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Designing an efficient photocatalytic system that achieves a broad visible-light absorption window and a
minimal recombination rate has been challenging. In this work, we have depicted UiO-66-NH,/BiOl@a-
Bi,Osz ternary heterostructures’ (BBUN) fabrication via a simple solvothermal approach. FESEM and TEM
studies revealed that BBUN-4 consists of UiO-66-NH, (UN) nanoparticles, BiOl microspheres (BM), and
in situ derived a-Bi,Os nanorods (BR). The morphology of BM and BR was manipulated by varying the
BM and N,N-dimethylformamide (DMF) ratio. It was observed that BM microspheres and BR nanorods
were obtained when the BM:DMF ratio was maintained at 7.5:1. Besides, the interaction of DMF
incorporated abundant oxygen vacancies (O,) in BM and BR. The introduction of abundant oxygen
vacancies (O,) markedly broadened the light absorption edge up to 665 nm. The existence of an O,—Bi-
N interfacial charge transport channel momentously improved the charge transfer and separation rate,
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as evidenced from PL, EIS, and LSV studies. XPS results, Mott—Schottky analysis, and scavenging tests
collectively corroborated the formation of a double Z-scheme BBUN heterojunction. The photocatalytic
CR degradation rate for BBUN-4 was determined to be 3.05 and 3.43 times greater than that of pristine
UN and BM, respectively. BBUN-4 exhibited H,O, production of 322 umol L%, whereas that obtained
over BM and UN was only 127 and 164 pmol L™, respectively.
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and establishing charge transport channels are the crucial aspects
to overcome these bottlenecks.

1. Introduction

Growing energy demand, gradual depletion of conventional energy
fuels, and alarmingly rising environmental issues have led
researchers to develop sustainable technologies. Semiconductor-
mediated photocatalysis is an environmentally benign avenue that
uses inexhaustible sunlight and earth-abundant water for the
successful addressing of these challenges.' Nevertheless, inade-
quate availability of charge carriers, narrow light absorption
window, a faster rate of electron-hole pair recombination, low
surface area, and weaker redox abilities are some of the inherent
features of semiconductor photocatalysts that hinder their prac-
tical applications. Designing porous nanostructures with varying
dimensionality, selecting suitable semiconductor photocatalysts,
creating atomic defects, constructing Z-scheme charge dynamics,
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Amongst the wide range of investigated semiconductors,
metal-organic frameworks (MOFs) have attracted stupendous
attention in diversified photocatalytic applications for their
intrinsic characteristics, like tunable porous architecture, high
surface area, crystalline structure, and stability.*™® Recently,
UiO-66-NH, nanoparticles have been recognised as a versatile
photocatalyst due to their enhanced aqueous stability and their
enlarged surface area and porous structure.” Moreover, the lone
pair of electrons on the N atom of NH, groups can interact with
the m*-antibonding orbitals of benzene rings and experience a
bathochromic shift in visible light absorption.® However, it still
suffers from a high rate of charge carrier recombination and
poor visible light response. Constructing heterojunctions with
one or more visible light-responsive semiconductors having
preferred band potentials is a promising strategy to hinder the
recombination of charge carriers and widen the visible light
absorption window.” BiOI with a small band gap energy (E, =
1.77-1.92 eV) enables robust photo response in the visible
region. Its large positive valence band potential accelerates
the water oxidation reaction to generate hydroxyl ions (*OH),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which aids in pollutant degradation." Ji et al. fabricated a BiOI
nanosheet-anchored UiO-66-NH, direct Z-scheme heterojunction,
which exhibited a faster bisphenol A photodegradation rate as
compared to the pristine counterparts.'' However, double Z-
scheme heterojunctions constitute a sophisticated class of photo-
catalytic materials engineered to substantially improve photoca-
talytic efficiency. In this configuration, three semiconductors are
strategically combined to establish two consecutive Z-scheme
charge-transfer routes. Electrons generated in the oxidation
component are first neutralized by holes in the middle semicon-
ductor, and then another similar recombination happens at the
second interface. Through this electron-hole neutralization, only
the low-energy carriers are eliminated, while the electrons pos-
sessing the highest reduction power and the holes exhibiting the
strongest oxidative potential remain spatially isolated. This
unique charge-flow pattern effectively minimizes bulk recombi-
nation, ensures long-lived carrier separation, and strengthens the
intrinsic redox capability, enabling efficient execution of diver-
gent photocatalytic reactions such as water splitting, H,O, synth-
esis, advanced pollutant mineralization etc.'

a-Bi,O; with excellent oxidation properties possesses an
appropriate band gap energy (2.5-2.8 eV) for visible light absorp-
tion and can be applied for visible light photocatalysis.'*> More-
over, it can be derived from BiOI, with the simultaneous
formation of BiOI@u-Bi,Os. In situ synthesis of BiOI@a-Bi,Os3
not only accumulates the features of both but also makes the
process cost-effective. Yan et al. constructed an Ag-Agl/BiOI-
Bi,O;3 dual Z-scheme heterojunction containing an assembly of
BiOI nanosheets, Bi,O; flakes, and AgI nanoparticles by synthe-
sising BiOI@Bi,0; in situ. They reported that the heterojunction
exhibited enhanced photoactivity due to the optimised redox
ability, faster charge separation rate, and larger specific surface
area. About 95% of the methyl orange was degraded by the
heterojunction photocatalyst when exposed to visible light."*
Designing 3D porous BiOI spheres accelerates light harvesting
ability through multiple reflections, thereby enriching photoin-
duced excitons. On the other hand, the fabrication of o-Bi,O;
nanorods can inhibit the recombination rate by demonstrating
unidirectional migration of excitons and a short surface charge
transfer distance.'® Although Zhang et al. reported the spherical
morphology of BiOI in the in situ prepared BiOI@Bi,O; based
double Z-scheme heterojunction through the solvothermal tech-
nique, Bi,O; nanorods were not formed."® Solvothermal tempera-
ture, nature of solvents, solvent to solid ratio, etc., are considered
vital to obtain heterojunctions of desired topology for amelio-
rated photocatalytic performance.

