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Heterostructured photocatalysts are widely recognized for enhancing charge separation; however, their
performance under visible-light irradiation remains limited by inefficient interfacial charge transfer. In this

study, BiVO,4/UU-200

heterostructured

photocatalysts were  successfully synthesized via

a straightforward solvothermal method. Among them, the 5% BiVO4/UU-200 composite exhibited

superior photocatalytic activity, achieving a degradation efficiency of 96.79% for rhodamine B (RhB),
compared to 11.85% for pristine BiVO,4 and 92.35% for UU-200. The composite also maintained stable
performance over three successive cycles. The enhanced activity is attributed to the formation of

a heterojunction between BiVO, and UU-200, which facilitates interfacial charge separation and

suppresses electron—-hole recombination. Under LED irradiation, the system is proposed to operate via

an S-scheme heterojunction coupled with a dye-sensitization pathway, enabling the retention of charge

carriers with strong redox potentials. This improved charge separation behavior is supported by

photoluminescence and electrochemical
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impedance spectroscopy analyses. Radical trapping

experiments reveal that superoxide radicals (O, "), electrons (e7), and holes (h*) are the dominant active

species in the degradation process. These findings suggest the role of Bi-MOF (UU-200) as an interfacial

DOI: 10.1039/d6na00104a

rsc.li/nanoscale-advances photocatalytic systems.

1. Introduction

Recently, the contamination of aquatic ecosystems by industrial
waste and effluents has become an increasingly critical envi-
ronmental issue, prompting a surge in research efforts focused
on developing efficient and economically viable wastewater
treatment methods.' Generally, the removal of organic pollut-
ants from water environments, such as industrial dyes, has
been addressed through various strategies, including biolog-
ical, physical, and chemical methods.>®* Among these, photo-
catalysis has been demonstrated as a highly effective and
environmentally sustainable solution for water treatment.**
This approach enables the mineralization of organic contami-
nants into less harmful species under light irradiation,
attracting significant research interest due to its efficiency and
cost-effectiveness.®
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charge-transfer mediator and provide new insights into the design of efficient visible-light-driven

Recent studies have explored a wide range of photocatalysts,
including metal-organic frameworks,” metal phosphides,®
graphene-based composites,” and plasma composites.*® These
materials have been widely applied in organic pollutant degra-
dation, hydrogen production, and environmental remediation.
However, a major limitation lies in the rapid recombination of
photogenerated electron-hole pairs, which significantly
reduces quantum efficiency.'* Therefore, the development of
advanced photocatalysts capable of efficiently degrading
pollutants under LED light irradiation remains highly desirable
for sustainable environmental applications.™

Metal-organic frameworks (MOFs), composed of transition
metal cation centers and organic linkers within crystalline
porous structures, have attracted considerable attention as
emerging photocatalysts.”® Their advantages include high
specific surface area, excellent adsorption capacity, structural
tunability, and catalytic stability, which can be tailored through
rational design of metal nodes and organic linkers."* Never-
theless, most MOFs suffer from low electrical conductivity and
limited visible-light absorption, which restrict their photo-
catalytic performance.”® To overcome these limitations,
bismuth-based MOFs (Bi-MOFs) have been extensively investi-
gated due to their non-toxicity, earth abundance, and unique
electronic structures associated with Bi** ions possessing 6 s>
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lone-pair electrons.’® Among these, benzene tricarboxylate-
based frameworks such as UU-200 (developed at Uppsala
University) exhibit excellent chemical stability and favourable
interfacial properties, making them suitable platforms for the
construction of composite photocatalysts.'” However, Bi-MOFs
typically possess wide bandgaps, which hinder direct excita-
tion under visible or LED light irradiation. Previous studies
have shown that Bi-MOFs can degrade RhB under visible light
primarily through a dye-sensitization mechanism rather than
intrinsic photoexcitation, which limits their standalone photo-
catalytic applicability."®

Bismuth-based MOFs have also emerged as semiconductor-
like materials and versatile precursors for photocatalytically
active bismuth compounds. Owing to the presence of Bi** ions,
these materials exhibit unique electronic characteristics that
influence band-edge positions and interfacial charge-transfer
behavior. Although direct measurements of work functions
remain limited, recent studies have reported -electronic
parameters derived from X-ray photoelectron spectroscopy
(XPS), UV-vis spectroscopy, and density functional theory (DFT)
calculations. These findings indicate that linker chemistry,
coordination environments, and framework morphology play
crucial roles in determining band alignment and charge
mobility. Furthermore, Bi-MOF-derived oxides and oxyhalides
often exhibit enhanced photocatalytic performance, high-
lighting the adaptability of Bi-MOF electronic structures for
interfacial charge-transfer applications.'**°

On the other hand, the n-type semiconductor BiVO, exhibits
strong visible-light absorption with a narrow bandgap of
approximately 2.4-2.5 eV.*" It has been widely recognized as
a promising photocatalyst due to its suitable band structure and
chemical stability.> However, its photocatalytic performance is
limited by poor charge transport kinetics and rapid recombi-
nation of photogenerated charge carriers, which hinder its
practical applications.”® Constructing heterojunctions with
appropriate materials is an effective strategy to enhance charge
separation and improve photocatalytic efficiency. Although UU-
200 does not exhibit intrinsic visible-light absorption, it was
selected for this study based on its structural and interfacial
functionalities. As a representative Bi-MOF, UU-200 provides
a stable framework and functional surface that facilitates inti-
mate interfacial contact with BiVO,, thereby promoting charge
transfer and suppressing electron-hole recombination. In
addition, under visible-light irradiation, dye molecules can act
as photosensitizers. In this process, excited RhB molecules
(RhB*) inject electrons into the conduction band of UU-200,
which subsequently participates in interfacial charge transfer
with BiVO,, initiating photocatalytic reactions via a dye-
sensitization pathway. In this context, UU-200 serves as an
interfacial mediator, enhancing the interaction between RhB
and BiVO, and thereby promoting electron transfer within the
hybrid system. UU-200 attracted attention for investigation due
to its structural and interfacial functionalities, despite the fact
that it does not demonstrate intrinsic visible-light absorption.
UU-200, a representative Bi-MOF, offers a functional surface
and stable framework that enable intimate interfacial contact
with BiVOy,, thereby promoting charge transfer and suppressing
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electron-hole recombination. Furthermore, dye molecules may
function as photosensitizers when exposed to visible light. In
this process, excited RhB molecules (RhB¥) inject electrons into
the conduction band of UU-200, which subsequently partici-
pates in interfacial charge transfer with BiVO,, thereby initi-
ating photocatalytic reactions via a dye-sensitization pathway.
In this context, UU-200 functions as an interfacial mediator,
thereby facilitating electron transfer within the hybrid system
by improving the interaction between RhB and BiVO,.>**

