photoinduced charge carriers. Lastly, the prepared Bi®-Ui0-66/TiO2-Bi®* NFs demonstrated
high recyclability without photocatalytic activity reduction.

Synergistic effect

1. Introduction

Hydrogen is considered one of the most promising green alternatives
to fossil fuels [1]. Its production by photocatalysis involves the con-
version of solar energy into chemical energy [2], and is a critical
research area to address the escalating global energy crisis and envi-
ronmental challenges [3,4]. Various semiconductor photocatalysts, such
as TiOg, ZnO and Fey03, have been extensively studied for hydrogen
production [5,6]. However, the photocatalytic efficiency of semi-
conductor photocatalysts remains limited due to various challenges,

including photocorrosion, low photon absorption efficiency, inefficient
charge separation, and limited number of catalytic active sites [2]. TiO:
displays excellent stability, low cost, environmental friendliness, and
suitable band-edge positions for redox reactions, but its photocatalytic
activity under visible light is limited due to its wide bandgap (~3.2 eV
for anatase).

Therefore, several authors have investigated metal-organic frame-
works (MOFs) as photocatalysts. MOFs are crystalline, porous, hybrid
materials [7-10] known for their tunable pore structures, high specific
surface area with numerous active catalytic sites, and customizable
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electronic and optical properties [11]. For instance, zirconium (Zr(IV))-
based MOFs, such as UiO-66, exhibit remarkable thermal and chemical
stability [12,13], making them promising candidates for photocatalytic
applications in water environments [14]. However, the relatively wide
band gap energy of UiO-66 (~3.8 eV) results in low photoconversion
efficiency, restricting its practical application for solar light harvesting
[2,15]. Various strategies have been proposed to enhance the photo-
catalytic efficiency of UiO-66, including band gap engineering [16] and
element doping [17]. Particularly, the formation of heterojunction
structures improves the photocatalytic performance of UiO-66 by
creating interfaces between semiconductors [18,19]. Integrating TiO5
with MOFs can establish a localized environment that increases the
concentration of composite materials at the surface, addressing the issue
of reduced light trapping efficiency caused by the agglomeration of TiO5
particle. Additionally, the encapsulation of metal nanoparticle (NP)
catalysts within the MOF cavity prevents their aggregation, while the
interactions between the MOF surface and NPs contribute to the opti-
mization of their catalytic performance [20].

Bismuth (Bi)-based materials present a viable alternative to precious
metals in the fabrication of photocatalyst [21]. Bi is an affordable,
environmentally friendly, and abundant active metal [22], known for its
localized surface plasmon resonance (LSPR) properties [23]. Bi doping
enhances the absorption range of TiO,. Furthermore, as an electron
acceptor, Bi helps to reduce electron-hole (e /h™) recombination,
thereby boosting the photocatalytic efficiency [24,25].

Therefore, we developed novel Bi®-Ui0-66,/TiOy-Bi®* composite
photocatalysts through a simple one-step electrospinning method that
facilitated the in-situ formation of metallic Bi. In this study, Bi use (both
Bi®" and Bi®) was limited to small amounts incorporated in the UiO-66/
TiO2 composite. Bi is considered a relatively low-toxic and environ-
mentally compatible element compared with other heavy metals.
Moreover, Bi-based materials, including Bi-Os and elemental Bi, are
generally stable and not prone to significant leaching in typical photo-
catalytic conditions. Therefore, the risk of Bi leaching and its environ-
mental impact are minimal, in line with the principles of safe and
sustainable material use. The structure and physicochemical properties
of the resulting NFs were thoroughly characterized and their photo-
catalytic performance for water splitting under visible light was
assessed. Bi’-Ui0-66,/TiO2-Bi>" demonstrated outstanding hydrogen
generation efficiency compared to UiO-66/TiO; and TiO», primarily due
to the synergistic effect between Bi>" and metallic Bi’. Additionally, the
electronic density of states (DOS) of all composites was computed and
density functional theory (DFT) was employed to model the complete
band alignment scheme of the Bi-UiO-66/TiO; system.

2. Experimental
2.1. Materials

All materials used in this study are listed in Table 1.

Table 1

Materials, purity, and supplier.
Material Purity Supplier
Zr(NO3),.3H,0 99.99 % Sigma Aldrich
Bi(NO3)3.5H20 99.99 % Sigma Aldrich
1,4-benzenedicarboxylic acid 98 % Sigma Aldrich
Titanium tetraisopropoxide 97 % Sigma Aldrich
Polyvinylpyrrolidone (PVP) M,, = 1,300,000 g/Mol Sigma Aldrich
Acetic acid 98 % Sigma Aldrich
Absolute ethanol 99 % Sigma Aldrich
Absolute methanol 99 % Sigma Aldrich
N,N-dimethylformamide 99.8 % Sigma Aldrich
Nafion perfluorinated Sigma Aldrich

Resin solution
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2.2. Preparation of Bi-UiO-66/TiO2 composite NFs

Zirconium chloride (58.4 mg, 0.25 mmol), 1,4-benzenedicarboxylic
acid (BDC) (41.5 mg, 0.25 mmol) and N,N-dimethylformamide (DMF)
(22 g, 300 mmol) were used for UiO-66 fabrication following the pro-
tocol in [26]. Then, UiO-66 (0.124 g, 0.15 mmol) and Bi(NO3)3 (0.6 mol
%, 0.9 mol%, and 1.2 mol%) were dissolved in ethanol (2 mL) and DMF
(0.5 mL) by stirring for 30 min, and were added to the precursor solution
(prepared by stirring 0.3 g PVP with titanium tetraisopropoxide in 3 mL
ethanol and 2 mL acetic acid at room temperature for 30 min). After 60
min, electrospinning was performed using a syringe with a stainless-
steel needle (0.7 mm in diameter), flow rate of 1 mL/h, chamber tem-
perature of 38 + 5 °C, 1.25 kV/cm, and a rotating coil (400 rpm)
covered with aluminum foil. NFs were heat-treated at 400 °C (ramp rate
= 5 °C/min in air) for 4 h.