Congo red (CR), an anionic diazo dye, finds extensive appli-
cations in the textile, printing, and paper industries. It is highly
soluble in water and hard to degrade, making it a persistent
pollutant in aquatic ecosystems."” When discharged into water
bodies without adequate treatment, it poses multiple environ-
mental and health risks. Due to its bright colour, CR in water
bodies severely affects the aesthetic quality of the environment
and blocks sunlight penetration, disrupting the photosynthesis
process in aquatic plants. This, in turn, reduces the oxygen level
in the water, leading to the death of fish and other aquatic life.
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Direct exposure to CR or its derivatives can cause skin irritation
and respiratory issues, and potentially long-term exposure could
lead to cancer.'® The persistence and detrimental effects of CR
pose an urgent need for its sustainable degradation into harm-
less products. Although several studies have reported its photo-
catalytic destruction, investigations of high CR concentrations
with minimal catalytic doses have rarely been reported.

Hydrogen peroxide (H,O,) is an important chemical widely
used in energy conversion, chemical synthesis, and environmen-
tal remediation."> The application of conventional synthesis
approaches like the electrochemical technique, the anthraqui-
none method, and the oxidation of alcohol for its manufacture is
restricted due to high cost, stringent environmental regulations,
and significant energy consumption. In contrast, photocatalytic
H,0, production through two-electron dioxygen reduction has
emerged as an environmentally benevolent and energy-inexpensive
approach.”>*" In the context of the lethality of CR in the environ-
ment and the importance of H,O, production in mitigating the
energy crisis as well as curbing environmental pollution, it is
indispensable to develop a cost-effective and viable photocata-
Iytic system.

Herein, we have explored the fabrication of UiO-66-NH,/
BiOI@o-Bi,O; ternary heterojunction photocatalysts through a
two-step solvothermal approach. At first, BM microspheres were
synthesised by treating a mixture of Bi(NOs); and KI in ethylene
glycol at 150 °C for 12 hours. In the second step, BM microspheres
of a known amount were treated with a mixture of ZrCl,, 2-amino
terephthalic acid (2-ATP), and DMF at 120 °C for 24 hours in a
Teflon-lined autoclave to obtain the desired products. FESEM and
TEM images demonstrated that the integration of UN nano-
particles, BM microspheres, and in situ produced BR nanorods
resulted in the successful formation of a ternary BBUN hetero-
junction. The elevated temperature and pressure prevailed in the
reactor, followed by the interaction of DMF and 2-ATP with the
BM, resulting in its partial decomposition into o-Bi,O; nanorods.
The morphologies of BM and BR in the heterostructure were
controlled by the weight-to-volume ratio between BM and DMF.
The interaction of DMF with BM and BR also promoted the
incorporation of O,, which extended the light absorption towards
the red end of the visible region, as confirmed by UV-Vis-DRS
spectra. The anchoring of UiO-66-NH, nanoparticles through the
coordination of NH, groups with Bi** of the BM microspheres and
BR nanorods resulted in the emergence of Bi-N interfacial bonds,
thereby establishing the O,-Bi-N interfacial charge transport
channels. Based on the results obtained from XPS studies, band
potential measurements, and radical scavenging tests, a double Z-
scheme charge transfer mechanism has been suggested. The
heterostructure prepared with 600 mg BM (BBUN-4) demon-
strated superior photocatalytic activity for the remediation of CR
from aqueous solution and H,0, production. This enhancement
is ascribed to the construction of a morphology-controlled ternary
heterojunction, O, in BM and BR, as well as O,~Bi-N interfacial
charge transport channels. The current work explores the possi-
bility of designing morphology-regulated oxygen vacancy-rich
binary Z-scheme heterojunctions to achieve superior photocataly-
tic degradation of organic dyes and H,O, production.
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2. Experimental section

Detailed information on the chemicals, synthetic procedures of
BR, material characterization techniques, optical and electro-
chemical measurements, photocatalytic CR degradation effi-
ciency evaluation, and photocatalytic H,0, production is
provided in the SI (S1).

2.1 BiOI microsphere synthesis

A solvothermal synthesis approach was followed to fabricate
BM, as reported earlier.*” In a typical synthesis, 1.376 mg of
Bi(NO;);-5H,0 was solubilised in 40 ml of ethylene glycol (ELG)
under continuous stirring for 30 minutes and was labelled as
solution A. Solution B was made by dissolving 0.47 mg of KI in
40 ml of ELG under identical conditions. Then B was mixed
with A, and the mixture was subjected to stirring for 1 h. After
that, the mixture was treated at 150 °C for 12 h in a Teflon-lined
autoclave. The orange-coloured mass so formed was washed
with double-distilled water repeatedly, followed by washing
with ethanol. The resulting mass was heated at 60 °C in a
vacuum oven for 12 h to get BM.

2.2 Fabrication of a UiO-66-NH,/BiOl@a-Bi,0; ternary
heterojunction

A simple solvothermal technique was employed to fabricate
UiO-66-NH,/BiOI@a-Bi,0; heterojunctions. 1 mmol ZrCl, and
1 mmol 2-ATP were dissolved in 40 ml of DMF separately. The

Bi (NO,),.5H,0

Solution A
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Solvothermal treatment
@150°C for 12 h
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two solutions were mixed and subjected to stirring for
30 minutes. Then, a predetermined amount of BM was added
to the mixture solution, followed by stirring for another
30 minutes. The mixture solution was treated at 120 °C for
24 h in a Teflon-lined autoclave. The autoclave was then cooled
to room temperature, and the product was filtered. The
obtained solid was repeatedly rinsed with distilled water and
ethanol, followed by drying overnight at 80 °C to obtain the
desired product. The fabricated photocatalysts were named as
BBUN-1, BBUN-2, BBUN-3, BBUN-4, and BBUN-5, depending on
the weight of BM as 50 mg, 200 mg, 400 mg, 600 mg, and 800 mg,
respectively. The synthesis procedure of the BBUN heterostructure
was presented in Scheme 1. A similar procedure was followed to
synthesize pristine UN, without the addition of BM.

