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Catalyst leaching hampers reusability in photocatalysis, posing secondary pollution risks. In the present

study, Bi4O5I2 is decorated onto an engineered 3D-printed hematite scaffold (Bi4O5I2@3DH), integrating

additive manufacturing with photocatalysis for efficient cresol degradation in diverse water matrices. The

hematite grid, fabricated via direct ink writing, exhibited excellent rheological behavior (sy = 24 Pa),

allowing precise shape retention, while Bi4O5I2 was immobilized via a simple dip-coating method. The

Bi4O5I2@3DH composite achieved 99.78% degradation of 20 mg L−1 p-cresol within 240 min and

retained 84.28% efficiency after 10 reuse cycles with negligible leaching. Density functional theory

(DFT+U) simulations confirmed S-scheme heterojunction formation, facilitating interfacial charge

transfer (z−0.9 e−) and enhanced photocatalytic activity. The engineered scaffold performed

consistently across varied water matrices, with in vitro and in silico analyses revealing reduced toxicity of

degradation products. The current work demonstrates a scalable strategy for coupling additive

manufacturing with advanced photocatalysis using earth-abundant minerals for sustainable water

treatment.
1. Introduction

The economic expansion of a nation is driven by prompt indus-
trialization and urbanization. However, this progress is oen
accompanied by environmental challenges,1–3 such as water
pollution caused by the discharge of various toxic chemicals into
the surface and subsurface water environments.4–6 One such class
of frequently encountered chemicals is cresol, typically originating
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f Chemistry 2026
from industries including coal gasication, coal conversion,7

chemical production, medicines, petrochemicals, herbicides, and
fungicides.8 Cresols are highly soluble in water, with solubility
ranging from 1.9 to 2.5 g/100 mL at room temperature,9 and are
microbial growth inhibitors.10 Thus, they persist in wastewater
treatment plant effluent and receiving water bodies.11 These
xenobiotic chemicals pose a risk to microbes, and their chronic
exposure, even at low concentrations, can have pernicious effects
on human eyes, skin, mental well-being, and the respiratory
system.12,13 According to the World Health Organization (WHO),
the permissible concentration of p-cresol in potable water is 1.0 mg
L−1.14 Furthermore, the Federal Water Pollution Control Act clas-
sies cresols as hazardous substances, and the Clean Water Act
Amendments (1977 and 1978) regulate their release.15 Conse-
quently, various treatment technologies, such as photo-
catalysis,16,17 adsorption,18,19 sonolysis,20 and biodegradation21 have
been explored to mitigate these toxic pollutants. Among these
treatments, photocatalysis has emerged as a promising solu-
tion,22,23 owing to its ability to harness solar energy to mineralize
a wide range of aqueous pollutants.24,25 Nevertheless, despite the
several advantages of photocatalysis, its practical application is
hindered by post-treatment challenges, including the low recovery
yield of catalysts and the risk of secondary pollution from their
leaching in conventional slurry-based systems.26,27 To overcome
these challenges, Signicant efforts have been made towards
J. Mater. Chem. A, 2026, 14, 2871–2883 | 2871
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stabilizing the catalysts onto solid supports, including polymers,
clay, glass, calcium alginate, ceramics, activated carbon, and
metals.26–34 Although these catalyst carriers reduced the risk of
nanoparticle leaching into the treated water, their inert and non-
porous nature likely restricted mass transfer and active site
accessibility, limiting overall photocatalytic efficiency. Contrast-
ingly, photoactive and porous supports can offer synergistic
interactions with the catalyst, enhancing both mass transport and
exposure of active sites to reactants, thus improving photocatalytic
performance. In this context, additive manufacturing (AM) is
highly suitable and an attractive technique for fabricating engi-
neered catalyst supports.35 The AM allows the design of structures
from basic to complex geometries, offering a higher area-to-
volume ratio at the macroscopic level than conventional
supports.36–38 Among various 3D printing methods,39 direct ink
writing (DIW) is typically preferred due to its cost-effectiveness,
facile operation, and ability to print a wide range of materials,
including metals, ceramics, polymers, and glass.40–42 Essentially,
DIW inks require thixotropic properties to ensure shear-thinning
and high viscosity, allowing them to withstand their shape post-
extrusion.42–45 The concentration of particle additives signicantly
inuences the ink's viscosity and shear-thinning behaviour,46 and
these additives are typically removed to generate porous 3D prin-
ted structures,47 where the additive concentration directly governs
porosity.48,49

Natural hematite has abundant reserves and notable capabil-
ities for visible light absorption.26,50,51 However, its effectiveness in
photocatalysis is constrained by low electron transport efficiency
and a tendency for rapid charge carrier (e−/h+) recombination.52

Unlike the inert supports mentioned above, when a semi-
conductor material such as hematite is decorated with a visible-
light-driven photocatalyst such as Bi4O5I2, its inherent optical
properties can be controlled more effectively.26 Given this, the
present investigation focuses on the decoration of Bi4O5I2 onto 3D-
printed hematite scaffolds (3DH) through an iterative dipping and
drying methodology (referred to as Bi4O5I2@3DH). Moreover, to
gain further insights into the physical mechanisms of the inter-
action between Bi4O5I2 and the 3DH we also carried out ab initio
simulations. Initially, the factors affecting Photocatalytic Degra-
dation (PCD), such as the amount of catalyst coated (L), inll
density ratio (IDR) of the scaffold, initial pollutant concentration
(C0), and pH values, are optimised through the degradation of
model pollutant p-cresol. Further, the optimized Bi4O5I2@3DH
structure was thoroughly characterized to determine the physico-
chemical and electronic properties that eventually inuence the
photocatalytic process. Subsequently, the real eld applicability of
Bi4O5I2@3DH was assessed in various water matrices. Further-
more, post-treatment analysis of treated aqueous p-cresol,
including anticipation of degradation products and their bio-
toxicity, was evaluated using analytical methods and Quantita-
tive Structure–Activity Relationship (QSAR) techniques.