2.3. Sample characterization

Samples were analyzed with standard procedures as previously
described: X-ray diffraction (XRD) [27], scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) [28], energy-
dispersive X-ray spectroscopy (EDX) [28], Raman microscopy, Fourier
transform infrared (FT-IR) spectrophotometry, ultraviolet-visible
(UV-Vis) spectrophotometry and photoluminescence analysis [29],
and X-ray photoelectron spectroscopy (XPS) [30]. Quantifications were
performed from the peak area of the high-resolution XPS spectra after
correction with suitable sensitivity factors and background signal
correction with the Shirley method [31]. The atom concentrations at the
samples surface were determined as described in [32]. All core levels
binding energies were relative to the C—C bonds in the C1s spectrum at
284.8 eV.

2.4. Photocatalytic H, generation

Hy production was carried out and monitored as described in
[29,33].

2.5. Computational methods

The lattice parameters derived from the experimental results, a DFT
approach that relies on the parameterization designed for solids using
the PBEsol approximation [34,35], and plane-wave pseudopotentials in
Quantum ESPRESSO [36] were employed to predict the electronic DOS.
The kinetic energy and charge density cut-off values were 60 Ry and 480
Ry. A Monkhorst-Pack grid of 10 x 10 x 10 k-points was used for all
samples, except for UiO-66, where only the zone center (I" point) was
used due to the large cell parameters. The core-valence state interactions
were described using ultrasoft pseudopotentials [35]. For Bi and O,
fifteen (5d'° 6s> 4p3) and six valence electrons (2s> 2p4), respectively,
were considered. The Hubbard correction method (PBU + U) was
employed to accurately determine the energy band gap [36,37]. The
Hubbard U parameter was 8 eV for the Ti 3d and Zr 4d states. The spin-
orbit coupling for a-BizO3 was not calculated because it required
excessive computing power due to the lower a-Bi;O3 symmetry and
larger number of atoms in the UiO-66 unit cell.

3. Results and discussion

In the present study, Bi(NO3)3 and UiO-66 MOFs were introduced in
the TiO2 structure to enhance Hy production by photocatalytic water
splitting. The obtained samples (pristine TiOy, UiO-66 before and after
calcination, UiO-66-TiO3, 0.6 %Bi-Ui0-66,/TiO3, 0.9 %Bi-Ui0-66,/TiO;
and 1.2 %Bi-UiO-66,/TiO,) were characterized before utilization for Hy
production.
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3.1. Characterization of the prepared samples

The XRD patterns of anatase TiO5 (JCPDS No. 01-084-1285) were
observed in all samples (Fig. 1) [38]. Moreover, a broad XRD peak at 20
—30.8%in the Bi-Ui0-66/TiO4 NFs corresponded to the (121) diffraction
plane of brookite (JCPDS No. 29-1360) [39]. The absence of distinct
peaks for BiO3 and UiO-66 indicated that these components were either
finely dispersed or too small to be identified by XRD. The stability of
UiO-66 after calcination was established in previous studies that used
thermogravimetric analysis [26,40] and was further confirmed by the
FT-IR and XPS results presented below. The distinct and narrow
diffraction peaks observed in UiO-66 after heat treatment indicated
successful crystallization. However, the broadening of these peaks with
increasing BioO3 concentrations suggested a decrease in the crystallinity
and crystallite size of anatase TiO,. The unit cell volume of pristine TiO5
and 1.2 %Bi-UiO-66/TiO; increased from 136.52 A% to 136.85 A® (as
determined by Rietveld refinement of the XRD data), likely due to Ti**
replacement by Bi®* ions on the surface of the TiO, crystallites. Indeed,
Bi®* ions have a larger ionic radius than Ti** ions [(r (Ti*") = 60.5 pm, r
Bi*H =103 pm], and both are 6-fold coordinated [41]. Conversely, the
crystallite size decreased from 24.2 nm in pristine TiO3 to 15.2nm in 1.2
%Bi-UiO-66,/TiO,. The increased ionic radius of Bi*™ may lead to
modifications in the anatase crystal structure, potentially hindering the
growth of crystallites [50]. Our earlier studies [27,29,30] showed that
larger ions (e.g., Ce3* and Cs'™) cannot enter the TiO, lattice. However,
they can replace Ti** ions on the surface of TiO, crystallites, thereby
restricting the anatase phase growth. This is achieved by reducing the
interactions between the crystallites and the rearrangement of lattice Ti
and O atoms. As a result, the formation of Bi-O-Ti bonds on the TiO5
crystallite surface contributes to limit crystallite interactions and re-
stricts the rearrangement of Ti and O atoms in the lattice. This, in turn,
hinders the development of anatase phase crystallinity, leading to a

Ui0-66

UiO-66-calcined

1.2%-Bi-UiO-66/TiO,
0.9%-Bi-UiO-66/TiO,
A 0.6%-Bi-UiO-66/TiO,

Intensity (a.u)

i UiO-66/Ti02
e
(1on)
004y (200) (105) (211) (204) 02
A
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| “IIIH | |||‘|||I||||| TN
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|‘| ‘ ‘ TR
T . T = T T
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Fig. 1. XRD patterns of the indicated samples. The peaks at 20 = 25.07°, 37.8°,

48.1°,53.9%, 55.2° are linked to the (101), (004), (200), (105), (211) and (204)
lattice planes of anatase TiO,, respectively.
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reduction in the crystallite size of BioO3-containing TiO, NFs. Based on
the Rietveld refinement results, strain was higher in 1.2 %Bi-UiO-66/
TiO4 than in pristine TiO, (84 % versus 39 %), likely due to the lattice
distortion and crystallite size reduction. Brookite phases (JCPDS No.
20-1960) were detected in small quantities in Bi-UiO-66-TiOy NFs. As
the Bi content increased, the peaks slightly broadened and the crystallite
size decreased, suggesting minor distortions in the crystal structure [42].