3. Results and discussion
3.1 Morphology and microstructure

The surface morphology of the synthesised samples was analysed
using FESEM. The FESEM images of UN, BM, and BBUN-4 are
displayed in Fig. 1. As observed in Fig. 1(a), the fine nanoparticles
of UN were joined together to form a sphere-like morphology
with a rough surface containing a large number of voids. Such
architectures suggested that the UN may possess a high specific
surface area with numerous surface-active sites, which are advan-
tageous for the efficient adsorption of reacting species on its
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2. ]

Ui0-66-NH,/BiOI@a-Bi,0; (BBUN)

Scheme 1 Schematic illustration for the fabrication of UiO-66-NH,/BiOl@a-Bi,Oz (BBUN) ternary heterojunctions.
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surface.”® In Fig. 1(b), BM showed distinct spherical microflowers
with particle sizes ranging from 2.5 to 3.8 um. As shown in the
figure, the BM microspheres possessed a porous morphology. In
order to validate the formation of the porous structure of the BM
microspheres, its enlarged FESEM image is presented in Fig. 1(c).
It was revealed from the figure that the two-dimensional (2D) BM
sheets were systematically aligned to result in microspheres with
interconnected pores. The 3D morphology with an intercon-
nected porous structure is beneficial for increasing the surface
area and promoting the charge carriers’ concentration by enhan-
cing visible light absorption efficiency through multiple reflec-
tions across the porous channel. Moreover, the interconnected
pores can hinder the recombination rate by reducing the charge
and mass transfer distance.>* The FESEM image of the BBUN-4
ternary heterojunction is displayed in Fig. 1(d). As observed from
the figure, the UN nanoparticles were anchored on the micro-
spheres and nanorods. The appearance of the microsphere
confirmed the retention of the 3D morphology with an inter-
connected porous structure of BM in the composite. However,
elevated temperature and high pressure prevailed during the
solvothermal treatment, which accelerated the frequency of
collisions among the BM microspheres, causing their partial
conversion into nanosheets. The electron-donating groups pre-
sent in the DMF and NH, groups of 2-ATP present in the reaction
medium interact with Bi** of the BM nanosheets, while I atoms of
BM extend interaction with Zr** of the UNH precursor. This leads
to the gradual weakening of the Bi-I bonds and their subsequent
rupture. As a result, there occurs a rearrangement of Bi-O bonds

Fig. 1 Field emission scanning electron microscopy (FESEM) images of (a)
UN and (b) BM, (c) enlarged FESEM image of BM, (d) FESEM image of
BBUN-4, (e) energy dispersive X-ray (EDS) spectrum, (f) elemental mapping
images of BBUN-4, (g) C, (h) Bi, () N, (j) O, (k) I, and (l) Zr.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to form o-Bi,O3. The bulky methyl groups of DMF impart steric
hindrance, which restricts isotropic growth and directs o-Bi,O; to
grow in one dimension to obtain nanorods (BR). Further raising
the BM/DMF ratio to 10:1 in BBUN-5, the smaller number of
methyl groups of DMF could not control Bi,O; growth properly.
As a result, Bi,O; nanoflakes were obtained, as observed in
Fig. S1. It was also observed from the figure that the 3D
morphology was completely destroyed with the formation of
BM nanosheets owing to the vigorous collision among a large
amount of BM microspheres.

The interaction of electron-donating groups of DMF with
Bi*" of BM microspheres and BR nanorods also affects the Bi-O
bonds, resulting in the introduction of oxygen vacancies (O,).>®
Incorporated Oys promotes the coordination of NH, groups of
UN with Bi*". This facilitates anchoring of UN nanoparticles on
the BM microspheres and BR nanorods to form a ternary
heterojunction. As shown in the figure, the integration of UN
nanoparticles with BR nanorods and BM microspheres resulted
in the formation of a BBUN-4 ternary heterojunction along with
the existence of numerous voids. All these features amplified
the photocatalytic performance of the heterostructure. Fig. 1(e)
displays the results of the energy dispersive X-ray spectroscopy
(EDS) analysis, and corresponding elemental mapping images
presented in Fig. 1(f)-(1) confirm the homogenous distribution
of C, Bi, N, O, I, and Zr elements on the surface of the
synthesised heterojunction. The existence of carbon (C) might
be attributed to the presence of 2-ATP in BBUN-4 and the
carbon tapes used in the FESEM analysis.

A transmission electron microscope (TEM) image of BBUN-4
is shown in Fig. 2(a). It was revealed from the figure that BR
possessed a rod-shaped structure with an average length and
width of 1.2 ym and 0.27 pm, respectively. Octahedral UN
nanoparticles, BM microspheres, and BR nanorods are intercon-
nected thoroughly to obtain BBUN-4 ternary heterojunctions.
Three distinct phases of BBUN-4 have appeared in the HRTEM
image [Fig. 2(b)]. The lattice fringe of 0.27 nm corresponds to the
(102) plane of BM, while the (—012) plane of BR is characterised

Fig. 2 (a) Transmission electron microscopy (TEM) image, (b) and (c)
high-resolution TEM (HRTEM) images, and (d) selected area electron
diffraction (SAED) pattern of the BBUN-4 heterostructure.
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by the lattice spacing of 0.32 nm.>**” The region with no lattice
fringe indicates the UN phase. These results demonstrated that
the successful integration of UN with BM and BR during the
solvothermal treatment constructed a robust BBUN-4 ternary
heterojunction, which is consistent with the observations made
in FESEM analysis. Furthermore, Fig. 2(c) illustrates that the
defects that appeared in the lattice fringes of BM and BR of the
heterostructure may be attributed to the oxygen-rich vacancies
incorporated at the interfaces. The selected area electron diffrac-
tion (SAED) pattern shown in Fig. 2(d) exhibited polycrystalline
rings, reflecting a well-defined crystalline structure and confirm-
ing the polycrystalline characteristics of the synthesised BBUN-4
heterojunction.>®

The N, adsorption-desorption technique was employed to
evaluate the specific surface area and pore volume of BM, UN,
and BBUN-4. As shown in Fig. 3(a)-(c), the adsorption iso-
therms of BM, UN, and BBUN-4 revealed type IV isotherms,
with a characteristic H3 hysteresis loop indicating the presence
of a mesoporous structure.”® The BET surface area and pore
volumes of BM, UN, and BBUN-4 are presented in Fig. 3(d) and
(e), respectively. Pristine UN exhibited a relatively larger surface
area of 502.3 m”> g~ ', which can be attributed to its rough and
porous morphology, as evident from the FESEM image. Simi-
larly, the 3D morphology with an interconnected porous struc-
ture revealed from FESEM studies contributed to the high
surface area of 86.3 m”> g~ ' for bare BM. The integration of
UN, BM, and in situ produced BR enhanced the surface area of
BBUN-4 to 525.97 m” g~ ". It was observed from Fig. 3(e) that the
pore volume of BBUN-4 was higher than that of its pristine
counterparts. The enhanced surface area and pore volume of
the ternary composite are responsible for possessing numerous

View Article Online
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active surface sites, which are advantageous for increased CR
adsorption and O, activation.