2. Experimental
2.1. Materials and chemical reagents

All chemical reagents provided in the S1 section of the SI were
used without further purication. However, the hematite ore
2872 | J. Mater. Chem. A, 2026, 14, 2871–2883
collected from the Department of Mining, IIT Kharagpur, was
washed thoroughly using deionized (DI) water.

2.2. Instrumentation and characterization

The instruments used for characterization are listed in Section S2
of the SI.

2.3. Fabrication of Bi4O5I2@3DH

The Bi4O5I2@3DH was synthesized through a three-stage process
involving scaffold fabrication, Bi4O5I2 synthesis, and their immo-
bilization, as illustrated in Fig. 1 and detailed below.

2.3.1. 3D printing of hematite scaffold (3DH). The ink was
initially prepared by dissolving 5% (g mL−1) carboxymethyl
cellulose (CMC) in DI water, wherein CMC served as a binder.
Although CMC is inherently hydrophilic due to its carbox-
ymethyl groups, the solution was stirred at 500 rpm on a hot
plate at 90 °C to ensure homogeneous dispersion. Finely ground
hematite powder was then incorporated into the solution in an
appropriate proportion to achieve the desired thixotropic
behavior suitable for DIW. The resulting ink was utilized to
fabricate hematite grids with varying IDR (25%, 50%, and 75%)
using a DIW printer (Hyrel Engine HR, USA). Prior to printing,
a digital model was created using the REPETREL (version
42.305) slicing soware. Aer several design iterations, the
optimized printing parameters were nalized and are presented
in Table S1. These included a slice height of 0.6 mm, a nozzle
diameter of 1.2 mm, a printing speed of 1 mm s−1, and a grid
inll pattern, with all operations conducted at room tempera-
ture (Video S1). The as-printed green hematite structures were
air-dried at room temperature for a day, then sintered in
a muffle furnace at 950 °C for 6 h with a heating ramp rate of 5 °
C min−1. The sintered structures were allowed to cool naturally
to room temperature and are referred to as 3D-printed hematite
scaffolds (3DHs).

2.3.2. Synthesis of Bi4O5I2 photocatalyst. Briey,26 1.66 g of
KI was dissolved in 40 mL of EG under constant stirring.
Subsequently, 2.425 g of Bi(NO3)3$5H2O was introduced to this
KI solution, ensuring thorough mixing. Following this, the pH
of the resulting mixture was adjusted to 9 using 1 M NaOH, and
stirred further for two hours. The nal product, Bi4O5I2, was
washed with DI water and ethanol and dried overnight at 65 °C
in a hot air oven.

2.3.3. Fabrication of Bi4O5I2@3DH. In a 100mL beaker, 1%
(w/v) coating suspension was prepared by adding 200 mg of
Bi4O5I2 photocatalyst in 20 mL DI water, followed by ultra-
sonication for 30 min to attain uniform dispersion. Aerwards,
the as-fabricated 3DH was immersed in suspension for 30
seconds and then gradually withdrawn, constituting a dip-
coating cycle (N). Three separate 3DH samples were subjected
to 5, 10, and 20 dip cycles to optimize photocatalyst loading.
Notably, aer each cycle, the coated 3DH was dried at 80 °C for
2 h in a hot air oven. However, following the nal dip, the
Bi4O5I2 decorated 3DH composites were dried for a day at 65 °C
and are hereaer referred to as Bi4O5I2@3DH scaffold. Fig. 2a
and b present the Bi4O5I2@3DH samples with varied N and IDR
values.
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Fabrication of Bi4O5I2 decorated hematite scaffold (Bi4O5I2@3DH) using the REPETREL software to define hematite printing parameters
for direct ink writing, followed by dip-coating for immobilization of Bi4O5I2 nanoparticles onto the sintered hematite grid.
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2.4. Experimental set-up and procedure

The photocatalytic reactor (PCR), illustrated in Fig. 2c, primarily
comprises a 50 watt LED light source, a 200 mL jacketed beaker,
a stainless-steel frame for sample holding, and a magnetic stirrer.
Apart from the inclusion of the steel frame, the reactor congu-
ration remains consistent with that employed in our previous
studies.4,26 Further details of the experimental setup with a photo-
graph of PCR are provided in Section S3 and Fig. S1 of the SI, and
a real-time video of the PCR during photocatalysis is available as
Video S2.

The experimental procedure started with dark adsorption
studies to determine the time required to attain adsorption–
Fig. 2 (a) Variation in the number of dip cycles (N) for 3D-printed hematit
and 20. (b) Bare hematite and Bi4O5I2@3DH (N = 10) with varying grid in
endowed with the zoomed-in view, employed for the photocatalysis ex

This journal is © The Royal Society of Chemistry 2026
desorption equilibrium, using 20 mg L−1 p-cresol solution and
fabricated samples. Accordingly, all subsequent photocatalytic
experiments adopted the optimized dark phase duration. A one-
variable-at-a-time (OVAT) approach was employed to systemati-
cally evaluate key operational parameters, starting with the opti-
mization of N and IDR values.4 Followed by investigations into the
effects of C0, solution pH, and cresol derivatives. The residual
concentrations of p-cresol were quantied using high-performance
liquid chromatography (HPLC) or total organic carbon (TOC)
analysis. The detailed experimental procedure is provided in
Section S4 of the SI.
e scaffold (i), decorated with Bi4O5I2 (i.e., Bi4O5I2@3DH) for (ii)N= 5, 10,
fill density ratios, (i) 25%, (ii) 50%, and (iii) 75%. (c) Experimental set-up
periment.