The XPS analysis of UiO-66 revealed three peaks (532.2, 531.1, and
529.8 eV) in the O 1s spectrum (Fig. 2a) that correspond to surface-
adsorbed hydroxyl groups, C=0, and Zr—O bonds, respectively [43].
The slight shift in O 1s binding energy observed in calcined UiO-66
could be attributed to the evaporation of the trapped solvent (DMF)
within the MOF network. In the case of 1.2 %Bi-UiO-66/TiO,, the three
peaks in the O 1s spectrum (529.6, 530.1, and 531.70 eV) were assigned
to Zr—0 and Ti—O, to Bi®*-0, and to O—H bonds in water adsorbed on
the surface, respectively [44].

The XPS analysis of TiO, physicochemical interactions revealed two
peaks in the Ti 2p spectrum at 458.60 eV (2ps,2) and 464.44 eV (2p; /2)
(Fig. 2b) [45]. In the 1.2 %Bi-UiO-66 sample, these peaks shifted to
higher binding energies (464.64 and 458.8 eV), indicating the presence
of Bi®* on TiOj surface. This shift can be attributed to the lower Pauling
electronegativity of Ti (1.5 versus 2.02 for Bi). This causes charge
transfers from Ti**" to Bi®* through Ti-O-Bi bonding, thereby reducing
the electron density around Ti atoms. This finding confirmed the inter-
action between Bi®" and TiO.. In the 1.2 %Bi-Ui0-66-TiO, sample, the
Ti 2ps/2 and Ti 2p; /2 spin—orbit splitting values of 6.3 eV suggests that
Ti** was the dominant oxidation state [27].

Upon deconvolution, the XPS spectra of UiO-66 and heat-treated
UiO-66 showed two peaks at 184.6 (Zr 3ds,2) and 182.7 eV (Zr 3ds/2)
(Fig. 2¢), indicating that Zr** interacts with BDC [46]. This suggests that
the Zr chemical environment remained unchanged and that UiO-66
maintained its stability during the heat treatment (~400 °C). Zrtt
presence was confirmed by the binding energy difference between these
peaks. In the case of 1.2 %Bi-UiO-66,/TiO,, the binding energies of Zr
3ds,2 and Zr 3ds,» shifted slightly to 184.5 and 182.3 eV, respectively.
This indicates that the incorporation of Bi NP into the UiO-66/TiO,
matrix enhances the electron density of Zr clusters. It also supports the
hypothesis that electrons are transferred from Bi NPs to the MOF, pro-
moting the interaction between Bi NPs and UiO-66, and enhancing the
photocatalytic activity [47]. The possibility of electrostatic interactions
between Bi NPs and UiO-66 is supported also by the fact that the { po-
tential of Bi NPs is negative [48] and that of UiO-66 is positive [49]. Bi
NPs were not detected by XRD in the composite sample (Fig. 2b), but
only by high-resolution TEM.

After deconvolution, the C 1s spectrum of UiO-66 displayed three
peaks that correspond to C—C (284.6 eV), C-O/C-N (286.3 eV) and O-
C=0 (288.6 eV) and are associated with terephthalic acid (Fig. 2d). In
calcined UiO-66, the intensity of the peak at 286.3 eV decreased, indi-
cating the near-complete removal of DMF from UiO-66 surface [50].

The 1.2 %Bi-Ui0-66-TiO5 sample (Fig. 2e) exhibited peaks at 164.8
eV and 159.2 eV that corresponded to Bi>" 4fs 5 and 4fy,5, respectively.
The binding energy difference (~5.5 eV) between these peaks confirmed
that the valence state of the Bi species in 1.2 %Bi-UiO-66/TiO2 was +3.
This confirmed the successful incorporation of Bi into the NF structure
and its potential role in enhancing photocatalytic activity [51,52]. As
previously mentioned, the charge transfers from Ti** to Bi>* ions via Ti-
O-Bi bonds result in a higher electron density around Bi ions and lower
electron density around Ti ions. This explains the XPS peak shift to
higher binding energies for Ti ions and to lower binding energies for Bi
ions, compared with pure Bi3Os. This shift indicates interactions be-
tween Ti and Bi species in the NFs, suggesting that their interplay alters
their electronic structures [53]. Moreover, the two peaks at 162.8 and
157.5 eV were attributed to the Bi° 4fs/2 and 4f; /5 states [23]. Wu et al.,
suggested that the formation of Bi® species in samples remains uncertain
and that during calcination, Bi** may be partially reduced to Bi® due to
the presence of carbonaceous species [25]. The binding energy of Bi 4f;,
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Fig. 2. High-resolution XPS spectra of O 1s (a), Ti 2p (b), Zr 2p (c), C 1s (d), Bi 4f (e) and N 1s (f) for the indicated samples. Solid lines, experimental results; dashed

lines, fitted curves after background removal.