3.2 Crystal structure and chemical states

X-ray diffraction (XRD) analysis was employed to investigate the
structural and crystalline properties of the synthesised photo-
catalysts. Fig. 4(a) displays the XRD patterns of the UN, BR, and
BBUN heterostructures. The diffraction peaks at 20 = 7.3°, 8.4°,
and 25.6°, corresponding to the (111), (200), and (442) planes,
confirmed the successful synthesis of pristine UN.>*° The char-
acteristic peaks observed at 20 = 25.7°, 27.3° 28.0°, 33.0°, 33.2°,
37.6°% and 46.3° can be indexed to the (002), (—120), (012), (121),
(200), (112), and (041) planes, respectively, of monoclinic BR
(JCPDS no. 14-0699).*" In the BBUN heterojunctions, the presence
of UN is evident from the diffraction peak at 20 = 7.3°, with
decreased intensity. This peak intensity decrease may be ascribed
to the reduction in crystallinity due to the formation of the
composite.*” Furthermore, the appearance of peaks at 20 =
12.2° (001), 33.0° (102), and 57.6° (212) in the composites
corresponds to the tetragonal phase of BM, as per JCPDS no.
85-0863. Notably, the presence of peaks at 26 = 25.7°, 27.3°, 28.0°,
33.2° and 46.3° evidenced the presence of BR in the heterojunc-
tions. The peaks corresponding to the (002) and (—120) planes of
BR displayed a lower angle shift in the synthesized heterostruc-
tures, suggesting lattice distortion due to strong interactions
among UN, BR, and BM.*’ The sharp and well-defined peaks in
the XRD patterns associated with UN, BM, and BR indicate the
successful synthesis of BBUN ternary heterojunctions with a high
degree of crystallinity.

Fourier transform infrared (FTIR) spectroscopy was
employed to characterise the surface functional groups in the
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Fig. 3 N, sorption isotherms of (a) BM, (b) UN, and (c) BBUN-4, (d) specific surface area, and (e) pore volume of UN, BM, and BBUN-4.
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Fig. 4 (a) X-ray diffraction (XRD) patterns of the pristine UN, BR, and
BBUN composites, (b) Fourier transform infrared (FTIR) spectra of UN, BM,
and BBUN-4, showcasing the characteristic functional groups and bond-
ing interactions present in the samples.

synthesised samples. Fig. 4(b) illustrates the distinctive absorp-
tion peaks for UN, BM, and BBUN-4. The FTIR spectrum of
pristine UN displayed a characteristic peak at 3364 cm ',
corresponding to the stretching vibration of N-H bonds present
in free NH, groups. Bands observed at 1651 c¢cm ' and
1565 cm™ " were attributed to N-H bending in aromatic amines
and asymmetric stretching of carboxylic groups, respectively.
Additional peaks at 1427 cm ™" and 1385 cm™ ' were assigned to
C-C stretching and O-C-O symmetric vibrations, correspond-
ingly. A weak absorption band at 1105 cm™ " was indicative of
Zr-0 stretching vibrations from Zr-oxo clusters, while the broad
peaks in the range of 400-800 cm ™" are associated with Zr(-OC)
stretching vibrations of UN MOF.?** In the spectrum of BM, the
peak that appeared at 1391 cm ™" was assigned to the stretching
vibrations of the Bi-I bond, and a distinctive absorption peak of
Bi-O stretching vibrations was observed at 503 cm ™. The peaks
around 3400 cm ™' and 1603 cm ™' correspond to O-H vibra-
tional frequencies of adsorbed water molecules.?” The presence
of characteristic peaks of UN and BM in the BBUN-4 spectrum
confirms their presence in the composite. Additionally, the
peak that appeared at 893 cm ™" corresponds to the stretching
mode of the Bi-O bond present in Bi,O;. Therefore, it was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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revealed from this evidence that BR was formed in situ during
the fabrication of BBUN-4.?® These outcomes corroborated the
successful synthesis of the ternary heterojunction, which was
also evident from the XRD results. Furthermore, a distinct
vibrational band observed at 588 cm ™" can be assigned to the
formation of the Bi-N bond.*” The formation of this bond
resulted from the interaction between the Bi** ions of BM and
the -NH, groups of UN. Bi-N bond formation is indicative of
the establishment of an efficient interfacial charge-transfer
channel between BM and UN.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to investigate the elements’ chemical composition
and valence states in the prepared samples and the charge
transfer dynamics in the ternary heterojunction. The survey
spectra of the pristine UN, BM, BR, and BBUN-4 heterostructure
are shown in Fig. 5(a). It was evident from the full XPS spectra
that the ternary composite contains Zr, N, Bi, O, and I elements,
as exhibited by its pristine counterparts. The coexistence of
these elements in BBUN-4 was corroborated by elemental
mapping and EDS results, which validated the formation of a
ternary heterojunction. Fig. 5(b) displays the high-resolution Zr
3d XPS spectra of pristine UN and BBUN-4. The peaks at
binding energies 181.7 and 184.0 eV were ascribed to Zr 3ds,
and Zr 3dg, spin orbitals of Ztr** of UN, respectively.*® In the
BBUN-4 spectrum, similar peaks have appeared with a negative
shift of binding energies at 181.0 and 183.8 eV. The N 1s
spectrum of UN, shown in Fig. 5(c), displayed a single peak at
398.2 eV, which indicates the presence of the -NH, group.®®
However, the N 1s peak was deconvoluted into three peaks at
398.1 eV, 400.3, and 403.1 eV in the BBUN-4 spectrum. The
peak at 398.1 eV experienced a shift of 0.1 eV to lower binding
energy, corresponding to the presence of the -NH, group, while
the peaks at 400.3 and 403.1 eV might be attributed to the
interaction between Bi and N.*° This interaction resulted in the
formation of a Bi-N bond between NH, of UN and Bi of BM, as
well as that of BR. The existence of this interfacial bond was
evident from the FTIR results. The Bi-N bond formation
facilitated the establishment of charge transfer channels
among BM, BR, and UN in the ternary heterojunction. The Bi
4f spectra of BM, BR, and BBUN-4 are presented in Fig. 5(d).
The pristine BM exhibited two distinct peaks at 158.1 eV and
162.4 eV, attributed to Bi 4f,,, and Bi 4f5, states, respectively, of
Bi*" ions.*" A similar doublet was observed at 157.1 eV and
163.4 eV for BR.*’ In the BBUN-4 heterojunction, the peaks
ascribed to each of the Bi 4f microstates were deconvoluted into
two different peaks. The peak at 158.1 eV representing the Bi
4f,,, state of BM was relocated at 158.7 eV, whereas that for the
Bi 4fs,, state experienced a shift of 1.6 eV from 162.4 eV.
Similarly, the peak corresponding to the Bi 4f,, of BR was
moved to a higher binding energy of 158.2 eV after a jump of
1.1 eV, and that of Bi 4f;5,, was shifted positively by 0.4 eV to
163.8 eV. Fig. 5(e) represents the O 1s spectrum for BM, BR, and
BBUN-4. For BM, the O 1s spectrum was deconvoluted into two
peaks at 528.9 eV and 530.3 eV due to the presence of a Bi-O
bond and surface hydroxyl groups, correspondingly.*> These
two peaks were observed at binding energies of 528.1 eV and
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529.1 eV, respectively, in bare BR.** However, the deconvolution
of the O 1s spectrum of BBUN-4 resulted in three peaks. The
appearance of a peak at 529.2 eV was ascribed to the Bi-O bond,
and that at 531.3 eV corresponded to the presence of surface
hydroxyl groups. It is worth noting here that these two peaks
experienced a positive shift with respect to pristine BM and BR.
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(a) XPS survey spectra of the BM, BR, UN, and BBUN-4 composites, along with high-resolution XPS spectra of (b) Zr 3d, (c) N 1s, (d) Bi 4f, (e) O 1s,