Among various organic pollutants, rhodamine B is selected as
a model pollutant due to its high chemical stability, well-defined
molecular structure, and strong absorption in the visible region.
In addition, RhB can act as a photosensitizer under visible-light
irradiation, which allows detailed mechanistic studies of dye-
sensitized photocatalytic processes and enables straightforward
comparison with previously reported photocatalytic systems.
Recent advancements in RhB degradation have concentrated on
visible light photocatalysts (including Ni-Cd doped ZnO and g
C3N, based heterojunctions) and hybrid Fenton-like/electro-
Fenton systems utilizing magnetic biochar, attaining remark-
able removal efficiency (>90%) with commendable recyclability.
These investigations progressively highlight mineralization,
demonstrating substantial TOC reduction and a sequential
transformation of RhB into minor organic intermediates, CO,,
and H,O0, thus affirming effective detoxification rather than mere
decolorization.'”?*

Despite extensive advances in MOF-based and bismuth-
based photocatalysts, key challenges persist in achieving effi-
cient interfacial charge transfer and mechanistic clarity. Recent
studies show that semiconductor-MOF coupling can enhance
photocatalytic performance by improving adsorption and
charge separation; however, MOFs are typically treated as
passive components rather than active charge-transfer media-
tors.>* Moreover, although BiVO, heterojunctions have been
widely explored, their integration with Bi-MOFs remains
limited, and the interfacial charge-transfer mechanisms are still
poorly understood. In particular, the interplay between hetero-
junction effects and dye-sensitization pathways has not been
systematically elucidated, despite its critical role under visible-
light irradiation.”® In this study, a BiVO,/UU-200 hetero-
structure with a pine-like morphology was successfully con-
structed. The composite was applied for the visible-light-driven
photocatalytic degradation of RhB under LED irradiation.>® A
systematic investigation was conducted to evaluate the effects of
catalyst dosage, initial RhB concentration, solution pH, photo-
catalytic mechanism, and cycling stability. This work elucidates
the dual role of UU-200 as both a structural support and an
interfacial charge-transfer mediator, providing new insights
into Bi-MOF-assisted heterojunction systems and dye-
sensitization-enhanced photocatalysis (Scheme 1).

2. Experimental section
2.1. Materials

Bismuth(m) nitrate pentahydrate (Bi(NO;);-5H,0, =98.0%),
ammonium metavanadate (NH,VO3, =98%), 1,3,5-benzenetri-
Carboxylic acid (H3BTC, CQHGOG, 95.00/0), RhB (C28H31C1N203,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the synthesis route and interfacial formation of the BiVO,4/UU-200 heterostructure.

=95.0%), and p-benzoquinone (BQ, CeH,0,, =99.0%) were
purchased from Sigma-Aldrich. Ethylene glycol (EG, C,HgO,,
99.0%) and ethanol (CH3CH,OH, 99.7%), N,N-di-
methylformamide (DMF, C;H,NO, =99.8%), methanol (MeOH,
CH,0, =99.5%), ethanol (EtOH, C,H¢O, =99.7%), iso-propanol
(IPA, C3HgO, =99.7%), sodium oxalate (Na,C,0,, =99.8%), and
potassium dichromate (K,Cr,0;, =99.8%) were purchased from
Xilong Scientific Co. Ltd deionized water from the Thermo
Scientific Micro Pure system was employed throughout the
experiment.

2.2. Synthesis of BiVO, via the solvothermal method

The BiVO, catalysts, featuring a distinctive pine-like structure
comprising dense branches, were synthesized through a sol-
vothermal approach utilizing a solvent blend of EG and water.*
In this synthesis, an EG:water volume ratio of 1:1 was
employed, with the precursors dissolved in 40 mL of EG and
40 mL of H,O0, respectively. Specifically, a 0.1 M Bi** solution in
EG was combined with a 0.1 M VO® aqueous solution and
stirred for 1 h, resulting in a yellow suspension. The pH of the
suspension was adjusted to a neutral level by adding an NH;
solution. Subsequently, the mixture was transferred to an
autoclave reactor and heated to 140 °C for 3 h under sol-
vothermal conditions. Once the resulting suspension was
cooled to room temperature, it was collected via centrifugation
at 6000 rpm for 5 min, then washed multiple times with water
and ethanol. The obtained BiVO, powder was dried overnight at
80 °C. Finally, the product was calcined at 400 °C for 3 h.

2.3. Synthesis of UU-200 via the solvothermal method

The synthesis of UU-200 was conducted using a solvothermal
approach, as detailed in a previous publication.* In this

© 2026 The Author(s). Published by the Royal Society of Chemistry

process, Bi(NOj);-5H,0 (0.150 g, 0.303 mmol) and H3;BTC
(1.340 g, 6.060 mmol) were dissolved in a mixture of 30 mL DMF
and 30 mL MeOH. Subsequently, this solution was transferred
into a 100 mL autoclave reactor. The solvothermal reaction was
performed at 120 °C for 24 h, followed by natural cooling to
room temperature. The post-reaction mixture was centrifuged
at 6000 rpm for 5 min to obtain the solid product. The collected
UU-200 was then subjected to three washes with DMF and
MeOH to remove residual H3;BTC molecules. The final step
involved drying the white UU-200 powder at 80 °C for 12 h.