2 in the 1.2 %Bi-UiO-66/TiO, composite was higher than that of pure
metallic Bi® [53,54]. This suggests that in the composite, the electronic
interactions of Bi® species might be altered compared with pure metallic
Bi. This change may affect their properties and reactivity within the
composite structure. As previously discussed, the charge transfer from
Bi® to UiO-66 through electrostatic interactions can induce a slight
positive charge on the Bi atom. This reduces the electron density around
Bi® NPs, but should increase the electron density around Zr ions [47]. As
a result, in the composite, the XPS peaks corresponding to Bi® shifted to
higher binding energies, while those for Zr ions shifted to lower binding
energies, compared to those in pure UiO-66 and Bi’.

Analysis of the N 1s spectra (Fig. 2f) revealed a weak peak at 400.5

eV in UiO-66, which could be attributed to residual DMF [55] on the
surface. After calcination, this peak shifted to 400.1 eV and its intensity
decreased, confirming DMF evaporation. In the 1.2 %Bi-UiO-66/TiOy
sample, the N 1s peak shifted to 399.8 eV, and its intensity increased,
likely due to the presence of some PVP in TiOy NFs.

Raman spectroscopy of the TiO, sample revealed the characteristic
vibration peaks of TiO, anatase phase at 148.19 cm! (Eg), 198.2 em!
(Eg), 394.74 cm™ ! (B1g), 513.36 cm ' (Aqq + B1g), and 637.20 cm ™ (Ey)
[56] (Fig. 3). After addition of 0.6 %, 0.9 %, and 1.2 % Bi(NOs)s, the
vibration peaks became broader and were characterized by a slight blue
shift of ~2.1 cm™!. These changes can be attributed to the destruction of
the anatase lattice, and formation of small amounts of brookite, and the
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Fig. 3. Raman spectra of the indicated samples with the characteristic vibra-
tional bands of the anatase and brookite phases.

effects of Bi(NO3)3-UiO-66 on the NF surface [57,58], which is consis-
tent with the XRD data. The Raman spectra indicated that Bi ions
influenced the phase transition, in line with the Rietveld refinement of
the XRD results. In samples with higher Bi(NO3)3 amounts, the Raman
bands progressively broadened and shifted to higher wavenumbers,
particularly the E; mode at 148.19 cm™L. This shift is likely due to the
crystallite size reduction [59]. Specifically, the NF volume concentration
results in higher force constants that are associated with shorter inter-
atomic distances. The increase in force constants was confirmed by the
corresponding increase in the wavenumber that roughly correlated with
the force constant [60]. The reduction in scattering intensity, especially
for the Eg mode, can be attributed to defect-induced changes in the long-
range translational crystal symmetry [61]. This may enhance the cap-
ture of photoelectrons, thereby reducing charge recombination. Addi-
tionally, the Bi NPs on the surface could further inhibit charge
recombination by facilitating the transfer of photogenerated electrons to
the pore surface [62].

The FT-IR results for UiO-66 (Fig. 4a) and TiOy (Fig. 4c) were
consistent with those of previous works [63,64]. In the UiO-66 spectrum
(Fig. 4a), the absorption band between 3000 and 3700 cm™' was
attributed to the stretching vibration of the hydroxyl groups from
absorbed water molecules [65]. The peaks at 1627 c¢m ! and 1576 and
1397 cm™! corresponded to the -OH bending vibration [66] and the
asymmetric and symmetric stretching vibration of carboxyl groups
(0=C-0) [47,67], respectively. The weaker band at 1514 cm™! was
associated with the C—=C vibration of the benzene ring [68]. The band at
~556 cm ™! was linked to the asymmetric stretching vibration of Zr—
(0C) [69], while the peaks at ~668 and 482 em! corresponded to the
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Ui0-66/TiOs, €) 0.6 %Bi-Ui0-66/TiO,, f) 0.9 %Bi-Ui0-66/TiO,, and g) 1.2 %Bi-
Ui0-66/TiO,.

stretching vibrations of Zr-Oy3.0 and Zr-Oy3.on bonds in the Zrg cluster
[70]. The peak at 747 cm~! was attributed to C—H vibrations in BDC
[50]. Additionally, the band at 1655 cm ™! (asymmetric stretching of the
C—=O0 bond in DMF) confirmed DMF presence in the pores [71]. In TiO5
NF spectrum (Fig. 4c), a broad band was observed between 827 and 664
cm ! that corresponded to the bending vibration of Ti-O-Ti [46]. The
presence of these peaks in the spectra of Ui0-66,/TiO, (Fig. 4d) and Bi’-
Ui0-66,/TiO5-Bi>™ NFs (Fig. 4e-g) confirmed that UiO-66 and Bi incor-
poration did not alter UiO-66 structure [72]. Additionally, the broad
asymmetric peaks at 1603 cm ! and 1397 cm ™!, observed after coupling
TiO5 NFs with UiO-66, were attributed to O=C-O stretching in UiO-66,
while the band between 837 and 686 cm ™! corresponded to the Ti-O-Ti
bond bending vibrations. The shift in these FT-IR spectra could be due to
interactions between UiO-66, TiO, and Bi**. After Bi NP addition, no
new peak was detected in the infrared spectrum of Bi-UiO-66/TiO2, but
the peak at 1603 cm™! red-shifted to 1623 cm™!, compared with UiO-
66/TiO, suggesting a strong interaction between UiO-66 and Bi NPs
[73]. In the composite samples, the decreased intensity of the charac-
teristic peaks of UiO-66 and TiO5 and their slight shift indicated changes
in the chemical environment around UiO-66 and TiO, likely due to the
interactions between TiO;, Bi(NO3)3 and UiO-66. The FT-IR spectra
confirmed that TiOg, Bi(NO3)3 and UiO-66 formed strong interactions,
demonstrating that the composite materials were successfully
synthesized.

