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Bismuth oxyhalides (BiOX) exhibit limited sunlight absorption and utilization, presenting a challenge for their
effectiveness in photocatalytic applications. This study draws inspiration from the sensitization effects of
natural chlorophyll on semiconductor photocatalysts, achieving in situ synthesis of chlorophyll-sensitized
BiOX photocatalysts through a precipitation method. The photocatalytic activity of these materials was
evaluated under blue light irradiation (410-420 nm LED) using Rhodamine B (RhB) as a model pollutant.
Experimental results reveal that chlorophyll derived from Chlorella effectively sensitized BiOX samples,
changed them specific surface area, and surface potential, thereby enhancing RhB degradation
efficiency. Among the as-prepared BiOX materials, BiOBr demonstrated the most pronounced
improvement, achieving a 97.8% degradation rate for 20 mg per L RhB within 90 min after sensitization.
Mechanistic investigations through free radical trapping experiments identified superoxide radicals (‘O,7),
photogenerated electrons () and holes (h") as the key reactive species driving RhB degradation. This
study underscores the critical role of chlorophyll sensitization in improving the photocatalytic efficiency
of BiOX and provides a comparative analysis of the photocatalytic performance of BiOCl, BiOBr, and
BiOl. The findings offer valuable perspectives for the advancement and practical implementation of
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Introduction

Semiconductor photocatalysis has emerged as a highly promising
technology in environmental and energy research, offering
a clean, economical, and energy-efficient advanced oxidation
process." However, the limitations in inappropriate band gap and
low solar energy utilization remain significant bottlenecks,
hindering the widespread practical application of these photo-
catalysts.” Bismuth oxyhalides (BiOX, X = Cl, Br, I), a novel layered
structure material, has garnered considerable attention in the
fields of photocatalysis. The presence of different halogen atoms
in BiOX results in varying band gaps, i.e., BiOI (~1.7 eV), BiOBr
(~2.6 eV), and BiOClI (3.2-3.5 €V).>” Similar to commonly used
photocatalysts such as TiO,, ZnO, or WO3, BiOX has drawbacks.
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sensitized photocatalysts in environmental remediation.

For instance, the narrow band gap of BiOI results in rapid
electron/hole recombination, while the wide band gap of BiOCl
restricts its activity under visible light.® Strategies such as doping,’
surface modification,® heterojunction formation,® and composite
structuring® have been employed to address these issues.

In recent years, biomass extracts have gained attention as
eco-friendly agents in the synthesis of nanoparticles, including
TiO,," ZnO,"* Ag,"* Au,” Pt," and CuO." This approach reduces
environmental impact by minimizing waste and avoiding
hazardous chemicals. Biomass extracts, enriched with func-
tional groups like aldehydes, phenolic hydroxyls, and carboxyls,
facilitate surface modification and enhance interactions
between biomolecules and nanoparticles.*® Active biomolecules
in these extracts act as bio-reductants, providing precise control
over the shape and size of nanoparticles."” Additionally,
biomass extracts exhibit excellent photosensitization proper-
ties, broadening the photoresponse range of photocatalysts.'®*®
However, when bioextracts are utilized in situ, their influence on
the morphology and surface characteristics of the photocatalyst
is often overlooked.

Chlorophylls derived from Chlorella have demonstrated
potential as natural sensitizers to enhance photocatalytic
degradation efficiency. Chlorella contains a wide range of
bioactive components, including proteins, amino acids,
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polysaccharides, fatty acids, vitamins, minerals, and
pigments.** Lipophilic pigments such as chlorophyll and
carotenoids comprise 3-5% of the dry weight of Chlorella, with
chlorophyll alone accounting for 0.5-1.5%, a concentration
significantly higher than that in most vegetables.>® Chloro-
phyll's excellent solar absorption properties, spanning visible to
near-infrared wavelengths, make it a highly effective photo-
sensitizer.”* Its application as a photosensitizer requires effec-
tive chemical bonding to semiconductor surfaces, broad light
absorption, rapid electron transfer to the semiconductor, and
minimized electron/hole recombination.”” Previous studies
have explored the sensitizing role of Chlorella chlorophyll in
photocatalytic applications. For instance, our group investi-
gated Rhodamine B (RhB) degradation using BiOCl loaded onto
3D-printed models with Chlorella, indicating a possible photo-
sensitizing effect of chlorophyll. However, the specific mecha-
nisms and the sensitizing roles of chlorophyll on other BiOX
variants have not been systematically examined.