J. Mater. Chem. A, 2026, 14, 2871–2883 | 2873
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2.5. Density functional theory calculations

The methodology used for the Density Functional Theory (DFT)
simulations is provided in Section S5, and the optimized
structures illustrating bulk hematite, Bi4O5I2, and the hematite
(001) surface with the 4 × 4 supercell are depicted in Fig. S2.

2.6. Ecotoxicity evaluation

The colony-forming unit (CFU) method was employed to assess
the bio-toxicity of photocatalytically treated water against E. coli,
as per studies.4,26,53,54 In addition, in silico toxicity prediction was
conducted using the Toxicity Estimation Soware Tool
(T.E.S.T.),55 which applies QSAR models to estimate the poten-
tial toxicity of the intermediates formed during and aer the
PCD of p-cresol.54

3. Results and discussion
3.1. Rheological analysis of DIW ink

Fig. S3a shows that shear stress increases with shear rate, while
Fig. S3b demonstrates that shear viscosity decreases with shear
rate, conrming shear-thinning behavior that allows smooth
ink ow through the nozzle under low extrusion pressure
during DIW. Shear thinning is a non-Newtonian characteristic,
which is desirable for DIW applications.56 When extrusion
pressure is applied to the syringe, the ink ows toward the
nozzle tip, where it encounters a high shear rate and reduced
viscosity, thus facilitating improved printability. Upon exiting
the nozzle, the ink experiences a lower shear rate and higher
viscosity, which is crucial for maintaining the dimensional
stability of the printed structure.57,58

Fig. S3c presents the plot of storage modulus (G0) and loss
modulus (G00) as a function of shear stress. The values of G0 and
G00 provide insight into the ink's solid-like and liquid-like
behavior, respectively.59 When G0 > G00, the ink behaves like an
elastic solid, which contributes to shape retention aer
printing. Conversely, when G0 < G00, the ink exhibits liquid-like
behavior and cannot maintain a dened shape upon deposi-
tion. At the point where G0 = G00, the ink exhibits a gel-like
behavior.37,60 The intersection of the G0 and G00 curves indi-
cates the yield stress (sy), which marks the transition from solid-
like to liquid-like behavior.61 In the present investigation, the
ink demonstrated a yield stress of 24 Pa. The ink shows excel-
lent shape retention at lower shear stress levels, where G0 > G00 –
even when multiple layers are printed. Beyond the yield point,
G00 exceeds G0 (i.e., G0 < G00), enabling the ink to ow easily
through the nozzle during extrusion.56,62

3.2. Characterization of Bi4O5I2@3DH

The eld emission gun scanning electron microscope (FEG-
SEM) images of the 3DH scaffold and Bi4O5I2@3DH
composite are depicted in Fig. 3a, demonstrating their
morphological features. The FEG-SEM image of the bare 3DH
scaffold (Fig. 3a(i)) reveals the emergence of macro-porosity,
which could be attributed to thermal expansion/contraction
during the sintering/cooling processes. The high-
magnication image (Fig. 3a(ii)) shows micro and nanopores
2874 | J. Mater. Chem. A, 2026, 14, 2871–2883
distributed over the 3DH surface (surrounded by hematite
crystals), likely formed due to the decomposition of the CMC
binder during sintering at a given temperature.63 These micro-
pores could act as potential anchoring sites for Bi4O5I2 nano-
particles. As evident from Fig. 3a(iii), the Bi4O5I2 coating
reduces the apparent macro-porosity, while the micropores
appear to be lled with Bi4O5I2 nanoparticles, as shown in
Fig. 3a(iv), reinforcing stronger integration.

The X-ray diffraction (XRD) patterns of Bi4O5I2@3DH,
Bi4O5I2, and 3DH are presented in Fig. 3b. As displayed, the
composite sample (Bi4O5I2@3DH) exhibits distinct diffraction
peaks attributable to both 3DH and Bi4O5I2, conrming the
successful deposition of Bi4O5I2 nanoparticles onto the 3DH
scaffold. Specically, the diffraction peaks at 2q values of 28.10°,
31.45°, 45.15°, 49.30°, and 54.40° correspond to the (−114),
(020), (224), (−424), and (118) planes of Bi4O5I2. Whereas peaks
located at 33.08°, 35.60°, 49.24°, 54.00°, 62.40°, and 63.90° are
assigned to the (012), (104), (110), (024), (116), (214), and (300)
planes of hematite.64,65 The XRD patterns closely match the
standard reference cards #96-810-4104 for monoclinic Bi4O5I2 (a
= 11.26 Å, b = 5.7 Å, c = 14.95 Å)66,67 and #00-024-0072 for
rhombohedral hematite (a= b= 5.038 Å, c= 13.72 Å).68Notably,
a slight shi in the diffraction peaks towards lower 2q values is
observed in the composite, indicating possible lattice strain or
interfacial interaction between the constituent materials, also
noticed by other authors in their investigations.4,26,69,70 Such
structural coupling is anticipated to facilitate improved charge
separation and thereby enhance the PCD of cresols.