The results of the EDX analysis (Table S1) confirmed the incorpo-
ration of Zr and Bi into the TiOy NFs. The atomic ratios of Bi*" to Ti**
increased with higher amounts of Bi(NO3)3 (i.e., 1.2 > 0.9 > 0.6 mol%),
consistent with the experimental findings. Elemental mapping images
(Fig. S1) revealed that Bi and Zr ions were evenly distributed on TiO5
surface.

SEM images (Fig. 5a-f) of Bi’-Ui0-66,/TiO-Bi>" revealed a highly
interconnected network of continuous, but randomly oriented NFs. The
incorporation of Bi ions into the composite material was confirmed by
the NF diameter decrease from 188 + 3 nm in pristine TiOg to 113 + 3
nm in 1.2 %Bi-Ui0-66,/TiO5 (Fig. S2). This reduction is in line with the
decrease in crystallite size observed as the Bi®* content increased (XRD
data) and is attributed to the significant difference in ionic radius be-
tween Bi®t and Ti** [41]. As a result, Bi cations cannot integrate the
TiO4 network, leading to disturbances in the anatase phase crystallites
that ultimately hinder the crystallite structure growth [74].
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0.35nm

0.18nm
0.24nm

(0.23 nm)
(0.18 nm)

Fig. 5. SEM images of a) UiO-66, b) UiO-66 after calcination, ¢) TiO, d) 0.6 %Bi-Ui0-66/TiO,, €) 0.9 %Bi-UiO-66/TiO,, f) 1.2 %Bi-Ui0-66/TiO,, and high-
resolution TEM images of g) TiO and h) 1.2 %Bi-Ui0-66,/TiO, with the diffraction patterns in the insets.

High-resolution TEM was employed to confirm the influence of Bi%-
UiO-66 and BiyOg3 on the TiO5 phase structures (Fig. 5g-h). In TiO», the
interplanar spacing values (0.35 £+ 0.01 nm, 0.18 & 0.01 nm, and 0.24
+ 0.01 nm) were associated with the (101), (211), and (004) planes of
TiOy anatase (insets in Fig. 5g and h). In 1.2 %Bi-UiO-66/TiO3, in
addition to the interplanar spacing value of 0.18 + 0.01 nm (corre-
sponding to TiO, anatase), spacing values of 0.39 + 0.01 nm (related to
the (021) plane of a-BiyO3 [75]) and 0.23 + 0.01 nm (related to the
(104) plane of rhombohedral Bi NP crystals [76]) were observed. The
selected-area electron-diffraction and Fast Fourier Transform patterns of
both samples (insets of Fig. 5g-h) confirmed the formation of a multi-
phase mixture after Bi incorporation, indicating significant changes in
crystallinity. The appearance of new planes (0.39 nm and 0.23 nm)
suggests a modification in the crystal structure following the introduc-
tion of Bi® and BiyO3.

The pore structure and specific surface areas were determined by Ny
adsorption-desorption measurements at 77 K. Brunauer-Emmett-Teller
(BET) surface area measurements at 400 °C revealed an increase in
the surface area from 45 m> g’l, 3.5 nm (TiOs) to 53.7 m> g’1 (Ui0-66/
TiO») and to 92 m> g_1 (1.2 %Bi-UiO-66) (Table 2). In some systems, Bi
incorporation may cause densification and reduce the surface area.
However, in the present study, low Bi loading (1.2 %) combined with the
high porosity of UiO-66 contributed to enhance surface accessibility.
The introduction of Bi® NPs and Bi®" ions may have improved the TiO:
crystallite dispersion and prevented particle agglomeration, thereby
increasing the available surface area. Moreover, Bi integration into the
Ui0-66/TiOz> matrix might have contributed to maintain the MOF

Table 2
Physical properties of UiO-66, calcined UiO-66, TiO5 and Bi-doped-UiO-66,/TiO4
samples.

Samples Surface area Total pore Pore diameter
(BET) volume (nm)
m’g ™ (em®g™) (BJH)

TiO, 45.0 0.1 3.5

Calcined UiO-66 400.6 0.27 5.1

Ui0-66 379 0.02 4.5

0 i-UiO-
1.2 %Bi-Ui0-66/ 92.0 0.1 10.0-12.0
TiOo
Ui0-66/TiO, 53.7 0.3 18.7

structure integrity, while introducing additional interfacial porosity.
Collectively, these factors explain the BET surface area increase in the
1.2 %Bi-Ui0-66/TiO2 composite. However, the average pore volume
was smaller than in other NFs, likely due to the insertion of Bi® NPs in
UiO-66 pores and Bi®* in TiOq pores. The Barrett-Joyner-Halenda (BJH)
method confirmed the mesoporous nature of the materials (Table 2). The
larger specific surface area of 1.2 %Bi-UiO-66/TiO5 enhances the pho-
tocatalytic activity by facilitating the diffusion of reactants and products
[77]. The high porosity of UiO-66 contributes to the nanocomposite
surface area increase [78], thereby improving the photocatalytic per-
formance [79]. These findings support the beneficial porous properties
of UiO-66-based TiO4 NFs. It can be concluded that the high porosity of
UiO-66 crystallites contributes to the large surface area of the prepared
composites [80]. The interfacial electron transfers in Bi-UiO-66/TiOy
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heterostructures might reduce the recombination of photoinduced e/
h* pairs during photocatalysis. A photocatalyst with a larger specific
surface area (BET measurements) provides more active sites, promoting
efficient carrier transport and separation [81], thereby enhancing the
efficiency of degradation reactions. However, the photocatalyst activity
is also influenced by other factors, such as the crystallinity of the used
materials and the stability of the charge carriers generated during the
process.