This study addresses these gaps by extracting chlorophyll
from Chlorella via ethanol soaking and evaluating its ability to
sensitize BiOX (BiOCl, BiOBr, BiOI) for RhB degradation under
visible LED light (410-420 nm). In this paper, chlorophyll is
adsorbed onto the BiOX surface, modifying BiOX to form a Ch-
BiOX composite material with enhanced sensitization proper-
ties. The results reveal that chlorophyll sensitization signifi-
cantly enhances the photocatalytic efficiency of BiOX, with
BiOBr showing the highest performance. Differences in photo-
catalytic activity among BiOX variants are analyzed, and the
effects of various parameters on the degradation process are
discussed in detail. This work provides novel insights into the
role of Chlorella-derived chlorophyll in improving the photo-
catalytic efficiency of BiOX materials.

Materials and methods
Chemical reagents and materials

Chlorella powder used in this experiment was obtained from
Fuqing Xindaze Spirulina Co Ltd. Deionized water was obtained
using a Milli-Q system (Millipore). Bismuth nitrate pentahy-
drate (Bi(NO;);-5H,0), potassium chloride (KCl), potassium
bromide (KBr), potassium iodide (KI), anhydrous ethanol,
benzoquinone (BQ), potassium dichromate (K,Cr,05), ammo-
nium oxalate (AO), isopropyl alcohol (IPA), and Rhodamine B
(RhB) were used directly without further purification.

Extraction of chlorophyll from Chlorella

0.2166 g of Chlorella powder was put into a beaker containing
50 mL of anhydrous ethanol and wrapped in tinfoil. The
mixture was then stirred magnetically at 50 °C for 48 h, followed
by centrifugation at 10 000 rpm for 3 min to obtain the chlo-
rophyll extract of Chlorella (hereafter referred to as chlorophyll
extract).

Preparation of BiOX catalysts

0.97 g of Bi(NO3);-5H,0 was completely dissolved in a conical
flask containing 20 mL of chlorophyll extract (designated as
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liquid A). Subsequently, 10 mL of KCI solution (liquid B, 15 g
L") was added dropwise to the mixture under continuous
magnetic stirring at room temperature to ensure thorough
mixing. The resulting solution was then placed in a constant-
temperature shaker and oscillated for 1 h (at 25 °C, 200 rpm).
The precipitate was collected by centrifugation, washed
multiple times with deionized water to remove impurities, and
dried in a vacuum oven at 110 °C for 8 h to obtain the BiOCI
catalyst containing chlorophyll extract (abbreviated as Ch-
BiOCl).>***

The preparation of BiOBr and BiOI catalysts containing
chlorophyll extract followed a similar procedure, with variations
in liquid B. For BiOBr preparation, KCl in liquid B was replaced
with 0.238 g of KBr, which was fully dissolved after 5 min of
sonication. The subsequent steps were identical to those for Ch-
BiOCl, yielding the Ch-BOB catalyst. For BiOI preparation,
1.16 g of Bi(NO;);-5H,0 was used in liquid A, and KCl in liquid
B was replaced with 0.4 g of KI, fully dissolved after 5 min of
sonication. The subsequent steps were consistent with those for
Ch-BiOCl, yielding the Ch-BiOI catalyst.

BiOX catalysts without chlorophyll extract (referred to as EA-
BiOX) were prepared similarly, with ethanol replacing the
solvent in liquid A.