In addition, our previous study has comprehensively estab-
lished the optical properties, including ultraviolet-visible
diffuse reectance spectroscopy (UV-DRS), photoluminescence
(PL) spectroscopy and ultraviolet photoemission spectroscopy
(UPS), and electrochemical behavior such as electrochemical
impedance spectroscopy (EIS) of hematite, Bi4O5I2 and the
hematite/Bi4O5I2 composite.
3.3. Photocatalytic performance of the Bi4O5I2@3DH
scaffold

The synergetic interaction between adsorption and photo-
catalysis is extensively documented in the literature.71 In view of
this, a one-hour adsorption study was conducted under the
given operational parameters (corresponding cresol isomer
concentration: 20 mg L−1; IDR: 50%; N: 5; pH: 6.5), shown in
Fig. S4a–c. The adsorption of the model contaminant (p-cresol)
was found to be less than 1% (Fig. S4a). In contrast, saturation
in the adsorption of o-cresol (Fig. S4b) and m-cresol (Fig. S4c)
was achieved within 30 min, with adsorption efficiencies
reaching approximately 10.3%, which was signicant and could
not be ignored. Hence, the initial 30 min of the PCD experi-
ments were conducted in the dark to attain the adsorption–
desorption equilibrium.

3.3.1. Factors inuencing the PCD of p-cresols
(i) Number of dip-cycles. Optimizing the value N is critical, as it

directly affects the amount of Bi4O5I2 catalyst loaded onto the
3DH scaffold, an important parameter inuencing photo-
catalytic activity. As indicated in the inset of Fig. 3c, the 5, 10,
This journal is © The Royal Society of Chemistry 2026

https://doi.org/10.1039/d5ta07867a


Fig. 3 (a) FEG-SEM images of materials: low magnification SEM images of (i) 3D-printed hematite, i.e., 3DH, and (ii) Bi4O5I2-coated 3DH, i.e.,
Bi4O5I2@3DH; high magnification SEM images of (iii) 3DH and (iv) Bi4O5I2@3DH. (b) XRD pattern of Bi4O5I2@3DH, Bi4O5I2, reference document
no. 96-810-4104, 3DH, and reference document no. 00-024-0072. Influence of operational parameters on the PCD of model contaminant (p-
cresol): (c) number of Bi4O5I2 solution dips (N = 5, 10, and 20) [provided: 50% grid IDR, initial p-cresol concentration (C0) = 20 ppm, and pH =

6.5], (d) IDR of 3DH (=25, 50, and 75%) [provided: N = 10, C0 = 20 ppm, and pH = 6.5], (e) C0 [provided: N = 10, IDR = 50%, and pH = 6.5] and (f)
initial pH of p-cresol solution, [provided: N = 10, IDR = 50%, and C0 = 20 mg L−1].
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and 20 N values resulted in L values of approximately 67.1 ±

4.7 mg, 124.6 ± 4.2 mg, and 237.6 ± 5.3 mg, respectively. Their
corresponding PCD efficiencies against p-cresol (20 mg L−1) are
illustrated in Fig. 3c, revealing that the composite with N = 10
achieved the highest PCD efficiency (99.78%), followed by N = 5
(79.52%) and N= 20 (71.6%). The lower activity at N= 5 is likely
a result of insufficient catalyst loading, which limited light
absorption necessary for efficient PCD.72 In contrast, the
decreased efficiency at N = 20 is attributed to excessive catalyst
deposition, possibly leading to agglomeration, blockage of
active sites, and the formation of a thick layer that suppressed
the active role of the 3DH scaffold.72,73 The N = 10 condition
provided an optimal balance, enabling synergistic interaction
between Bi4O5I2 and the 3DH structure. The abovementioned
ndings highlight the importance of tuning catalyst loading on
semiconductor substrates employed for dual functionalities,
including synergistic interaction as an active support and an
immobilising carrier, ensuring effective interaction between the
photocatalyst and the scaffold.

(ii) Inll density ratio of 3DH scaffold. Fig. 3d displays the
inuence of the IDR of the 3DH scaffold on the PCD of
20 mg L−1 p-cresol. Scaffolds with 25%, 50%, and 75% IDR were
fabricated, carrying corresponding average weights of 2.751 ±

0.129 g, 2.262± 0.264 g, and 5.513± 0.059 g. As anticipated and
displayed in the inset of Fig. 3d, aer the application of Bi4O5I2
coating (N = 10), the respective measured weights of Bi4O5-
I2@3DH composites increased to 2.783± 0.131 g (L= 32.3± 2.2
This journal is © The Royal Society of Chemistry 2026
mg), 3.386± 0.263 g (L= 123.6± 3.6 mg), and 5.680± 0.054 g (L
= 167.5 ± 4.5 mg). Furthermore, under 4 h of LED irradiation,
the observed PCD efficiencies for the IDR scaffolds were 68%
(IDR = 25%), 99.78% (IDR = 50%), and 93.9% (IDR = 75%).
Evidently, 25% IDR demonstrated the lowest efficiency, which
can be attributed to inadequate surface area for the immobili-
zation of the catalyst. On the other hand, the 75% IDR scaffold
exhibited the highest catalyst loading; however, its PCD
performance was slightly inferior to that of the 50% IDR. Such
disagreement is likely attributed to the increased structural
density, which may prevent light penetration. Claes et al.74

similarly reported that in packed bed reactors, whereby fewer
structural features increased catalyst density but imposed more
light-scattering limits, hence lowering overall efficiency. In the
as-fabricated 3DH, the denser inll possibly triggered internal
light attenuation, therefore restricting the photocatalyst's effi-
cacy. The 50% IDR scaffold recorded the highest PCD efficiency
(99.78%), due to an optimal balance of exposed surface area and
catalyst distribution. Thereby being used in the subsequent
investigations.