The photoluminescence spectra of the TiO5, UiO-66/TiO5 and Bi-
Ui0-66,/TiO, samples were examined to evaluate the e /h™ pair sepa-
ration rate and to determine the impact of Bi-UiO-66 introduction on
charge separation. In TiO,, the emission peak at 593 nm corresponded to
the TiO5 anatase reflection (Fig. 6a), and indicated a high recombination
rate of e /h™ pairs. In the UiO-66/TiO, sample, the emission intensity

a)

Journal of Photochemistry & Photobiology, A: Chemistry 471 (2026) 116667

decreased, suggesting a better e /h™ pair separation. Similarly, the
photoluminescence intensity of Bi-UiO-66,/TiO3 samples (0.6 %, 0.9 %,
and 1.2 % Bi) significantly decreased, especially that of the 1.2 %Bi-UiO-
66,/TiO, sample. This suggests that the formation of Bi®-UiO-66,/TiO,-
Bi®* connections effectively reduces e /h™ pair recombination, thereby
enhancing the photocatalytic performance. Due to the higher work
function of Bi (metal), the formation of Schottky barriers [34] facilitates
electron transfer from UiO-66,/TiO5 to Bi (metal), which increases the
separation of photogenerated e /h* pairs. In other words, Bi-UiO-66
helps to trap the photogenerated charge carriers and inhibits e /h™
pair recombination [82]. Photoluminescence quenching in Bi-UiO-66-
containing TiO2 NFs can be attributed to the suppression of donor
level formation within the TiOy band gap, such as charge transfer to
excitons [83], which are responsible for TiO, photoluminescence [84].

——TiO,
—— Ui0-66/TiO,
—— 0.6Bi-Ui0-66/TiO,
—— 0.9Bi-UiO-66/TiO,
—— 1.2Bi-UiO-66/TiO,

PL intensity (mW/cm?)

3

PL intensity mW/cm?)
e
//

Waveleagth, am

T .
600 700

Wavelength (nm)

b)
1.5

—Ti0,

—— 0.6Bi-UiO-66/TiO,
—— 0.9Bi-UiO-66/TiO,
—— 1.2Bi-UiO-66/TiO,

0.0

Energy (eV)

(F.hv)03

2.5 3.0 3.5

1 0 - Ui0-66

UiO-66-calcin

25 3.0 35 4.0 45 5.0
Energy (eV)

Fig. 6. a) Photoluminescence (PL) spectra of the indicated samples; inset: PL spectra of UiO-66 and calcined UiO-66. b) Curves of the transformed Kubelka-Munk
function versus light energy to determine the band gap energy of the indicated samples.



M. Saffari et al.

The results indicate that the lifetime of free electrons is longer in pristine
TiO2 NFs than in Bi-UiO-66/TiO5 NFs [85]. This explains the decrease in
photoluminescence intensity of Bi-UiO-66,/TiOy nanostructures. There-
fore, Bi cations can enhance the photocatalytic activity by reducing
charge recombination [86].

The band gap energy (Fig. 6b) was computed with the Kubelka-Munk
formula [87]:

F= ((17R)2)/2R )

(Fhv)'/? = A(hv — Eg) 2

where F, R, hy, and Eg are the Kubelka-Munk function, reflectance,
photon energy, and band gap, respectively.

Comparison of the Eg values of the different samples (Table 3)
showed that it was decreased in the Bi-UiO-66/TiO; composites
compared with TiO5 and UiO-66/TiO».

Interestingly, after in-situ deposition of Bi (metallic), the photoin-
duced charge carriers can be efficiently separated due to the formation
of Schottky barriers. Therefore, the enhanced photocatalytic efficiency
of samples containing Bi (metallic) can be attributed to the improved
separation of charge carrier [22].

The Urbach energy (Eysp) (Table 3) represents the width of the
exponential absorption edge in the UV-Vis spectrum. It is typically
associated with the presence of localized states due to structural disorder
or defects in the material. Lower Ep values indicate fewer defects and a
more ordered structure, resulting in a sharper optical absorption edge.
Conversely, higher E values suggest increased disorder and sub-
bandgap absorption that can influence the charge carrier dynamics
and the overall photocatalytic performance.

3.2. Hj generation

In this experimental set-up, methanol was employed as hole scav-
enger [88] due to its strong tendency to donate electrons and its efficient
oxidation by photogenerated holes. This suppresses e /h™ recombination and
enhances H evolution. Methanol is often used as sacrificial agent in photo-
catalytic systems due to its low oxidation potential and good miscibility in
aqueous media. When pure TiOy was used as catalyst, Hy production rate
was low (110 pmol g’1 h b (Fig. 7a). However, Hy production rate
increased progressively in the presence of Bi-UiO-66 on the surface of
TiO, NFs. Higher concentrations of Bi(NO3); appear to promote the
formation of heterojunctions between Bi’/Zr**/Bi** and TiO, that
facilitate charge separation across the interfaces. The highest catalytic
activity was achieved with the 1.2 %Bi-UiO-66,/TiO, sample (H, evo-
lution rate of 3734 pmolg™' h™! versus 2852 pmolg 'h~'and 2162
pmolg 'h™! with 0.9 %Bi-Ui0-66,/TiO, and 0.6 % Bi-Ui0-66,/TiO5)
(Fig. 7a). This improvement in performance can be attributed to its
significantly higher surface area and large number of active sites.