The third peak at 530.4 eV is attributed to the presence of
oxygen-rich vacancies (O,) formed during the solvothermal
synthesis of BBUN-4. This finding, as well as the formation of
interfacial defects revealed from HRTEM analysis, validated the
formation of O, at the interfaces of BBUN-4. Incorporating
oxygen vacancies can be beneficial for extending the light
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absorption range and improving the reactant adsorption ability
of BBUN-4.** Moreover, these vacancies can trap electrons,
thereby preventing the recombination of photogenerated elec-
tron-hole pairs.*> All these features lead the ternary hetero-
junction to exhibit higher photocatalytic activity. The I 3d
spectrum of BM and BBUN-4 was displayed as a characteristic
of I" ions in Fig. 5(f). Two distinct peaks appeared at 617.7 eV
and 629.2 eV corresponding to I 3ds, and I 3d;, states,
respectively, for BM.”> In BBUN-4, the peak representing I
3ds), was shifted to a higher binding energy by 0.3 eV, while
that appearing at 629.2 eV experienced a positive shift of 0.4 eV.
As observed, the negative shift of peaks in the Zr 3d and N 1s
spectra of BBUN-4 reflected an increased charge density on UN,
which acts as an electron acceptor. On the other hand, the
positive shift of peaks in the Bi 4f, O 1s, and I 3d spectra
indicated a reduced charge density in BM and BR, making them
electron donors. Therefore, XPS studies suggested that photo-
electrons can be channelized from BM and BR to UN through
the heterojunction formed along the interfacial region of the
three semiconductors.

3.3 Optical properties

UV-vis diffuse reflectance spectroscopy (UV-Vis DRS) was
employed to evaluate the optical properties of the synthesised
materials over the wavelength range of 200-800 nm. The
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absorption edges and corresponding band gap energies of the
studied semiconductor photocatalysts were determined using
this technique. As depicted in Fig. 6(a), the absorption edges of
UN and BM were observed at 494 nm and 635 nm, respectively.
Interestingly, the DRS spectrum of BBUN-4 displayed a hump in
the region of 450 to 530 nm as well as three absorption edges at
473, 538, and 665 nm. The absorption hump in the composite
indicated the existence of impurity levels that may be formed by
the introduction of O, in BR and BM.*® It was reported that the
absorption maximum for «-Bi,O3 lies around 450 nm, and the
corresponding band gap energy is 2.76 eV.*” The absorption
edge observed at 473 nm suggested the presence of a-Bi,O; in
BBUN-4 with a bathochromic shift of 23 nm. The spectral band
at 665 nm due to BM experienced a 30 nm shift towards the red
end of the visible region. This red shift in absorption tail
indicated narrowing of the band gaps. As revealed from
Fig. 6(b), the band gap energy corresponding to BM in BBUN-
4 was decreased from that of its pristine counterpart. The band
gap energy corresponding to BR in the composite was found to
be lower than that determined in the literature. The lowering of
the band gap energy might be attributed to the overlapping of
electronic states resulting from the O, introduced in BR and
BM in the ternary composite with the band edges of the
semiconductor.*® The absorption edge corresponding to UN
in the composite also experienced a red shift of 44 nm, and the
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corresponding band gap energy was lower than that of the
pristine counterpart. This shift in absorption maximum to
longer wavelength and decrease in band gap energy of UN in
BBUN-4 might be ascribed to robust interaction of UN with BM
and BR, as revealed from FTIR and XPS results. The wide
absorption window in the visible region observed for BBUN-4
magnified its ability to harness a large amount of photons from
the solar spectrum. Furthermore, the introduction of O, in BM
and BR at the interfaces, overlapping of O, states with the
semiconductor’s band edge, and formation of an interfacial Bi-
N bond corroborated that there exists an O,-Bi-N charge
transfer channel among BM, BR, and UN at the interface of
BBUN-4. The formation of an O,-Bi-N interfacial charge trans-
fer channel facilitated the separation and migration of photo-
induced electron-hole pairs, which in turn suppresses the
recombination rate of charge carriers to a considerable extent.