Characterization

The morphologically and elemental analysis of the samples was
conducted using a field emission scanning electron microscope
(SEM, SU-1510) coupled with an energy-dispersive spectrometer
(EDS). Nanostructures were examined through high-resolution
transmission electron microscopy (TEM, Tecnai Talos F200 s,
FEI). The crystallization properties were assessed using an X-ray
diffractometer (XRD, D8 Advance, Bruker, Germany). The
chemical composition and elemental states were analyzed by X-
ray photoelectron spectroscopy (XPS, Escalab 250xi, Thermo
Fisher). The optical characterization has been performed by UV-
visible spectrophotometry (UV-3600, Shimadzu, Japan). The
chemical structure was characterized using Fourier transform
infrared spectroscopy (FT-IR, Nicolet 5700). Specific surface
area and pore size distribution were determined with an
adsorption autoanalyzer (ASAP 2460, Micromeritics). Zeta
potential and particle size measurements were performed using
zeta potential analyzer (Malvern Zetasizer Nano ZS90).

Photocatalytic degradation of RhB

To evaluate the photocatalytic properties of the prepared
samples, a series of experiments for the degradation of RhB
were conducted. Typically, 10 mg of the catalyst was dispersed
in 50 mL of RhB solution (20 mg L™%). To achieve adsorption-
desorption equilibrium, the mixture was stirred in the dark for
30 min prior to initiating photocatalytic degradation. Photo-
catalysis was performed using a 50 W LED blue light lamp (410-
420 nm) as the light source, with continuous vigorous
mechanical stirring throughout the process. 3 mL of solution
was taken every 30 min for UV-visible spectroscopic analysis,
with the absorbance at 554 nm used to determine the RhB
concentration in the solution.

RSC Adv, 2025, 15, 4820-4828 | 4821
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The proposed first order kinetic constant k can be
calculated as:

—In(C/Cy) = kt

where C, and C, denote the concentration of RhB in the initial
state and at a specific time, respectively.

In addition, the specific photocatalytic mechanism was
investigated by introducing scavengers into the reaction system
to identify the primary active species. AO, K,Cr,05, BQ, and IPA
were employed to scavenge h', €7, "O,, and -OH, respectively.
The experimental conditions remained consistent with those
described above, except for the addition of scavengers.

Results and discussion
Photocatalytic investigation

To evaluate the photocatalytic performance of EA-BiOX and Ch-
BiOX, RhB was selected as a typical organic pollutant for
degradation experiments. Initially, the complete adsorption in
the dark and photocatalytic degradation of RhB were conduct-
ed. Fig. 1a shows that the samples exhibited varying physical
adsorption capacities during the dark reaction, which were
depended on the surface area of the active site of the materials.
The photocatalytic efficiencies of the Ch-BiOX materials were
consistently higher than those of the EA-BiOX materials, as
depicted in Fig. 1b. This suggests that chlorophyll from Chlor-
ella enhances the photocatalytic activity of BiOX. Notably, Ch-
BiOBr demonstrated the highest k-value of 5.17 x 107°
(Fig. 1c), and Ch-BiOBr exhibited the best photocatalytic
performance. Among the as-prepared BiOX materials, Ch-BiOBr
demonstrated the most pronounced improvement, achieving
a 97.8% degradation rate for 20 mg per L RhB within 90 min.
Therefore, follow-up work will focus on further investigating the
photocatalytic properties of Ch-BiOBr.
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Fig. 1 Photocatalytic degradation of RhB with as-prepared samples
under blue light photo-irradiation. (a) Dark adsorption process of RhB
with EA-BiOX and Ch-BiOX, (b) C/Cy and (c) k-value plots (inset: error
bars indicate standard deviation for three measurements) of RhB
degradation with EA-BiOX and Ch-BiOX.
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Morphology of EA-BiOBr and Ch-BiOBr

The morphology of EA-BiOBr and Ch-BiOBr was analyzed by
SEM to verify the possible changes in its microstructure (Fig. 2).
As can be observed from Fig. 2(a and b), EA-BiOBr exhibits
a sheet-like structure and Ch-BiOBr exhibits an irregular
spherical structure, and this morphological change may be
attributed to the effect of chlorophyll extract. In order to verify
the changes in particle size before and after BiOBr sensitization,
the particle size statistical analysis was carried out, as shown in
Fig. 2(c and d) for EA-BiOBr and Ch-BiOBr, respectively, and it
was found that the average particle size of Ch-BiOBr was 0.07 +
0.014 pm, which was less than the average particle size of EA-
BiOBr 0.27 £+ 0.06 um. To compare the morphology changes
and particle size distributions of BiOCl and BiOI, SEM and
particle size statistical analysis were also performed on them
(Fig. S1 and S27). Similar to BiOBr, the particle sizes of Ch-BiOCl
and Ch-BiOI decreased. This is all due to the effect of chloro-
phyll on the size of the catalyst.”