2.4. Synthesis of BiVO,/UU-200 composite via solvothermal
method

A one-step solvothermal reaction was employed to synthesize
BivO,/UU-200 composites with varying mass ratios of BiVO,.
Initially, a specific amount of pure BiVO, powder was dispersed
in a 60 mL DMF and MeOH (1:1, v/v) via ultrasonication for
60 min. Subsequently, a mixture of Bi(NOj3);-5H,0 (0.150 g,
0.303 mmol) and H3;BTC (1.340 g, 6.060 mmol) was added to the
above solution and stirred for 30 min. This solution was then
transferred to an autoclave and heated to 120 °C for 24 h. The
resulting BiVO,/UU-200 products were collected by centrifuga-
tion and washed three times with DMF and MeOH. The solvents
were then evaporated at 80 °C for 12 h. The obtained composites
were denoted as x% BivVO,/UU-200, where x represents the mass
percentage of BiVO, (x = 1, 5, 15, and 25% w/w).

2.5. Material characterization

The structural, morphological, and physicochemical charac-
teristics of the synthesized materials were comprehensively
investigated using a suite of analytical techniques. Crystalline
phases were examined by X-ray diffraction (XRD) employing Cu

Nanoscale Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00104a

Open Access Article. Published on 17 April 2026. Downloaded on 4/19/2026 12:33:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Ko radiation over a 26 range of 5°-80° with a step size of 0.02°.
Functional groups and coordination environments were iden-
tified using Fourier-transform infrared (FT-IR) spectroscopy on
a Bruker Tensor 27 in the range of 4000-500 cm . Surface
elemental composition and oxidation states were determined
by X-ray photoelectron spectroscopy (XPS) using an AXIS SUPRA
instrument (KRATOS Analytical Ltd). The morphology and
elemental distribution were characterized by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS) using a JEOL JSM-IT800 system. Ultraviolet-
visible diffuse reflectance spectroscopy (UV-vis DRS) was con-
ducted on a Cary 4000 UV-vis spectrophotometer to investigate
the optical absorption behavior of the materials.

2.6. Photocatalytic activity measurement

The photocatalytic activity of the BiVO,/UU-200 composites was
evaluated via the degradation of RhB in a 100 mL glass reactor
under visible-light irradiation. The light source consisted of
a 40 W LED system assembled from multi-color Cree XLamp®
XP-C LEDs (royal blue, blue, green, amber, red-orange, and red),
providing a broad emission range of approximately 430-
630 nm. The LED array was positioned 50 cm above the liquid
surface to maintain a uniform light intensity of approximately
100 mW cm™> throughout all experiments.

In a typical photocatalytic experiment, 100 mL of RhB
aqueous solution (15 mg L™ ') was mixed with a predetermined
dosage of catalyst (typically 10 mg unless otherwise stated).
Prior to light irradiation, the suspension was magnetically
stirred in the dark for 60 min to establish adsorption-desorp-
tion equilibrium. During irradiation, the suspension was
continuously stirred to ensure uniform dispersion.

At given time intervals over a total reaction time of 120 min,
3 mL aliquots were withdrawn and immediately centrifuged to
remove catalyst particles. The residual RhB concentration was
determined using a UV-vis spectrophotometer (Cary 60, Agilent
Technologies) by monitoring the absorbance at 554 nm.

The effects of catalyst dosage, initial RhB concentration, and
solution pH on photocatalytic performance were systematically
investigated using the 5% BiVO,/UU-200 composite. The cata-
lyst dosage was varied from 5 to 20 mg (5, 10, 15, and 20 mg) at
a fixed RhB concentration of 25 mg L~'. The initial RhB
concentration was adjusted from 15 to 35 mg Lt (15, 20, 25, 30,
and 35 mg L™ %) at a constant catalyst dosage of 10 mg and pH
4.0. The effect of pH was evaluated in the range of 2-10 under
fixed conditions (catalyst dosage: 10 mg; RhB concentration:
25 mg L™ solution volume: 100 mL), with pH adjusted using
dilute HCI or NaOH solutions.

All experiments were conducted at room temperature, and
each test was performed at least in duplicate to ensure
reproducibility.

2.7. Photoelectrochemical measurements

Electrochemical impedance spectroscopy (EIS) analysis was
performed using an electrochemical workstation (AUTOLAB-
PGSTAT204, Metrohm, Netherlands) equipped with a three-
electrode setup to assess the photoelectrochemical
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characteristics of the catalysts. The working electrode consisted
of catalysts coated onto ITO glass, following established proto-
cols from previous studies. The reference electrode was Ag/AgCl,
the counter electrode was Pt, and the electrolyte was a 0.1 M
Na,SO, solution.

3. Results and discussion

3.1. Physical structure analysis

The XRD method was employed to determine the composition
and crystal structure of the BiVO,/UU-200 composites. As
illustrated in Fig. 1A, the XRD pattern of BiVO, displays char-
acteristic peaks at 26 of 15.1°, 19.1°, 29.2°, 30.7°, 34.8°, 35.4°,
40.1° and 42.7°, corresponding to the crystal planes (011), (112),
(004), (200), (020), (211), and (105), respectively. This pattern
confirms the monoclinic phase of BivO, (ICSD code 100604).%"*
The XRD pattern of the UU-200 synthesized in this study closely
matches the reported XRD pattern of UU-200 (CCDC 2103784),
validating similar peak positions.>*** Additionally, the prom-
inent intensity and sharpness of the diffraction peaks suggest
the high crystallinity of the synthesized UU-200. However,
variations in peak intensities suggest differences in the crystal
growth orientations compared to previous studies.** In the
BiVO,/UU-200 composites, the characteristic diffraction peaks
of BiVO, overlap with those of UU-200. As the BiVO, content
increases, the intensity of the BiVO4 diffraction peaks escalates
proportionally (Fig. S1 and Table S1). Furthermore, noticeable
shifts are observed in the BiVO, peaks at 19.1° and 29.0° within
the BiVO,/UU-200 composites (Fig. S1), which could be attrib-
uted to lattice distortion induced by the formation of UU-200.>*