(iii) Initial concentration of p-cresol. The initial concentration
of p-cresol (C0) is a crucial parameter for evaluating the PCD
potency of a Bi4O5I2@3DH, particularly under constant irradi-
ation time (4 h). In this regard, the activity of Bi4O5I2@3DH was
assessed across a range of C0 values (1–50 mg L−1), as shown in
Fig. 3e. The results revealed a progressive decline in PCD effi-
ciency with increasing C0. Specically, for concentrations up to
J. Mater. Chem. A, 2026, 14, 2871–2883 | 2875
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20 mg L−1, nearly complete PCD (∼100%) was achieved within
4 h reactions, identifying 20 mg L−1 as the threshold for the
comprehensive pollutant breakdown under the given condi-
tions. The subsequent decline in PCD (beyond 20 mg L−1) can
be ascribed to the limited availability of active sites on Bi4O5-
I2@3DH,75 which were insufficient to degrade higher pollutant
concentrations.4,26 Hence, the C0 of 20 mg L−1 was used in the
subsequent analysis.

(iv) Initial pH of aqueous solution. Typically, the pH of the
aqueous medium plays a pivotal role in the PCD of pollutants,
as it governs both pollutant adsorption and catalyst stability.4,76

In the current examination, the pH of the p-cresol solution was
varied from 2.5 to 12.5 to assess its impact on PCD efficiency
(Fig. 3f). Reasonably consistent with our previous study,26 the
highest PCD was attained at unadjusted pH 6.5 (99.78%) fol-
lowed by approximately 10% and 4% decline at pH 7.5 and 5,
respectively. However, a marked drop in PCD can be perceived
at extreme pH values (2.5 and 12.5), consistent with bismuth
oxyiodide materials-based investigations.4,26

The zeta potential analysis revealed a point of zero charge
(PZC) of 5.5 for the hematite/Bi4O5I2 composite, indicating
a positively charged surface below this pH and a negative charge
above it.26 Meanwhile, the dissociation constant (pKa) of p-
cresol (∼10.3)77,78 dictates its speciation: the neutral form
dominates below pH 10.3, transitioning to its anionic form
beyond this value (Fig. S5a). Thus, the decline in PCD efficiency
at pH > 10.3 can be attributed to electrostatic repulsion between
the negatively charged catalyst surface and anionic p-cresol,
Fig. 4 Deposition of Bi4O5I2 on hematite (001): (a) initial configurationwit
optimization; (c) final structure showing interfacial Fe–O. (d) Band struc

2876 | J. Mater. Chem. A, 2026, 14, 2871–2883
which hinders adsorption. Additionally, excess OH− ions may
scavenge photogenerated hydroxyl radicals (cOH), as reported
by Malefane79 and Xiong et al.,80 thereby reducing the avail-
ability of reactive species. Moreover, the redox potential of cOH
radicals decreases under alkaline conditions, contributing to
the diminished photocatalytic activity at mild alkalinity.81,82

Therefore, pH 6.5 is optimal for PCD using Bi4O5I2@3DH, with
a recommended operational range between pH 5 and 10.
3.4. DFT-supported charge transfer mechanism in
Bi4O5I2@3DH heterojunction

Experimental results conrmed the formation of an S-scheme
heterojunction between hematite and Bi4O5I2,26 but several
properties at the interface are still challenging to determine
using only analytical techniques. These include the precise
nature of charge redistribution at the heterointerface, local
variations in band alignment, and the inuence of intrinsic
defects on electronic behavior. Such factors are crucial for
understanding the charge transfer path and establishing the
internal electric eld (IEF). Therefore, DFT simulations were
carried out to gain atomistic insight into the structural and
electronic interactions within the Bi4O5I2@3DH composite that
underpin its photocatalytic performance.

3.4.1. DFT simulation of the interaction between hematite
and Bi4O5I2. Aer geometry optimization, the lattice parameters
obtained for the bulk structures were: a = b = 5.17 Å, c = 13.86
Å, a = b = 90.0°, g = 120.0° for hematite; and a = 10.93 Å, b =

5.64 Å, c = 14.63 Å, a = 90.00°, b= 98.26°, g = 90.0° for Bi4O5I2.
h the flake positioned above the substrate; (b) intermediate state during
ture evolution of the Bi4O5I2/hematite heterojunction.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Charge density difference (Dr) maps. (a) Top view of the hematite (001) monolayer; (b) isolated Bi4O5I2 flake; (c) side view of the hematite/
Bi4O5I2 heterostructure interface. Red and blue isosurfaces represent regions of electron depletion (Dr < 0) and accumulation (Dr > 0),
respectively, highlighting the interfacial charge transfer.
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These values are in good agreement with the experimental data,
with deviations of approximately 3%,26 conrming the accuracy
of the computational method employed. Regarding the surfaces
used for constructing the heterostructure, we selected those
with higher structural stability and without signicant defor-
mation, based on insights from the literature as well as X-ray
diffraction (XRD) results. For the hematite (001) surface, the
optimized 4 × 4 × 1 supercell presents the following parame-
ters: a = b = 21.04 Å, c = 56.68 Å, a = b = 90.0°, g = 120.0°.