Photoluminescence (PL) emission in photocatalysts arises
due to the recombination of photoinduced excitons. A decrease
in PL intensity signifies a reduction in charge carriers’ recom-
bination rates.*® The PL spectra of pure UN, BM, and the BBUN-
4 composite under 360 nm excitation are shown in Fig. 6(c),
while the PL spectrum of BR obtained under 385 nm excitation
is presented in Fig. 6(d). The pristine photocatalysts, UN, BR,
and BM, exhibited intense PL signals, indicating substantial
charge carrier recombination. In contrast, the BBUN-4 compo-
site demonstrated the lowest PL intensity, suggesting a marked
reduction in electron-hole recombination rate. The reduced
recombination rate may be ascribed to O,-introduced impurity
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levels, which act as an electron shuttle to magnify the charge
carriers’ transfer through the O,~Bi-N interfacial channel.

3.4 Electrochemical analysis

Electrochemical impedance spectroscopy (EIS) was utilized to
investigate the charge transfer resistance of the pristine samples
and the BBUN-4 heterojunction. The Nyquist plots obtained
from the EIS analysis are illustrated in Fig. 7(a). It was revealed
from the figure that BBUN-4 exhibited the smallest impedance
in comparison to the pristine counterparts, suggesting its lowest
resistance to transferring the charge carriers at the interface.”®
This indicated that the ternary heterojunction has the fastest
charge transfer rate or the highest ability for migration of
excitons, and hence, has experienced minimal charge recombi-
nation rate as revealed from PL studies. The minimum charge
transfer resistance offered by BBUN-4 may be ascribed to the
existence of the O,-Bi-N interfacial charge transport channel.
To provide evidence in favour of greater migration of charge
carriers in the BBUN-4 heterojunction, linear sweep voltamme-
try (LSV) was conducted. As illustrated in Fig. 7(b), the LSV
analysis demonstrated that UN and BR exhibited minimal
anodic current densities of 0.087 mA cm ™2 and 0.1 mA cm 2,
respectively, while BM displayed a low cathodic current density
of —0.27 mA cm 2. The low values of current density observed
from LSV plots reveal limited charge mobility and minimal
charge carrier separation in the pristine samples.>" Notably, the
BBUN-4 heterostructure demonstrated higher cathodic and
anodic current responses. At an applied potential of —1.0 V
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vs. Ag/AgCl, the cathodic current density reached —0.58 mA cm ™2,
while the anodic current density of 0.17 mA cm™ > was observed at
1.0 Vvs. Ag/AgCl. The measured photocurrent densities of BBUN-4
were found to be 2.14, 1.95, and 1.7 times more than those
obtained for BM, UN, and BR, respectively. The higher current
densities shown by BBUN-4 further validated its superior charge
transfer ability and enhanced migration ability owing to the
existence of O,-Bi-N interfacial charge transport channels. These
results indicate enhanced photogenerated charge carrier migra-
tion within the heterojunction. The integration of UN nano-
particles, BM microspheres, and BR nanorods facilitated efficient
charge separation and electron transport, resulting in improved
photocurrent generation. Furthermore, these findings align with
the photoluminescence (PL) studies, which revealed reduced
charge recombination, emphasizing the synergistic effect of the
morphology-regulated ternary heterostructure and O,-Bi-N
interfacial charge transfer channel in enhancing photocatalytic
performance.

Mott-Schottky (MS) analysis was conducted to evaluate BR,
UN, and BM’s semiconducting characteristics and flat band
potentials. As displayed in Fig. 7(c) and (d), the positive slopes
in the MS plots of BR and UN revealed their n-type character-
istics, whereas the p-type nature of BM was confirmed from the
negative slope in its MS plot shown in Fig. 7(e). The flat band
potentials, derived from the intercepts of the linear regions in
the MS plots, were determined to be 0.33 V, —0.46 V, and 2.29 V
(vs. Ag/AgCl) for BR, UN, and BM, respectively. These values
were further converted to the reversible hydrogen electrode
(RHE) scale using eqn (1).>”

Erug = Eag/agcl — 0.0591 (7 — pH of the electrolyte) + 0.198

(1)

At pH 6.8, the flat band potentials on the RHE scale were
calculated to be 2.48 V for BM, —0.28 V for UN, and 0.52 V for
BR. For p-type semiconductors, the flat band potential is
typically located 0.2 eV above the valence band maximum
(VBM). Therefore, BM’s valence band (VB) position was calcu-
lated to be 2.68 V vs. RHE. Its conduction band was evaluated to
be 0.74 V (vs. RHE) by using eqn (2). The flat band potential for
n-type semiconductors is approximately 0.2 eV below the con-
duction band minimum (CBM).>*> Accordingly, the CBMs for
UN and BR were determined to be —0.48 V (vs. RHE) and 0.32 V
(vs. RHE), respectively. Following eqn (2), the VBMs of UN and
BR were estimated to be 1.99 V (vs. RHE) and 3.08 V (vs. RHE),
respectively.

Ecp = Eyp — Eg (2)

3.5 Evaluation of photocatalytic efficiency

The photocatalytic efficiency of the prepared catalysts was
evaluated by the degradation of CR dye and H,O, production.