The functional groups in BivO,, UU-200, and BiVO,/UU-200
composites were analyzed by FT-IR spectroscopy. In the FT-IR
spectrum of BiVO, (Fig. 2), the bands at 740 and 850 cm ' are
assigned to the symmetric and asymmetric stretching vibra-
tions of V-0 in BiVO,, characteristic of the monoclinic phase of
BivVO,.** The FT-IR spectra of UU-200 and the BivO,/UU-200
composites exhibit similar features. The band at 525 cm™ " is
attributed to Bi-O vibrations, suggesting the presence of Bi-O
coordination within the framework.*® Bands in the range of
725-760 cm~ ' correspond to C-H bending vibrations of the
benzene ring. Bands in the 1300-1700 cm™ " range are associ-
ated with symmetric and asymmetric stretching vibrations of
carboxylate groups.”* A broad band at 3200-3700 cm ' is
assigned to the stretching vibrations of O-H bonds of adsorbed
water molecules.” It is worth noting that the O-H bending
vibration (typically around 1630 cm™') is not clearly observed,
likely due to overlap with the intense asymmetric stretching of
carboxylate groups in the 1550-1700 cm ' region. With
increasing BiVO, content, the relative intensity of the charac-
teristic UU-200 bands (C-H and carboxylate vibrations) gradu-
ally decreases, which can be attributed to the reduced
proportion of UU-200 and possible interfacial interactions in
the composite. Similar trends have been reported in
semiconductor-MOF composites, where increasing inorganic
content leads to attenuation of MOF-related vibrational bands
due to dilution effects and interfacial coupling, as commonly
observed in semiconductor-MOF composite systems.?®*¢ This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A and B) XRD patterns of UU-200, BiVO,4, and BiVO,/UU-200 composites.
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Fig. 2 FT-IR spectra of UU-200, BiVO, and BiVO,/UU-200
composites.

observation is consistent with the XRD analysis, further sup-
porting the successful formation of the BiVO,/UU-200
heterostructure.

The morphology and elemental distribution of 5% BiVO,/
UU-200 composite were recorded through SEM (Fig. 3 and S2).
The pure BiVO, exhibits a typical pine-like structure with
numerous dense branches, varying in size from 5-10 pm
(Fig. 3A1-A3).>” Meanwhile, UU-200 exhibits a rod-like structure,
with these rods densely packed to form larger rods approxi-
mately 1.0 um in diameter (Fig. 3B1-B3).>*** The morphologies
of BiVO, and UU-200 are consistent with those reported in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

existing literature. In Fig. 3C1-C3, the rod-like morphology of
UU-200 persists, though the clustering appears less dense, likely
influenced by the presence of BiVO, during composite
synthesis. Despite the low BiVO, content, its distribution is not
clearly observed in the 1% BiVO,/UU-200 (Fig. S2A1-A3) and 5%
BiVO,/UU-200 (Fig. 3C1-C3) composite samples. When the
BiVO, content increases to 15% and 25%, the pine-like struc-
tures of BiVO, remain unchanged and intermingle with the UU-
200 rods. Furthermore, the EDS mapping images of 5% BiVO,/
UU-200 (Fig. 3D-G) confirm a uniform distribution of Bi, V, O,
and C elements. This uniformity signifies the successful inte-
gration of BiVO, and UU-200, facilitating efficient separation
and transfer of photogenerated charge carriers during the
photocatalytic process.

The composition and surface chemical states of 5% BiVO,/
UU-200 were elucidated using XPS. All elemental peaks,
including Bi, V, O, and C, were observed (Fig. 4A), consistent
with EDS mapping results. As shown in Fig. 4B, the peaks at
binding energies (BEs) of 522.9-523.1 eV (V 2p;,,) and 516.9-
517.0 eV (V 2ps,) correspond to the V 2p doublet, which can be
attributed to V' ions on the surface.? This result indicates that
the vanadium ions in both BiVO, and 5% BivO,/UU-200 are
present as V°*. The C 1s spectrum of UU-200 can be deconvo-
luted into four peaks at 286.2 eV, 285.0 eV, 287.9 eV, and
290.1 eV, corresponding to C-O, C-C/C=C, C=0, and O-C=0
bonds of H;BTC in UU-200, respectively.** For 5% BiVO,/UU-
200, the C 1s peaks resemble those of UU-200, further con-
firming the presence of UU-200 in the composite. The Bi 4f;),
and Bi 4fs, peaks at 159.1-160.0 eV and 164.4-165.3 eV,
respectively, are characteristic of Bi*", indicating that bismuth
ions in both BivVO, and 5% BiVO,/UU-200 exist in the trivalent
state.* The peaks at 530.1-531.4 eV in the O 1s spectra (Fig. 3E)
can be assigned to lattice oxygen species.*” The peaks at
531.7 eV are attributed to C-O bonds within UU-200 (ref. 24)
while those ranging from 531.6-532.9 eV likely stem from O-H
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Fig. 3
Bi (D), V (E), O (F), C (G).

groups related to adsorbed water on the sample surface* as
compared with single-component BiVO, and UU-200, which
reveals noticeable BE shifts in 5% BiVO,/UU-200, indicating
electron transfer between these two materials.*® Therefore, it
can be concluded that there is an interaction at the interface of
the BiVO,/UU-200 composite, enhancing the separation and
transfer of photogenerated charge carriers, thereby improving
the efficiency of the photocatalytic process.**

The specific surface area plays a pivotal role in determining
the photocatalytic activity of catalysts. To ascertain these issues,
the BET surface area of the samples was measured through
nitrogen adsorption-desorption isotherms. In Fig. 5, the
nitrogen adsorption-desorption isotherms and the pore size
distribution curves for the synthesized BivO,, UU-200, and 5%
BiVO,/UU-200 composites are depicted. Fig. 5A illustrates a type
IV adsorption-desorption isotherm displaying a pronounced
hysteresis loop at P/P, = 0.8, characteristic of mesoporous
materials.** The pore-size distribution curves corroborate the

Nanoscale Adv.