Regarding their electronic properties, the values calculated
for hematite and Bi4O5I2 in their respective bulk forms are
consistent with experimental data and recent literature, exhib-
iting deviations of less than 10%.26,83,84 For the hematite (001)
monolayer used to model the substrate, comparisons with
theoretical and experimental data must consider the strong
dependence of the electronic band gap on the slab thickness.
For systems with dimensions similar to those employed in the
present study, the simulations reported in the literature show
a comparable trend in band gap values.85 Finally, for the
heterojunction, our results reproduce the same trend observed
experimentally, with the simulations indicating a reduction of
approximately 67% in the electronic band gap. It is worth
noting that such discrepancies are expected when using the
Perdew–Burke–Ernzerhof (PBE) functional,6 which is known to
underestimate band gap values.86

Based on the agreement between the calculated structural
and electronic properties26 and the available experimental data,
we proceeded to model the deposition process of Bi4O5I2 onto
the hematite substrate. Fig. 4a shows the initial conguration of
the system, with the hematite (001) substrate, periodic along the
x and y directions, and the Bi4O5I2 ake positioned at an initial
height of approximately 3.5 Å. During the structural optimiza-
tion, Bi4O5I2 moves closer to the substrate, resulting in a vertical
displacement of some Fe atoms within the hematite structure
(Fig. 4b). When considering an isolated Bi4O5I2 fragment, some
atoms lack full valence coordination and tend to form bonds
with atoms from the substrate. In the nal optimized geometry,
shown in Fig. 4c, the formation of Fe–O bonds at the interface is
observed. Importantly, Fig. 4c shows a displacement of an Fe
atom close to an I atom, but no bond formations were found.
This journal is © The Royal Society of Chemistry 2026
In the context of investigating photolysis and PCD of cresols
(p-cresol, o-cresol, and m-cresol), employing 3DH and Bi4O5I2,
as well as their surface-based combinations, we aimed to
elucidate the electronic phenomena occurring at the semi-
conductor interface. These interfacial effects are directly linked
to the efficiency observed in the photocatalytic processes, as
discussed in the experimental section. In this regard, Fig. 4d
illustrates the evolution of the electronic band structure of the
heterostructure formed between hematite and Bi4O5I2, high-
lighting two key stages: the isolated electronic structures and
the interface formed upon contact. We see in Fig. 4d the
structures of the two isolated semiconductors Bi4O5I2 and
hematite, both of which exhibit behavior typical of n-type
semiconductors, with their Fermi levels located closer to the
conduction band. Understanding this initial alignment is
essential for elucidating the nature of the heterojunction
formed. The electronic structure no longer reects a classic p–n
junction but instead indicates the formation of a heterojunction
of the S-scheme type, as shown by the band bending and spatial
charge redistribution at the interface. In the S-scheme model,
photogenerated electrons in the conduction band of Bi4O5I2
and holes in the valence band of hematite are preserved aer
recombination of the less energetic carriers across the interface.
The resulting band alignment, with a narrowed interfacial band
gap (∼0.6 eV), enables efficient separation of charge carriers,
crucial for enhanced photocatalytic performance.

The realignment of Fermi levels upon contact leads to
a built-in potential (Vbi), facilitating the migration of charge
carriers and forming a depletion region characterized by the S-
scheme interface. As illustrated in Fig. 4d, the shaded areas and
charge symbols indicate the recombination of lower-energy
carriers while preserving the more reactive ones on opposite
sides of the junction.

We also investigated the inuence of point defects (vacan-
cies) in both materials. In general, the semiconducting char-
acter of the materials is preserved in the presence of oxygen or
iodine vacancies, which are thermodynamically more likely to
occur. However, the removal of a Fe atom from hematite
introduces metallic states, resulting in a more signicant
perturbation of the crystal lattice. Nevertheless, such a defect is
J. Mater. Chem. A, 2026, 14, 2871–2883 | 2877
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considered less probable in this type of nanomaterial. Addi-
tionally, we observed that the presence of vacancies can reduce
the work function by up to 1.5 eV, reaching values near 2.5 eV.
Although the reduction affects the interfacial potential barrier,
it does not inhibit the formation of the S-scheme heterojunction.
Our ndings suggest that vacancy-free models provide a more
accurate representation of the experimentally observed
behavior. Finally, we analyzed the charge transfer process
between the hematite substrate and the Bi4O5I2 ake based on
the charge density variation illustrated in Fig. 5. The variation
provides a spatial representation of how the electrons are
redistributed throughout the system. In the context of hetero-
structures, the charge density difference (Dr) is particularly
signicant, as it reveals the interfacial charge transfer between
the system's components. Regions with Dr > 0, represented in
blue, indicate electron accumulation and, thus, an increase in
negative charge. In contrast, regions with Dr < 0, shown in red,
reect electron depletion and a reduction in negative charge.

In the (001) hematite monolayer, shown in Fig. 5a, Dr is
negative around the Fe atoms and positive around the O atoms,
which is consistent with the structural features of the mono-
layer. Upon removal of periodicity along the direction now
occupied by the vacuum, some oxygen atoms are le with
incomplete valence shells, facilitating a degree of electron
donation from neighboring Fe atoms while maintaining the
material's structural integrity. In Fig. 5b, a predominant elec-
tron gain is observed on the oxygen atoms, which is expected
since oxygen requires relatively few electrons to complete its
valence shell, leading the structure to seek a new electronically
stable conguration. At the interface, illustrated in Fig. 5c, the
analysis focuses on regions where Fe–O bonds are formed. A net
charge loss is observed on the Fe atoms, accompanied by
Fig. 6 (a) Electrons and holes transfer mechanism at the heterointerfa
resonance spectra of DMPO-cO2

− and DMPO-cOH adduct signals after

2878 | J. Mater. Chem. A, 2026, 14, 2871–2883
a corresponding charge gain on atoms belonging to the Bi4O5I2
ake. To quantify the observed charge transfer, we calculated
the difference in the total charge of each atom composing the
(001) hematite monolayer before and aer contact with Bi4O5I2.
The results reveal a net charge loss of approximately −0.9
electrons from the hematite side. Applying the same method to
Bi4O5I2, we obtained a net gain of +0.9 electrons aer contact
with the hematite substrate. Despite charge transfer, the total
net charge of the (001) monolayer/Bi4O5I2 system remained
overall neutral, and the net transfer of approximately −0.9
electrons from hematite to Bi4O5I2 supports the classication of
both materials as n-type semiconductors, with hematite acting
as the electron donor and Bi4O5I2 as the electron acceptor. The
resulting redistribution and recombination of charge carriers at
the interface conrm the formation of an S-scheme hetero-
junction, with an internal electric eld (IEF) oriented from
hematite to Bi4O5I2. This conguration provides an ideal envi-
ronment for charge separation and enhanced photocatalytic
activity, particularly in cresol degradation reactions.