TEM analysis revealed spherical BiOBr particles (Fig. 3a and
b), consistent with the SEM observations. According to the high-
resolution transmission electron microscopy (HRTEM) in
Fig. 3c, the lattice spacing was measured at 0.35 nm, corre-
sponding to the (101) crystallographic plane of BiOBr, which
aligns with reported literature values.>® Additionally, elemental
mapping using energy dispersive spectroscopy (EDS) was per-
formed to determine the composition and provide detailed
characterization of BiOBr. The results demonstrate that the
elements of Bi, Br, and O are uniform distributed throughout
the BiOBr material (Fig. 3d-g), confirming its successful
synthesis. The detection of Mg and N elements further confirms
the successful incorporation of chlorophyll from Chlorella into
the BiOBr (Fig. 3h and i), as these elements are derived from
chlorophyll extract.””*®* Additionally, EA-BiOBr was analyzed
using TEM, HRTEM, and EDS. TEM images revealed that EA-
BiOBr exhibited irregular flakes (Fig. S3a and b¥), consistent
with SEM observations. HRTEM analysis confirmed a lattice
spacing of 0.35 nm (Fig. S3ct), corresponding to the (101) plane

Ch-BiOBr  D=0.07+0.014pm
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Fig. 2 SEM images of (a) EA-BIiOBr and (b) Ch-BiOBr. Particle size
distribution histogram of (c) EA-BiOBr and (d) Ch-BiOBr.
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Fig. 3

of BiOBr, similar to Ch-BiOBr. The EDS elements mapping of
EA-BiOBr demonstrated the uniform distribution of Bi, Br, and
O (Fig. S3d-ft), confirming its successful synthesis. In contrast
to Ch-BiOBr, EA-BiOBr lacked detectable C, N, and Mg, further
confirming the successful loading of chlorophyll onto BiOBr in
the Ch-BiOBr composite.

XRD analysis

The crystal structure of BiOX synthesized using ethanol and
chlorophyll extract was characterized via X-ray diffraction
(XRD). Fig. 4 shows the XRD patterns of BiOBr synthesized
through both solvents of ethanol and chlorophyll extract. Both
EA-BiOBr and Ch-BiOBr exhibit diffraction peaks corresponding
to the tetragonal phase of BiOBr (JCPDS No. 09-0393). It can be
observed that the overall peak intensity of Ch-BiOBr is lower
than that of EA-BiOBr, except for the (101) plane. Since higher

Ch-BiOBr

Intensity (a.u.)

EA-BiOBr

| ’ BiOBr-PDF#09-0393
! | (i

| || I
26(%)

Fig. 4 XRD patterns of EA-BiOBr and Ch-BiOBr.
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(a and b) TEM images, (c) HRTEM image, and (d—i) EDS elements mapping of Ch-BiOBr.

peak intensity indicates better crystallinity, the crystallinity of
Ch-BiOBr is slightly lower than that of EA-BiOBr, likely due to
the presence of chlorophyll. This result is consistent with what
has been reported in the literature.® Reduced crystallinity typi-
cally correlates with smaller particle sizes, which are advanta-
geous for enhancing photocatalytic activity.*® The smaller
particle size of Ch-BiOBr aligns with the statistical analysis of its
particle size distribution in SEM, confirming that Ch-BiOBr
particles are smaller than those of EA-BiOBr. Additionally,
XRD analysis was conducted to compare the crystal structures of
BiOCl and BiOI before and after sensitization (Fig. S4a and b¥).
Like BiOBr, Ch-BiOCl and Ch-BiOI exhibit a slight reduction in
crystallinity while maintaining sharp diffraction peaks, indi-
cating the structural integrity of the materials.