3.5.1 Photocatalytic CR degradation. The reaction para-
meters, like the initial pH of the dye solution, its concentration,
and the catalyst dose, play a crucial role during photocatalytic
degradation. In order to obtain optimised parameters for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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maximum CR degradation efficiency, the influence of these
parameters was studied first and is presented in the SI (S2).
Furthermore, the reusability and structural stability of the
BBUN-4 photocatalyst were examined, and the results of the
cycling tests are detailed in Section S2.3 of the SI. In order to
achieve maximum photodegradation efficiency, photocatalytic
reactions were carried out under optimised conditions such as
solution pH 7.0, CR concentration 50 ppm, and catalyst dose
0.5 g L™". As illustrated in Fig. S2(e), BBUN-4 exhibited the
highest photocatalytic efficiency of 97.25%, which is about 1.5
and 1.69 times higher than that of pristine BM and UN,
respectively. To further explore the CR degradation ability of
BBUN-4, photocatalytic reaction kinetics were conducted, and
the CR removal rate for BM, UN, and BBUN-4 was determined
using the Langmuir-Hinshelwood model, as shown in
eqn (3).>® The results displayed in Fig. 8(a) revealed that the
photodegradation of CR followed pseudo-first-order kinetics.
The determined rate constant values are presented in Fig. 8(b),
from which it was evident that BBUN-4 exhibited the highest
rate constant value of 0.05514 min~*, which was about 2.9 and
3.4 times greater than that of pristine UN and BM, respectively.
The photocatalytic removal of CR was also carried out by using
the fabricated heterostructures, namely BBUN-1, BBUN-2,
BBUN-3, and BBUN-5. As observed from Fig. S2(f), the photo-
degradation efficiency of the heterostructures was increased up
to BBUN-4 with the rise in BM quantity. However, the degrada-
tion percentage decreased to 90.1% when the BM content
reached its highest level in BBUN-5. The observed reduction
in efficiency can be ascribed to excessive semiconductor load-
ing, leading to agglomeration and a consequent reduction in
active surface area available for photocatalytic reactions.”* The
exceptional performance of BBUN-4 in CR removal may be
attributed to the enormous surface area, wider range of light
absorption in the visible region, abundantly available photo-
induced excitons, minimal rate of electron-hole pair recombi-
nation, and faster charge carrier transfer across the interface.

In (c%) - ki 3)

where C and C, indicate CR’s concentration at time ¢, and its
initial concentration, respectively, and & is the rate constant.

3.5.2 Photocatalytic H,O0, production performance. The
photocatalytic performance of BM, UN, and BBUN-4 was again
evaluated by H,O, production under visible light illumination.
As expected, BBUN-4 exhibited the highest H,0, production
efficiency in comparison to the other two pristine samples. The
H,0, yield displayed in Fig. 8(c) was found to be 127, 164, and
322 pmol L' for BM, UN, and BBUN-4, respectively. The
highest H,0, yield shown by BBUN-4 may be ascribed to its
superior O, activation ability, which, in turn, is due to the
preservation of photoinduced electrons with adequate thermo-
dynamic propensity. A comparative analysis of H,0, produc-
tion efficiency between BBUN-4 and various reported catalysts
is summarized in Table 1.°>*°
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Table 1 Comparison of photocatalytic H,O, production by various cat-
alysts with BBUN-4

Catalyst Light H,O0, yield Ref.
Bi/Bi,0;@g-C;N, Vis 92.51 pmol L™ 55
Cu@Au/BivVO, Vis 91.1 pmol L™* 56
CN/CNFp Vis 130.7 pmol L™ 57

ZNO nanorods Vis 285 pumol L™* 58
ZnIn,S,/DUi0-66-NH, Vis 340 pmol L™* 59
UiO-66-NH,/BiOI@a-Bi,O;  Vis 322 pmol L™* This study

3.6 Photocatalytic reaction mechanism

Appropriate hybridisation of BM microspheres, in situ synthesised
BR nanorods, and UN nanoparticles made BBUN-4 possess an
extremely large surface area, porous architectures, enormous O, at
the interface, and an O,-Bi-N interfacial charge transfer channel.
As a result, it exhibited a wide range of visible light absorption
windows, enriched photo-induced charge carriers, and a fast
charge transfer rate, which cumulatively led to amplified photo-
activity towards CR degradation and H,0O, production. To further
understand the boosted pursuit of the ternary heterojunction,
plausible charge transfer dynamics were elucidated. Usually, h',
*OH, and *O," are considered the crucial reactive species for the
photodegradation of organic compounds. In order to explore the
primary reactive species involved in the degradation of CR, radical
trapping experiments were carried out. Triethanolamine (TEA),
isopropyl alcohol (IPA), and 1,4-benzoquinone (BQ) were used as
the quenching agents for h*, *OH, and *0, ", respectively.®” The CR
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degradation efficiency of BBUN-4 in the presence of different
scavenging agents is presented in Fig. 8(d). It was observed that
97.25% of CR was degraded in the absence of any trapping agent.
However, the degradation efficiency sharply declined to 18.7% and
14.3% in the presence of BQ and IPA, respectively. Upon the
addition of TEA, the degradation percentage was found to be
76.2%. These results suggested that both *O,  and *OH are the
dominant reactive species driving the photocatalytic CR degrada-
tion, while h" plays a minor role.

The formation of *O,  and *OH can be ascertained if the
thermodynamic criteria need to be satisfied by the heterostructured
photocatalysts. The thermodynamic requirement for the release of
°0, " is that the conduction band edge level (Ecg) of the semicon-
ductor photocatalyst must be more anodic than the standard
reduction potential of the oxygen reduction reaction
(Eg2 /o0, = —0.33 ¢V vs. RHE, pH = 7.0). Similarly, the valence band
edge position (Eyg) should be placed below the standard redox
potential of the water oxidation reaction (E%ZO jon = 2:28 eV vs.
RHE, pH = 7.0) in order to meet the thermodynamic feasibility for
the production of *OH radicals. Therefore, the CB edge and VB levels
of UN, BM, and BR were determined by the Mulliken electronega-
tivity formula presented in eqn (4).