SEM images of BiVO,4 (A1-A3), UU-200 (B1-B3), and 5% BiVO,/UU-200 (C1-C3); EDS elemental mapping images of 5% BiVO4/UU-200:

presence of both mesopores and micropores in these samples.
The specific surface areas were 2.7, 8.3, and 10.5 m* g~ * for
BivO,, UU-200, and 5% BivO,/UU-200, respectively, aligning
with the SEM findings. These low BET surface areas may result
from the inherent temperature sensitivity of the UU-200
framework, in which significant linker breakdown and struc-
tural disorder occur during synthesis, leading to micropore
collapse. The presence of BiVO, nanoparticles within the
channels of the 5% BiVO,/UU-200 composite obstructs
adsorption paths and diminishes the available pore space. A
heightened surface area is anticipated to provide more active
surface sites, thereby facilitating enhanced charge-carrier
transport and contributing to improved photocatalytic
performance.*

The optical characteristics of BiVO,, UU-200, and their
composites BiVO,/UU-200 were analyzed through UV-vis diffuse
reflectance spectroscopy. As depicted in Fig. 6A, the absorption
thresholds of BiVO, and UU-200 are observed at approximately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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529 nm and 325 nm, respectively, consistent with previously
reported results.”**** The BiVO,/UU-200 composites exhibit
a combined absorption profile that reflects the characteristics of
both components. Clearly, the integration of BiVO, into UU-200
has a minimal impact on the absorption edge, suggesting that
the light absorption of UU-200 and BiVO,/UU-200 composites is
similar. By plotting (ahv)® against (hv) (Fig. 6B),** The band gap
energies (E,) were estimated as 2.37 eV for BiVO, and 3.70 eV for
UuU-200.

The effective separation and migration of photoexcited
charge carriers, coupled with interfacial charge-separation

performance, are critical factors in determining photocatalytic
efficacy. Our exploration of these factors involved conducting PL
and EIS measurements on BiVO,, 5% BiVO,/UU-200, and UU-
200 samples. The PL spectrum, reflecting the recombination
of electron-hole (e /h") pairs, offers valuable insight into the
recombination and migration dynamics of charge carriers.*
Fig. 6C displays the PL spectra of the prepared materials under
excitation at 315 nm. Although the emission signals for the Bi-
based samples appear relatively broad and low in intensity—
a common characteristic of narrow-bandgap semiconductors
like BiVO, (2.37 eV) which often exhibit low radiative
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Nyquist plots (C) and Mott—Schottky plots (D) of BiVO,4, UU-200, and

recombination efficiency—the relative quenching behavior
provides critical insights into charge dynamics. The excitation
wavelength of 315 nm was specifically selected to ensure the
simultaneous excitation of both the wide-bandgap UU-200 and
the visible-light-responsive BiVO,, allowing for a comprehen-
sive observation of the interfacial charge-transfer process.
Notably, the 5% BiVO,/UU-200 composite exhibits
a pronounced decrease in PL intensity compared to both pris-
tine UU-200 and BiVOy,, indicating a significant suppression of
photogenerated electron-hole recombination. Furthermore, the
Nyquist plot (Fig. 6D) reveals that the 5% BivVO,/UU-200 pho-
tocatalyst exhibits a smaller arc radius than the pristine UU-200,
indicating reduced charge-transfer resistance and improved
interfacial charge transport.*® Notably, although pure BiVO,
exhibits an even smaller arc radius, its photocatalytic perfor-
mance is often limited by rapid electron-hole recombination. In
contrast, the BiVO,/UU-200 composite benefits from the
formation of an interfacial heterojunction, which facilitates
efficient spatial charge separation and suppresses recombina-
tion, as evidenced by the pronounced PL quenching. Taken
together, these results confirm that the BivO,/UU-200 interfa-
cial heterojunction effectively enhances the spatial separation
and transport of photogenerated charge carriers. Although
transient photocurrent and time-resolved PL measurements
were not conducted, the significant PL quenching and
decreased charge-transfer resistance provide compelling indi-
rect evidence of improved charge-separation efficiency. This
enhanced charge management is therefore expected to play
a key role in the superior photocatalytic activity of the BiVO,/
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UU-200 composite, as validated by the subsequent degradation
experiments. To elucidate the band structure and interfacial
charge-transfer behavior of the heterojunction, Mott-Schottky
analyses were conducted for UU-200, BiVO,, and the 5% BiVO,/
UU-200 composite (Fig. S2). All samples display positive slopes,
indicating n-type semiconductor behavior. The flat-band
potentials (Eg,), obtained from the x-intercepts, are approxi-
mately —1.30 V for UU-200, —0.60 V for BiVO,, and —1.15 V for
the BiVO,/UU-200 composite (vs. Ag/AgCl). For n-type semi-
conductors, the conduction band edge lies close to Eg;
accordingly, UU-200 exhibits a much more negative conduction
band position than BiVO,, while the composite shows an
intermediate value, consistent with interfacial band bending
induced by heterojunction formation. The shift in the flat-band
potential of the composite relative to the individual compo-
nents evidences the formation of an internal electric field
directed from BiVO, toward UU-200 upon interfacial contact.
This built-in field promotes the migration and accumulation of
photogenerated electrons from UU-200 at the interface, while
concurrently preserving holes in BiVO,; meanwhile, carriers
with a lower redox potential recombine across the junction.
Such an interfacial band configuration is characteristic of an S-
scheme heterojunction, allowing the composite to retain strong
redox capability while simultaneously enhancing spatial charge
separation.”” These results align well with the PL quenching and
reduced charge-transfer resistance observed for the 5% BiVO,/
UU-200 sample, collectively accounting for its superior photo-
catalytic performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2. Photocatalytic activity