XPS analysis

The composition and chemical state of the samples were exam-
ined using X-ray photoelectron spectroscopy (XPS). For Ch-BiOBr
and EA-BiOBr the elemental peaks of Bi, Br, O and C were
analyzed in detail. From the full spectrum, there are Mg, N, Br, O
and Bi elements, the first two elements from chlorophyll, and the
last three elements from BiOBr. However, there is no occurrence
of Mg and N elements in the full spectrum of EA-BiOBr (Fig. S5a
and b¥). High-resolution XPS spectra of Bi, Br, O and C were
obtained (Fig. 5a-d). Fig. 5a shows the spectra of Bi in Ch-BiOBr
and EA-BiOBr. In Ch-BiOBr the Bi 4f spectrum shows two peaks
at 164.2 and 158.9 eV, corresponding to Bi 4fs, and Bi 4f;),,
respectively, with a spin-energy separation of 5.3 eV, consistent

RSC Adv, 2025, 15, 4820-4828 | 4823
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Fig. 5 XPS spectra of Ch-BiOBr and EA-BIiOBr. (a) Bi element, (b) Br
element, (c) O element, (d) C element.

with the characteristics of Bi(IlI) in BiOBr. Compared to EA-
BiOBr, the binding energies of Bi 4f in Ch-BiOBr at 164.5 eV
and 159.2 eV were reduced by 0.3 eV. Fig. 5b shows the spectra of
Br in Ch-BiOBr and EA-BiOBr. In Ch-BiOBr, the Br 3d spectrum
reveals peaks at 68.9 and 67.8 eV, attributed to Br 3d;, and Br
3ds,,, respectively. Compared with EA-BiOBr, the binding energy
of Br at 69.3 and 68.4 eV is slightly reduced. Fig. 5¢ shows the
spectra of O in Ch-BiOBr and EA-BiOBr. In Ch-BiOBr at 532.1 eV
was due to the O in the O-H bond in chlorophyll, and the peak at
529.4 eV was the O-Bi bond in BiOBr. In EA-BiOBrt, only the O-Bi
bond from BiOBr appears in 529.9 eV, and there is no O-H bond.
Indicating that chlorophyll in Chlorella was loaded on BiOBr.
Fig. 5d shows the spectra of C in Ch-BiOBr and EA-BiOBr. In Ch-
BiOBr is the high-resolution XPS spectrum of C 1s with C=C
bonds at 284.2 eV, C-O bonds at 286.6 eV, and C=O0 bonds at
288.2 eV. These bonds are derived from chlorophyll. The C 1s
peak in EA-BiOBr is only 284.7 eV, which is due to the C-C bond
in background C, it was also verified that chlorophyll was
successfully loaded in Ch-BiOBr. XPS analysis of Ch-BiOCl and
Ch-BiOI was also carried out to verify the composition of the
samples (Fig. S6 and 77).

Optical properties

The UV-visible diffuse reflectance spectra (UV-vis DRS) are
shown in Fig. 6. As can be seen from Fig. 6a, Ch-BiOBr exhibits
stronger absorbance than EA-BiOBr in the wavelength range of
400-800 nm, which can be attributed to the optical activity of
chlorophyll and its sensitization effect on semiconductors.®
Additionally, Ch-BiOBr displays a characteristic absorption
peak around 690 nm, corresponding to chlorophyll in Chlorella,
whereas this peak is absent in EA-BiOBr, further confirming the
successful loading of chlorophyll onto BiOBr. The band gap
energy was calculated using the Kubelka-Munk formula:*

ahy = A(hy — Eg)”/2
where «, A, v, Eg, and A are the absorption coefficient, Planck's

constant, optical frequency, band gap energy, and constant,
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Fig.6 (a) UV-vis DRS and (b) (ahv)*'? versus hv curves of BiOBr, (c) UV-
vis DRS of chlorophyll extracts.