The reusability and stability of the 1.2 %Bi-Ui0-66/TiO, photo-
catalyst were evaluated over four consecutive cycles, each lasting 6 h
under visible light irradiation (Fig. 7b). Comparison of H, production
after each cycle (bar chartin Fig. 7b) clearly demonstrated the photocatalyst
excellent stability and retention of photocatalytic activity (i.e. reusability)

Table 3
Band gap values of pure TiO, and Bi-UiO-66/TiO, NFs.

Sample Band gap Sample Band gap (eV)/
(eV) Eyrp, (eV)
0, i-UiO-
TiO, 3.0 0-6 %BI-UI0-66/ 5 85,025
TiO4
0y i-UiO-f
Ui0-66 3.63 0-9 %BI-UI0-66/ 5 8/0.29
TiO,
Calcined UiO-66 (400 °C 1.2 %Bi-UiO-66/
for 4 h) 3.58 Tio, 2.83/0.31
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Fig. 7. a) H, production with the indicated photocatalysts. b) H; production in
the presence of 1.2 % Bi-UiO-66/TiO, NFs after four cycles (A to D).

over time. Then, the structural stability of the 1.2 %Bi-UiO-66/TiO;
photocatalyst after the catalytic reaction, was evaluated by XRD anal-
ysis. The XRD pattern (Fig. S3) showed no significant change between
before and after use, confirming its good crystallinity and structural
stability under reaction conditions.

The photocatalytic activity of 1.2 %Bi-UiO-66,/TiO5 was comparable
to or exceeded that of other UiO-66-containing photocatalysts tested in
other works (Table 4). Its enhanced performance can be attributed to its
high porosity and large surface area (90.9 m? g~1) that provide a higher
number of active sites and consequently facilitate more efficient e /h™
pair separation. The modification of TiO, with Bi®* and Ui0-66 with Bi®
improved the photocatalytic performance, primarily for two reasons.
First, the gradual reduction of Bi** into Bi® (metallic) during synthesis
led to the creation of oxygen vacancies, likely due to charge compen-
sation [89]. In general, oxygen vacancies act as electron sinks by
capturing excited electrons and promoting hole migration [90]. In Bi
(M)-doped samples, electron transfer occurs through two pathways:
Schottky barriers and oxygen vacancies. The photocatalytic experiments
demonstrated that Hy production in the presence of 1.2 %Bi-UiO-66/
TiO (3734 pmolg ! h™1) was significantly higher than the sum of the H
yields in the presence of Ui0-66,/TiO; (1920 pmolg™* h™!) and TiO,
(110 pmolg~! h™Y). This indicates a synergistic effect between Bi** and
Bi®, which was further supported by the UV-Vis and photoluminescence
results. This synergist effect primarily results from two factors: i) the
Schottky barrier, which facilitates efficient separation of photoinduced
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Table 4

Journal of Photochemistry & Photobiology, A: Chemistry 471 (2026) 116667

Hydrogen generation by different UiO-66-containing photocatalysts.

Catalyst Preparation Output: Sacrificial agent Reference  Light source
Technique H,
production
(umol g~?
h
1.2 %Bi-3 %Ui0-66/TiO, Electrospinning 3734 Methanol This work 500 W linear halogen lamp
3 %Ui0-66/TiOy Electrospinning 1918 Methanol This work 500 W linear halogen lamp
Pt-loaded-UiO-66- .
Erythrosine B-sensitized-  Hydrothermal 460 Methanol [93] 300-W xenon lamp with a UV cut-off filter (» >
30 420 nm)
Trimetallic MOF UiO66 UV-vis xenon lamp (150 mW cm-2) with/
H h . - 94
(Zr/Ce/Ti) ydrothermal 95 o4 without filter (A > 450 nm)
Ui0-66@ZnIn,S, Solvothermal 3061 F(r,;;: ct)l:i)nolamme [95] 300 W xenon lamp with a 400 nm cutoff filter
g'f/a)N“/ Ui0-66/Ni2P(50 Hydrothermal 2000 Eosin Y (10 mg) in 30 mL TEOA (15 %) [96] 5 W LED white light at 420 nm
0.
Ui0-66(Zr)-NH,@UiO-66 Solvothermal 32 Methanol [97] 1‘50 W hg—Xe lamp equipped with a AM 1.5 G
(Ce) filter
Ui0-66-PANI-Co304 Hydrothermal 710 TEOA [98]
16 %CdS/Ui0-66 Hydrothermal 47,000 L-ascorbic acid (0.1 M, pH 4.0) and Pt (0.5 wt [99] 300-W xenon lamp with a UV cutoff filter (> 420
%) as co-catalyst nm)
UiO-66-D@g-C3N4/Ni (2.0 2621
0, 0, i
%) Solvothermal Aqueous 1,0, % (v/v) TEOA and eosin Y as [100] Simulated light irradiation (A > 420 nm)
photosensitizer
UiO-66@g-C3N4/Ni 2057

A

25
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104

54

0

a-TiO,
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Energy (eV)
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Fig. 8. a-d) Calculated total DOS of Bi, a-Bi»O3, UiO-66, and anatase TiO, (left panels) and their corresponding crystal structures (right panels), and e) DOS of 1.2 %
Bi-UiO-66,/TiO, NFs. Red dashed line, Fermi level.
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charge carriers, and to a lesser extent, to the LSPR effect of Bi (metallic),
which enhances visible light absorption; and ii) the reduction of band
gap due to the presence of Bi>*, leading to an increase in carrier density.
As the band gap energy is calculated between the Bi®* 6 s band top (due
to lone pair electrons) and the Ti** 3d band bottom, it is narrower for
1.2 %Bi-UiO-66/TiO; than TiO,. This is in agreement with the UV-vis
diffuse reflectance spectroscopy data [24]. Furthermore, the incorpo-
ration of Bi® species into NFs helps to reduce e /h™ pair recombination
by trapping the photoinduced charge carriers, as indicated by the pho-
toluminescence spectra. Therefore, the Bi 6 s level plays a key role in
reducing the band gap energy and enhancing photocatalytic activity
[91,92].