Importantly, the DFT+U results, including band alignment,
charge transfer analysis from hematite to Bi4O5I2, and semi-
conducting characteristics, are consistent with the formation of an
S-scheme heterojunction. and aligned well with our previous
study.26 Accordingly, a schematic representation of the validated S-
schememechanism is provided in Fig. 6a, illustrating the induction
of an IEF directed from hematite (RP: reduction photocatalyst) to
Bi4O5I2 (OP: oxidation photocatalyst).87,88 However, charge carriers
are photoexcited and spatially separated within their respective
semiconductors upon light irradiation. The photogenerated holes
in the valence band of OP participate in the oxidation of water
molecules to produce hydroxyl radicals (cOH), while the electrons
in the conduction band of RP reduce oxygen molecules to form
ce of hematite and Bi4O5I2 photocatalysts. (b) Electron paramagnetic
20 min irradiation.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) Plausible degradation pathways of p-cresol. (b) In vitro (CFU) bio-toxicity test: (i) DI water, i.e., control, (ii) untreated p-cresol sample,
and (iii) 240min photocatalytically degraded p-cresol sample. QSARmodel-based TEST software profiles: (c)* predicted LC50 values forDaphnia
magna (48 h) and Fathead minnow (96 h), and (d)† binary endpoints, i.e., developmental toxicity and mutagenicity. [*Very toxic (#1 mg L−1), toxic
(2–10mg L−1), harmful (11–100mg L−1), and non-toxic ($100mg L−1).91 †If calculated score < 0.5, then activity= negative else if calculated score
$ 0.5, then activity = positive91].
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superoxide radicals (cO2
−). These reactive oxygen species (ROS)

then work synergistically to degrade cresols into intermediates,
eventually mineralizing them into CO2 and H2O. Meanwhile, low-
energy charge carriers recombine at the heterointerface,89

enhancing the selectivity and efficiency of the PCD process. In
addition, electron paramagnetic resonance (EPR) spectroscopy was
employed to conrm the generation of these radicals. As shown in
Fig. 6b, the characteristic DMPO-cO2

− and DMPO-cOH adduct
signals were detected aer 20 min of visible light irradiation,
thereby validating the radical formation during photocatalysis.26
3.5. In vitro and in silico bio-toxicity assessment

As evident from Fig. S6, the 4 h light irradiation on Bi4O5-
I2@3DH composite led to the partial mineralization of aqueous
p-cresol (TOC removal efficiency, i.e., TRE 74.63%), resulting in
the formation of various intermediate and degradation prod-
ucts (IDPs). In order to identify these IDPs, four representative
samples were extracted from the photocatalytic reactor at t =
−30, 60, 120, and 240 min. Subsequently, the extracted samples
were analyzed using LC-MS/MS, and the IDPs were identied
based on their m/z ratios in the mass spectra shown in Fig. S7,
which were further corroborated by literature reports.89,90

Accordingly, the plausible degradation pathways of p-cresol
were illustrated in Fig. 7a, showing the transformation of the
parent compounds into various IDPs denoted as TP-n (where n
= 0, 1, 2.), followed by their eventual mineralization into CO2

and H2O, as explained in Section S6 of SI.
In the in vitro test, explicit CFU disparity was observed among

the three Petri dishes (Fig. 7b); the DI water (control) exhibited the
highest CFUs, followed by a photocatalytically treated sample and
lastly, the untreated sample, shown in Fig. 7b(i–iii). These obser-
vations demonstrate the reduction in bio-toxicity aer PCD, and
This journal is © The Royal Society of Chemistry 2026
the resemblance of CFUs between control and treated samples
advocates the reduced bio-toxicity induced by the IDPs.

On the other hand, to conduct the in silico ecotoxicity assess-
ment, a QSAR model-based TEST soware55 was used, which
estimated crucial ecotoxicological endpoints based on molecular
structure. These endpoints include acute aquatic toxicity (e.g., LC50

for Daphnia magna and fathead minnow), binary endpoints
(mutagenicity and developmental toxicity, referred to as DT), and
bioaccumulation factor (BCF). The predicted results for the IDPs
of p-cresol are summarized in Table S2, which includes their
chemical structures, LC50 values, and corresponding ecotoxico-
logical proles. Based on their LC50 values, the p-cresol is cate-
gorized as “harmful” according to the Globally Harmonized
System of Classication and Labelling of Chemicals (GHS).91

However, p-cresol showed negative DT, suggesting no signicant
DT. These ndings are detailed in Table S2. Furthermore, the IDPs
displayed varied toxicity proles, with LC50 and binary endpoints
delineated in Fig. 7c and d, respectively. Consistent with the CFU
observations, the toxicity parameters predicted using TEST also
indicated a reduction in the ecotoxicity associated with the various
IDPs.
3.6. Practical signicance of Bi4O5I2@3DH composite