The photocatalytic performance of the prepared catalysts was
evaluated through a photodegradation experiment using RhB.
The 5% BiVO,/UU-200 catalyst exhibited significantly enhanced
performance compared to UU-200 and BiVO,. As depicted in
Fig. 7A, in the absence of catalysts, the self-degradation rate of
RhB was negligible. To achieve adsorption-desorption equilib-
rium, the catalyst-containing solution was stirred in the dark for
60 min before irradiation with LED light. After 120 min of LED
light exposure, the removal efficiency of RhB for UU-200 and
BiVO, reached 92.35% and 11.85%, respectively. The 5% BivO,/
UU-200 catalyst achieved a remarkable 96.79% removal effi-
ciency under the same conditions. The removal efficiencies of
RhB for 1% BiVO,/UU-200, 15% BiVO,/UU-200, and 25% BiVO,/
UU-200 were 89.16%, 93.70%, and 92.77%, respectively, slightly
lower than that of the 5% BiVO,/UU-200 (Fig. 7B). The reduced
performance at lower BiVO, content can be attributed to
insufficient heterojunction formation, which hinders the
effective separation of photogenerated electron-hole pairs,
resulting in decreased photocatalytic efficacy. Conversely,
a higher BiVO, content may impede RhB adsorption on the
photocatalyst surface, thereby reducing photocatalytic activity.
Therefore, the 5% BiVO,/UU-200 composite exhibited the
highest photocatalytic activity among all samples due to the
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formation of an optimal heterojunction between BivO, and UU-
200, facilitating efficient separation and migration of photog-
enerated charge carriers during the photoreaction.*® Addition-
ally, the pseudo-first-order kinetic model was employed to fit
the photocatalytic reaction rates of different photocatalysts.*’ As
shown in Fig. 7C and D, the apparent rate constant (k,pp) of 5%
BiVO,/UU-200 was the highest at (27.8 x 107%) min 7,
surpassing those of UU-200 (23 x 10~° min~ ") and BivVO, (0.82
x 107%) min~" by 1.21 and 33.90 times, respectively.

To further position the present work within the current
research context, a comparison of representative Bi-based
photocatalysts for RhB degradation is summarized in Table 1.
It can be observed that previously reported systems, such as
BivVO,/CAU-17 and BiOCl/CAU-17, achieved high degradation
efficiencies under xenon lamp irradiation. However, these
systems often rely on high-intensity light sources or higher
catalyst dosages. In contrast, the BiVO,/UU-200 composite
developed in this study demonstrates competitive photo-
catalytic performance (96.79% degradation within 120 min)
under low-power LED irradiation (40 W) and a relatively low
catalyst dosage (0.1 g L"), highlighting its potential for energy-
efficient applications. Although the reaction time is slightly
longer than that of some reported systems, the use of milder
irradiation conditions and reduced energy input provides
a practical advantage.
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Fig. 7 Time courses of photocatalytic degradation of RhB (A) and the corresponding removal efficiency of RhB after 120 min of LED light
irradiation over BiVO,4/UU-200 composites and their individual components (B); pseudo-first-order kinetics for RhB (C) and the corresponding

apparent reaction rate constants k (D). Conditions: [catalyst] = 10 mg, [RhB] =15mg L™,

Table S3.
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Table 1 Comparison of photodegradation performances of Bi-MOF-based composite photocatalysts against RhB dye

Photocatalysts Light sources Dosage (g L) Co(mg L™ Time (min) Photodegradation efficiency (%) Refs
BiVO,/CAU-17 300 W xenon 1.0 10 60 99.3 25
BiOCI/CAU-17 40 W LED 0.15 15 60 96.0 50
Bi,WO,/CAU-17 500 W xenon 0.4 10 60 80 51
BiOBr/CAU-17 500 W xenon 0.2 20 50 85.7 35
BivO,/UU-200 40 W LED 0.1 15 120 96.8 This work

This enhanced performance can be attributed to the syner-
gistic effect between heterojunction formation and dye-
sensitization, in which UU-200 acts as an interfacial charge-
transfer mediator rather than a primary photoactive compo-
nent. These results highlight the potential of Bi-MOF-assisted
heterostructures for efficient and energy-saving photocatalytic
applications.

Fig. S4A illustrates the UV-visible absorption spectra of RhB
solution undergoing degradation by 5% BiVO,/UU-200 over
successive irradiation periods. As the irradiation duration
increases, the dominant peak at 554 nm, corresponding to the
absorption of RhB molecules, gradually decreases and shifts to
shorter wavelengths. This shift indicates the degradation of
RhB molecules via demethylation.** This observation confirms
that the degradation process of RhB is propelled by photo-
catalysis rather than adsorption. Additionally, the photo-
catalytic efficacy of the physical blend comprising 5% BiVO,
and 95% UU-200 notably lags behind that of the 5% BiVO,/UU-
200 composite (Fig. S4B). These results further corroborate that
the enhanced photocatalytic performance of the 5% BivO,/UU-
200 composite is attributable to the establishment of hetero-
junctions between BiVO, and UU-200, rather than the presence
of both catalysts in isolation. Moreover, as shown in Fig. S4B,
the composite displays a markedly faster decline in C/C,, sup-
ported by its higher apparent rate constant (k,pp, = 2.73 X
107> min ") relative to the physical mixture (2.14 x 10~> min ")
and pristine UU-200 (2.01 x 10> min ‘). This kinetic
enhancement, in conjunction with the previously observed PL
quenching and reduced charge-transfer resistance, confirms
that the improved activity stems from effective heterojunction-
mediated charge separation rather than simple physical mix-
ing. To confirm the dye is not only decolourized but also largely
converted into inorganic end products rather than remaining as
organic intermediates. The TOC of RhB was measured before
and after degradation. Total organic carbon of rhodamine B
decreases  significantly after photodegradation (from
26.96 mg L' to 3.98 mg L"), indicating effective mineraliza-
tion into CO, and H,O. Studies have reported an over 85.2%
reduction in TOC.