Bvp =X — Ee + 0.5E,

4

where E, is the band gap energy of the photocatalyst, E. is the
energy of free electrons on the hydrogen scale (4.5 eV), and X
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represents the absolute electronegativity of the semiconductor.
The E, values for UN and BM were determined from UV-Vis DRS
analysis as 2.47 eV and 1.94 eV, respectively, whereas that of BR
was reported as 2.76 eV. The values of X for UN, BR, and BM
were found to be 5.25, 6.03, and 6.21 eV, correspondingly.
Putting these values in eqn (4), the Eyg values of UN, BM, and
BR were calculated to be 2.05 eV, 2.65 eV, and 2.96 eV,
respectively. Accordingly, the Ecp values were determined to
be —0.42 eV, 0.71 eV, and 0.2 eV for UN, BM, and BR,
respectively, after putting the corresponding Eyg values in
eqn (2). These results are consistent with those obtained by
Mott-Schottky (MS) analysis.

To propose a plausible charge transfer mechanism in the
ternary heterojunction for required reactive species production,
the type II pathway was first considered. According to it,
photogenerated electrons can migrate from the CB of UN with
a more negative energy level to that of BM and BR with a less
negative potential. Simultaneously, holes are transferred from a
more positive VB level of BM and BR to that with a less positive
position of UN, as shown in Scheme 2. The CB potentials of BM
(0.74 eV) and BR (0.32 eV) are placed below the potential required
for the oxygen reduction reaction (ORR). Therefore, the electrons
accumulated on the CB of BM and BR possessed inadequate
reduction ability to generate *O, . On the other hand, the holes
(h*) accumulated on the VB of UN cannot produce *OH free
radicals as the VB potential is less cathodic than that required for
the water oxidation reaction (WOR). However, these outcomes
contradict the results obtained from quenching experiments.
This suggests that the type II charge transfer mechanism cannot
satisfy the thermodynamic requirements for the production of
*0,  and *OH species. In order to validate the feasibility of *O,~
and *OH formation during the photocatalytic reactions, a binary
Z-scheme charge transfer dynamics was proposed. In this system,
all three semiconductors, UN, BM, and BR, generate electron—-
hole pairs upon exposure to solar light. According to XPS analysis,

Degradation CR

products
— : S g
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UN functions as an electron acceptor while BR and BM serve as
electron donors. The photoinduced electrons from the CB of BM
and BR with weaker redox potentials are transported through O,
Bi-N charge transfer channels to recombine with the holes
present at the VB of UN, which has inadequate redox ability. As
a result, the photogenerated electrons at the CB of UN and holes
at the VB of BR and BM with strong redox abilities are preserved
for the production of *O, "~ and *OH species. Therefore, consider-
ing the results of scavenging tests, XPS studies, and band
structure analysis, it was corroborated that the photocatalytic
CR degradation over BBUN-4 proceeds through the construction
of a double Z-scheme heterojunction. Additionally, the appear-
ance of *O,  as a primary reactive species suggested that the
activation of O, is facilitated by the introduction of O,, followed
by reduction using the photogenerated electrons with high redox
potentials preserved at the CB of UN, resulting in the binary Z-
scheme charge transfer dynamics. The generated *O, undergoes
a reaction with H" ions to produce H,0,. Thus, the photocatalytic
production of H,O, by BBUN-4 is likely to proceed through a two-
step-one-electron transfer mechanism.®* Initially, oxygen (O,)
molecules adsorbed on the BBUN-4 surface are reduced by
available photoproduced electrons to form superoxide radicals
(*0,7), which are further reduced to release H,O, as per eqn (5).°>

*0,” +e +2H' - H,0, (5)

Following the preceding analysis, the possible mechanism
for photocatalytic CR degradation and H,O, production is
presented in Scheme 3.

4. Conclusion

A series of UiO-66-NH,/BiOI@a-Bi,O; ternary heterojunction
photocatalysts were fabricated through a solvothermal route.

Degradation ‘
products QR 0

Scheme 2 Photocatalytic mechanism of BBUN-4 showing a type Il charge transfer pathway for possible CR degradation and H,O, production.
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Scheme 3 Proposed binary Z-scheme charge transfer process for photocatalytic CR degradation and H,O, production over BBUN-4.

By controlling the BM and DMF ratio, a ternary BBUN heterojunc-
tion with the desired morphology was obtained. When the BM:
DMF ratio was maintained at 7.5 : 1, a BBUN-4 heterostructure was
obtained with UN nanoparticles, BM microspheres, and in situ
derived BR nanorods, which were revealed from FESEM and TEM
studies. The formation of the ternary heterojunction containing
these three components was also evident from UV-Vis DRS results.
BBUN-4 possessed many advantageous features like enlarged sur-
face area, mesoporous nature, and interconnecting porous archi-
tecture that were found beneficial for its superior photocatalytic
performance over the pristine counterparts. The high surface area
and mesoporous nature enable it for better dye and O, adsorption,
whereas the interconnecting porous architecture assists in harvest-
ing abundant visible light, which facilitates the enrichment of
charge carriers. As revealed from HRTEM and XPS results, abun-
dant O, were introduced at the interfaces, resulting in a shift of the
visible light absorption window to the red end and magnified O,
activation. EIS analysis corroborated that BBUN-4 exhibited the
smallest charge transfer resistance, indicating a faster charge
transfer rate, which was supported by PL spectra showing reduced
charge recombination. LSV confirmed the enhanced photocurrent
responses for BBUN-4, further validating its superior charge
separation and migration capabilities, attributed to the O,-Bi-N
interfacial charge transfer channel. The binary Z-scheme charge
transfer dynamics preserved the photoexcitons with higher redox
ability. Overall, BBUN-4 possessed high pollutant adsorption and
O, activation capability, extended visible light absorption charac-
teristics, maximum charge carrier concentration, minimal charge
recombination rate, and robust redox ability. As a result, it
exhibited an outstanding CR photodegradation efficiency of
97.25% at pH 7, in a 50-ppm solution and a 0.5 g L™ catalyst
dose, outperforming both BM and UN. The photocatalytic H,O,
production was also significantly enhanced by BBUN-4, with a
yield of 322 pmol L™, far exceeding that of BM and UN. This study
demonstrates the synergistic effect of the morphology-based tern-
ary heterojunction, O,-Bi-N interfacial charge transfer channel,

1564 | Mater. Adv, 2026, 7,1552-1567

and double Z-scheme charge transfer dynamics for efficient photo-
degradation of CR and H,0, production.
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