3.6.1. Application of Bi4O5I2@3DH in various water
matrices. To enable commercial applications, a catalyst must be
strong enough to withstand the complex and oen unfavorable
conditions of various real water matrices, such as tap water,
pond water, and secondary treatment effluent (STE) from
a sewage treatment plant (STP). Table S3 of the SI provides the
physico-chemical characteristics of these matrices. The PCD of
p-cresol using Bi4O5I2@3DH was evaluated under the optimized
operational conditions described in Section 3.3.1. As shown in
J. Mater. Chem. A, 2026, 14, 2871–2883 | 2879
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Fig. 8 Practical significance of Bi4O5I2@3DH composite: (a) application of Bi4O5I2@3DH in various water matrices, the individual PCD
performance of (b) p-cresol, (c) o-cresol and (d)m-cresol. (e) Simultaneous degradation of the isomeric mixture was evaluated in terms of TOC
removal efficiency and (f) reusability of as-fabricated Bi4O5I2@3DH scaffold over 10 cycles.
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Fig. 8a, the highest PCD was achieved in tap water (92.72%),
followed by pond water (68.26%) and STE (58.21%). Compared
to the control (DI water), the reduced photocatalytic activity in
real water matrices is attributed to the presence of co-existing
ions and organic/inorganic constituents, which interfere with
the degradation process through radical scavenging (e.g., by
anions), light attenuation (due to turbidity and chemical oxygen
demand, COD), and deactivation of active sites (by COD and
nitrate).92 The observed trend in PCD efficiency (tap water >
pond water > STE) is consistent with previous photocatalytic
studies on real water matrices and corresponds to the
increasing levels of interfering substances reported in Table S3,
with the highest in STE and the lowest in tap water.4,26,93 These
ndings highlight the applicability of the Bi4O5I2@3DH
composite across diverse water matrices.

3.6.2. Simultaneous removal of cresols. In addition to co-
existing ions, co-existing organic contaminants represent
another critical challenge that catalysts encounter in the PCD
process's real-world applications. In this regard, the PCD of
a mixture of cresol isomers (p-cresol, m-cresol, and o-cresol) was
examined under the optimized conditions using the Bi4O5I2@3DH
scaffold. The initial concentrations of each isomer in the mixture
varied from 1 mg L−1 to 20 mg L−1. Moreover, the individual PCD
performance of p-cresol,m-cresol, and o-cresol is presented in Fig.
8b–d.

Of note, owing to the similar retention times of p-, o-, andm-
cresol (provided in Section S4), the overlapping HPLC peaks
were observed in samples containing the cresol mixture. Such
overlap could lead to an inaccurate assessment of individual
degradation efficiencies. Therefore, the simultaneous degrada-
tion of the isomeric mixture was evaluated in terms of TRE, as
shown in Fig. 8e. The TRE decreased from 98.74% to 56.17% as
2880 | J. Mater. Chem. A, 2026, 14, 2871–2883
the initial concentration of the cresol isomers increased from
1 mg L−1 to 20 mg L−1, indicating a concentration-dependent
reduction in PCD efficiency. However, at 20 mg L−1, the TREs
for the individual isomers (Fig. S6) were 74.63% (p-cresol),
72.51% (o-cresol), and 71.88% (m-cresol), suggesting that the
presence of multiple isomers signicantly affected the overall
photocatalytic performance of Bi4O5I2@3DH.

3.6.3. Reusability and stability test. Although immobiliza-
tion facilitates catalyst recovery from aqueous systems, its long-
term stability and reusability must also be carefully evaluated to
ensure sustained performance in practical applications. In this
context, the Bi4O5I2@3DH structure was subjected to ten
consecutive PCD cycles of p-cresol under optimized conditions.
As shown in Fig. 8f, only a decrease of 15.72% in degradation
efficiency was observed, which may be attributed to the gradual
loss of photocatalyst and active sites during reuse.94 However,
the inductively coupled plasma mass spectrometry (ICP-MS)
analysis conrmed that any leaching of active components
was below the instrument's detection limit, indicating good
chemical stability. Importantly, the photocatalyst was reused in
successive cycles without any further cleaning or regeneration.
The synthesized Bi4O5I2@3DH exhibited good structural
stability and reusability, underlining its potential for use in
continuous-ow reactors for real-eld applications.

In addition, Table S4 presents a contrasting overview of the
PCD performance of Bi4O5I2@3DH scaffold and other reported
immobilized photocatalyst systems targeting PCs. Notably, the
present study distinguishes itself by achieving near-complete
degradation of cresol isomers under visible-light irradiation
using a 50 W LED source.
This journal is © The Royal Society of Chemistry 2026
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4. Conclusions

The present study demonstrates the development of a Bi4O5I2-
decorated 3D-printed hematite scaffold (Bi4O5I2@3DH) for the
efficient PCD of cresol isomers under visible light. Unlike
conventional inert supports (e.g., glass or ceramic), the engineered
photoactive hematite scaffold synergistically contributes to the
photocatalytic activity via interfacial charge transfer with Bi4O5I2,
as conrmed by DFT+U simulations. Moreover, the DIW-based 3D
printing approach allowed precise control over inll density, which
provided a high exposed surface area, facilitating enhanced
photon–catalyst interactions. Consequently, the optimized Bi4O5-
I2@3DH achieved nearly complete p-cresol degradation (99.78%)
with minimal adsorption, indicating superior efficiency across
diverse water matrices and in the presence of multiple cresol
isomers. Remarkably, the current photocatalyst system exhibited
high reusability, structural robustness, and partial mineralization
with reduced ecotoxicity. Thus, establishes its potential as a scal-
able, sustainable, and eld-deployable system for water and
wastewater remediation.
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