3.3. The influence of catalyst dose, initial RhB
concentration, and initial solution pH

The impact of catalyst dosage on the photocatalytic degradation
rate of RhB was examined. As depicted in Fig. 8A, the escalation
in the dosage of 5% BiVO,/UU-200 in the range of 5 to 10 mg led
to a rapid enhancement in the photocatalytic degradation rate
of RhB. Subsequently, a gradual increase was observed as the

Nanoscale Adv.

catalyst dosage was increased from 10 to 25 mg, reaching an
optimal point at 25 mg. It is well established that a higher
catalyst dosage can increase the production of electrons and
holes, thereby improving the efficiency of RhB decomposition.
However, an excessive amount of catalyst may restrict incident
radiation from effectively interacting with the catalytic
surface.” The effect of initial RhB concentration on the pho-
tocatalytic efficiency was further examined (Fig. 8B). It was
observed that the efficiency of RhB decomposition diminished
as the RhB concentration increased. This reduction is attributed
to the increased color density surrounding the active catalyst
sites, which impede light penetration to the catalytic surface.*
Additionally, the initial pH of the solution plays a significant
role in influencing photocatalytic activity by affecting both the
adsorption behavior of the dye and the generation of reactive
species on the catalyst surface.* The results (Fig. 8C) reveal that
the degradation efficiency of 5% BiVO,/UU-200 for RhB remains
relatively stable over a broad pH range (pH 2-6), indicating its
applicability under acidic conditions. Notably, the highest RhB
degradation efficiency is observed at pH 2 and decreases with
increasing pH. The pH point of zero charge (pH,,) (Fig. 8D) is
approximately 3.26. Below this value, the catalyst surface is
positively charged, which is unfavorable for the adsorption of
cationic RhB. Conversely, at pH > pHy,,, the negatively charged
surface promotes cation adsorption. However, the enhanced
photocatalytic activity at low pH is attributed to improved
charge-transfer kinetics and increased generation of reactive
oxygen species under acidic conditions. In addition, a dye-
sensitization pathway contributes, where photoexcited RhB
molecules inject electrons into the conduction band of UU-200,
which subsequently participates in interfacial charge transfer
with BiVO, even with limited adsorption. At higher pH values,
although adsorption is enhanced, excessive dye coverage may
block active sites and hinder light penetration, thereby reducing
photocatalytic efficiency.>* The catalyst was also used for pho-
todegradation of other dyes. Pure BiVO, achieves ~45%
degradation after 120 min, while the hybrid UU-200/BiVO,
samples show markedly enhanced performance: 5 wt% UU-200/
BivVO, reaches ~65%, and 15 wt% UU-200/BiVO, achieves ~80%
MB removal. The results demonstrated that UU-200/BiVO,
effectively enhances visible-light-driven MB degradation in the
hybrid system (Fig. S5).

3.4. Photocatalytic mechanism

The proposed photodegradation mechanism of RhB was
investigated using a free-radical trapping test. BQ, K,Cr,0, IPA,
and Na,C,0, served as radical scavengers for superoxide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 (A) Effect of catalyst dosage (conditions: [RhB] =25 mg L™, Vrng =100 mL, pH 4.0, the source data are provided in Table $4); (B) initial RhB
concentration (conditions: [catalyst] = 10 mg, Vrng = 100 mL, pH 4.0, the source data are provided in Table S5); (C) initial pH solution (conditions:
[catalyst] =10 mg, [RhB] = 25 mg L%, Vrns = 100 mL, the source data are provided in Table $6) on the degradation of RhB over the 5% BiVO,/UU-
200 sample; (D) measurement of pH,,. (pH;: the initial pH; and pHs: the final pH).

radicals (‘O,"), electrons (e”), hydroxyl radicals (‘OH), and
holes (h'), respectively.®® Radical-trapping experiments were
conducted to identify the reactive species involved in the pho-
tocatalytic degradation process. The procedure followed that of
the photocatalytic experiment described above, except that 5 mL
of the respective scavenger solution was added to the reaction
mixture before illumination. K,Cr,O, and Na,C,0, were intro-
duced at concentrations of 0.3 M to quench oxidative and
reductive species, respectively. IPA (99.7%) was employed as the
hydroxyl radical scavenger, while the concentration of BQ was
maintained at 2.0 x 10~% M. The photocatalytic efficiency was
significantly inhibited after adding BQ to the reaction system,
resulting in only 4.41% degradation of RhB after 120 min of
LED light exposure (Fig. 9A). This outcome indicates that 'O, is
the primary active species involved in the RhB decomposition.
Similarly, the presence of the electron-trapping agent K,Cr,O,
and the hole-trapping agent Na,C,0, led to the capture of

© 2026 The Author(s). Published by the Royal Society of Chemistry

photogenerated electrons and holes, thereby diminishing their
presence and reducing RhB degradation. Specifically, RhB
degradation rate recorded at 41.88% and 74.24% in the pres-
ence of K,Cr,0; and Na,C,0,, respectively, underscoring the
lesser significance of electrons and holes compared to 'O, in
the degradation process. Meanwhile, ‘OH was not identified as
an active participant in the photocatalytic degradation of RhB.
This observation is further supported by the kinetic analysis.
The apparent rate constants (kapp) for BiVO,/UU-200 in the
presence of BQ, K,Cr,0, IPA, and Na,C,0, were determined as
ki =217 x 107* min™, k, = 4.46 x 107> min~?, k; = 2.40 X
107> min™', and k, = 1.09 x 10~ min~ ", respectively. A
substantial decrease in k,, k,, and k, demonstrates the critical
roles of 0,7, e, and h" in the photocatalytic pathway. In
contrast, the rate constant k; obtained in the presence of IPA
remained comparable to that of the control experiment, con-
firming that scavenging ‘OH exerts minimal influence on the
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reaction kinetics. To further verify the limited involvement of
hydroxyl radicals, a concentration-dependent investigation of
‘OH scavengers was performed. As illustrated in Fig. S6, the
addition of ethanol (99.8%) or IPA (99.7%) yielded degradation
profiles nearly identical to those of the control, regardless of the
amount of scavenger introduced. When the volumes of ethanol
and IPA were varied from 1 to 7 mL, no measurable changes in
the degradation kinetics were observed. This negligible varia-
tion demonstrates that quenching "OH radicals does not
significantly influence the photocatalytic performance, con-
firming that "OH is not the primary reactive species responsible
for RhB oxidation in the BiVO,/UU-200 system.