3.3. Mechanism

To gain a deeper understanding of the photocatalytic mechanism,
DOS calculations were carried out for pure TiO5 anatase, monoclinic
a-Biz03, Ui0-66, and 1.2 %Bi-Ui0-66/TiO, (Fig. 8). Based on the
calculated band gap values (3.12 eV, 2.78 eV, 3.42 eV, and 2.82 eV,
respectively), these materials are categorized as semiconductors, with
the exception of rhombohedral Bi, which is a gapless material. These
values are consistent with both our experimental findings and previous
literature data [101-104]. Notably, the band gap of the 1.2 %Bi-UiO-66/
TiO4 photocatalyst was smaller (2.82 eV) (Fig. 8e) than that of anatase
TiO2 and UiO-66, which can be attributed to the contribution of Bi-4d
and Bi-6s electrons.

Our photocatalytic system consists of three semiconductors with
Fermi levels near the valence band and one metallic material. Upon
exposure to visible light, the absorbed energy promotes the formation of
electrons, generating e /h™ pairs. The presence of Bi, with its higher
Fermi level, plays a key role in charge separation. It creates a built-in
electric field at the interfaces that directs the photogenerated electrons
toward the metal, due to the favorable energy gradient, and holes to-
ward the semiconductor valence bands. This mechanism effectively re-
duces carrier recombination rates, leading to enhanced photocatalytic
efficiency. Additionally, Bi may exhibits LSPR, which further enhances
the local electric fields and improves light absorption.

Photocatalytic water splitting with Bi-UiO-66/TiO, NFs led to a Hy
yield of 3734 pmolg ! h™!, significantly surpassing the performance of
Ui0-66/TiO; and pure TiO, (1918 pmolg ™! h™! and 110 pmolg ™! h~1,

LSPR
.. effect

e trap
. °
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respectively). A plausible mechanism for water splitting under visible
light in the presence of Bi®-UiO-66,/TiO2-Bi>" can be proposed (Fig. 9).
Initially, photoexcitation generates electrons and holes in the BiyO3
component. Electrons migrate to TiO5 and holes to BizOs. This charge
separation creates active sites in the conduction bands of BiyO3 and
TiO,, facilitating H, generation through photogenerated e /h™ recom-
bination. Electrons are transferred from TiO5 to Bi clusters. At the TiOy/
UiO-66 interface, the photoinduced charge carriers are trapped in defect
states, and electrons migrate toward the adsorbed O, and holes toward
Bi03. The Ui0-66-TiO, heterojunction promotes e /h™ pair separation,
which contributes to improve the photocatalytic activity [65]. Notably,
after in-situ deposition of Bi (metallic), the photoinduced charge carriers
are effectively separated due to the formation a Schottky barrier.
Furthermore, Bi® NPs enhance the visible light response and reduce
carrier recombination through the LSPR effect.

4. Conclusion

Novel Bi’-Ui0-66/TiO,-Bi>* photocatalysts were successfully syn-
thesized using a simple one-step approach. FT-IR characterization
revealed that the original crystal structures of TiOy and UiO-66/TiO2
were not altered in the Bi®/Bi®>*-modified composites. The XPS spectra
confirmed the co-existence of both Bi®* and Bi (metallic) in the Bi’-UiO-
66/Ti0,-Bi®" composites. The high-resolution TEM images, Raman
spectra and XRD results further supported the presence of both anatase
and brookite phases in the composite NFs. Additionally, the specific
surface area of the photocatalysts modified with Bi%* and Bi (metallic)
was significantly enhanced, contributing to their improved photo-
catalytic performance. The photocatalytic experiments demonstrated
that Hy generation in the presence of Bi’-Ui0-66,/TiO,-Bi>" (3734
pmolg~! h™1) was significantly higher than the sum of the H, yields in
the presence of TiOy (110 pmolg’1 h™1) and Ui0-66/TiO, (1920
pmolg™! h™1). This synergistic effect of Bi®>" and Bi (metallic) was
further validated by the UV-Vis and photoluminescence results. Spe-
cifically, Bi® NPs enhanced the visible light absorption and inhibited
charge carrier recombination through the LSPR effect, as also supported
by the DFT simulations. Moreover, Bi’-Ui0-66,/TiOy-Bi" exhibited
outstanding reusability and stability. This study presents novel strate-
gies to enhance the photocatalytic performance of Bi-based materials
without introducing any impurity. It also lays the foundation for

photogenerated ¢

photogenerated h*™

Fig. 9. Schematic illustration and suggested mechanism of electron-hole pair transfer and separation in the Bi’-UiO-66,/TiO2-Bi>* NF system for photocatalytic Hz

production under visible light.
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designing MOF-based heterostructures that can serve as advanced
photocatalysts, thanks to the increased number of active sites and
favorable optical properties, making them ideal for various environ-
mental applications.
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