Based on the radical trapping experiments and the band
structure analysis of the BiVO,/UU-200 photocatalyst, the
proposed photocatalytic mechanism for RhB degradation is
illustrated in Fig. 10. As discussed above, UU-200 exhibits
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negligible light absorption in the visible region and cannot be
directly photoexcited under LED irradiation. Instead, RhB
molecules adsorbed on the catalyst surface act as photosensi-
tizers. Upon light irradiation, RhB is excited to an excited state
(RhB*), generating electrons in the LUMO and holes in the
HOMO.”” The excited RhB* can inject electrons into the
conduction band (CB) of UU-200, enabling UU-200 to partici-
pate in the photocatalytic process.*® Meanwhile, BiVO, can be
directly excited under visible light to generate electron-hole
pairs. According to the Mott-Schottky results, the CB potentials
of UU-200 and BiVO, are approximately —1.10 V and —0.40 V vs.
NHE, respectively, indicating that the CB of UU-200 is suffi-
ciently negative to reduce dissolved O, to "0, .*° At the BiVO,/
UU-200 interface, electrons initially transfer from UU-200 to
BiVO, to equilibrate the Fermi levels due to the lower work
function of UU-200 (4.14 eV vs. vacuum) compared to BiVO,
(4.20-5.31 eV vs. vacuum).®** This results in the formation of
an internal electric field (IEF) directed from BivO, to UU-200,
accompanied by band bending at the interface. The CB and
VB positions referenced to the normal hydrogen electrode
(NHE), as shown in Fig. 10, further confirm the feasibility of the
proposed charge transfer pathway. Under light irradiation,
driven by the IEF, photogenerated electrons in the CB of BiVO,
preferentially recombine with holes in the VB of UU-200 at the
interface. As a result, electrons with strong reduction ability are
retained in the CB of UU-200 (including those injected from
RhB*), while holes with strong oxidation ability remain in the
VB of BiVO,. These spatially separated charge carriers actively
participate in the photocatalytic reactions: electrons accumu-
lated in the CB of UU-200 reduce surface-adsorbed O, to
generate ‘O, radicals, while holes in the VB of BiVO, directly
oxidize RhB molecules. Notably, the VB potential of BiVO, is not
sufficiently positive to oxidize H,O to 'OH, which is consistent
with the radical trapping results indicating that "0, ", e”,and h*
are the dominant reactive species.®® Although UU-200 is not
intrinsically photoactive, it plays a crucial role as an electron
acceptor and transfer mediator through dye sensitization, while

Degradation
products

RhB/RhB*
(dye) 0,

Dye

products

dye

Fig. 10 Photodegradation mechanism of RhB over 5% BiVO4/UU-200 under LED light irradiation.
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Fig. 11 (A-C) Plot of C/Cq versus the number of 5% BiVO,4/UU-200 catalyst reuses for the degradation of RhB (conditions: [catalyst] = 10 mg,

[RhB] = 15 mg L™, Vg = 100 mL, pH 5.6; (D) XRD pattern of the 5% BiVO,/UU-200 sample before and after the reactions; (E) FT-IR spectra of
the 5% BiVO,4/UU-200 catalyst before and after the reactions; (F) SEM images of the 5% BiVO,/UU-200 catalyst before and after the reactions.

the overall photocatalytic process is primarily governed by an S-
scheme-heterojunction, which ensures efficient charge separa-
tion and strong redox capability. Such dye-sensitized charge
injection coupled with S-scheme heterojunction behavior has
been widely reported in semiconductor-dye systems, where the
dye acts as a photosensitizer to extend light absorption and
facilitate interfacial electron transfer.

3.5. The stability and recyclability

The stability of the BiVvO,/UU-200 heterostructure under visible-
light irradiation is a critical factor for its practical application.
While BiVO,-based photocatalysts are often considered
susceptible to photo-corrosion under prolonged illumination,
the incorporation of UU-200 has been reported to improve
structural stability and mitigate deactivation effects.>® To eval-
uate the reusability, photocatalytic degradation experiments
were conducted using 5% BiVO,/UU-200 over three consecutive
cycles. After each cycle, the catalyst was recovered by centrifu-
gation, thoroughly washed with ethanol and deionized water,
dried, and reused in subsequent runs.*® As shown in Fig. 11(A-
C), the photocatalyst maintains a relatively high degradation
efficiency of 85.73% after three cycles, indicating sustained
photocatalytic performance. To further assess cycling stability,
the results showed that the photodegradation efficiencies were
78.3% and 74.5% for the fourth and fifth cycles, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The slight decrease in activity may be attributed to partial
coverage of active sites by reaction intermediates and minor
material loss during recovery, particularly given the small
catalyst dosage used in each experiment (10 mg), rather than to
intrinsic structural degradation. The XRD patterns of the recy-
cled 5% BiVO,/UU-200 (Fig. 11D) show that the characteristic
diffraction peaks of both BiVO, and UU-200 are well preserved,
with only negligible variations in peak intensity, which can be
attributed to the adsorption of intermediate species. Further-
more, the FT-IR spectra and SEM images of 5% BivVO,/UU-200
after three cycles (Fig. 11E and F) exhibit no noticeable
changes in chemical bonding or morphology compared to the
fresh samples, confirming that the heterostructure remains
structurally intact after repeated use.

4. Conclusions

The formation of a heterojunction between BiVO, and UU-200
evidently enhanced the photocatalytic performance of the
BiVO,/UU-200 photocatalyst under LED illumination. The 5%
BivO,/UU-200 composite demonstrated an excellent degrada-
tion efficiency of 96.79% for RhB. Additionally, even after three
cycles, the composite retained 85.73% of its RhB degradation
efficiency. The S-scheme heterojunction facilitated the transfer
of photogenerated electrons from BiVO, to UU-200, thereby

Nanoscale Adv.
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amplifying the specific surface area of the catalyst and
enhancing the photocatalytic activity of BiVO,/UU-200.
Furthermore, through radical-scavenging experiments con-
ducted during the photocatalytic degradation of RhB, the radi-
cals ‘0,7, e7, and h' emerged as the predominant species.
Establishing the S-scheme heterojunction between BiVO, and
UU-200 provided an effective means to enhance electron-hole
separation efficiency.
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