respectively. And n for BiOBr corresponds to an indirect leap
with a value of 4. As shown in Fig. 6b, the calculated E, values
indicate a slight decrease in the band gap of Ch-BiOBr, with Ch-
BiOBr exhibiting a band gap of 1.9 eV, compared to 2.4 eV for
EA-BiOBr. This reduction is likely due to the adsorption of
chlorophyll on the surface of Ch-BiOBr.** Fig. 6¢ shows the
ultraviolet diffuse reflectance spectroscopy (UV-vis DRS) of
chlorophyll extract, in which the absorption peaks of chloro-
phyll pigment are mainly distributed in the visible region of
350-500 nm and 630-700 nm. The absorption edge of the
chlorophyll extract is 690 nm, corresponding to a band energy
of 1.79 eV. This value aligns with the lowest unoccupied
molecular orbital (LUMO) energy of —1.22 V and the highest
occupied molecular orbital (HOMO) energy of 0.57 V for chlo-
rophyll,** closely matching the band gap value of 1.78 eV re-
ported by Cho et al..>* Consequently, the band gap of Ch-BiOBr
is slightly lower than that of EA-BiOBr. The narrower band gap
of Ch-BiOX compared to EA-BiOX suggests that Ch-BiOX is more
readily activated by visible light, generating a higher number of
photogenerated electrons and holes, which is advantageous for
photocatalysis. To further compare and validate the visible-light
absorption capacity of the other two BiOX compounds before
and after chlorophyll sensitization, additional UV-vis DRS
measurements were conducted (Fig. S8 and 9t). While both EA-
BiOI and Ch-BiOI exhibit the smallest band gaps, this can lead
to a higher recombination rate of photogenerated electron-hole
pairs, thereby reducing photocatalytic efficiency.*®

FTIR analysis

FTIR was employed to investigate the functional groups on the
surface of the materials. FTIR of EA-BiOBr, Ch-BiOBr and
chlorophyll extracts are shown in Fig. 7, the peaks of EA-BiOBr
and Ch-BiOBr at 577 cm™ ' correspond to the Bi-O bonds in
BiOBr, and the peaks of Ch-BiOBr and chlorophyll extracts at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR of Ch-BiOBr, EA-BIiOBr and chlorophyll extract.

817 and 1039 cm ! correspond to the tensile vibrations of C-H
and C-O-C from chlorophyll, respectively, while EA-BiOBr does
not have these two peaks. This indicates that chlorophyll is
loaded on BiOBr. At 3200-3500 cm ™, all three have broad
peaks, which are attributed to O-H vibrations in H,0. To
compare the characteristics of the infrared absorption peaks of
BiOCI and BiOI before and after sensitization, Ch-BiOCl and Ch-
BiOI also had peaks at 814 and 1039 cm ™' (Fig. S107), which
were attributed to the tensile vibration of C-H and C-O-C in
chlorophyll, while EA-BiOCl and EA-BiOI did not have these two
peaks, indicating that chlorophyll was loaded on BiOCIl and
BiOI. The peaks in at 508 cm ™" and at 564 cm ™' are Bi-O bonds
in BiOCI and BiOI (Fig. S10a and bt), respectively.

N, adsorption-desorption isotherms and pore size
distribution

N, adsorption-desorption experiments were performed to
assess the specific surface area and pore properties of the as-
prepared samples. The isotherms and pore distributions of
EA-BiOBr, Ch-BiOBr, EA-BiOCl, Ch-BiOBr, EA-BiOI and Ch-BiOI
are shown in Fig. 8, S11 and 12.7 The results indicate that the
incorporation of chlorophyll increased the specific surface area
of all Ch-BiOX compared to their ethanol-synthesized counter-
parts (Table 1), with Ch-BiOBr exhibiting the most significant
increase (Fig. 8b), it corresponds to the smallest average particle
size of Ch-BiOBr in SEM. A larger specific surface area generally
correlates with more active sites on the material's surface,
which enhances the interaction between the composite and
pollutant. This increase in surface area improves both the dark
adsorption efficiency and the photocatalytic performance under
visible light.

B141E onf] (a) gzo-EAo.sz £ b):
012180094 [ ? e 2 Eoze 1} l
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Fig. 8 N, adsorption—desorption isotherms and pore size distribution
of (a) EA-BIOBr and (b) Ch-BiOBr.
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Table 1 Specific surface area of EA-BIOX and Ch-BiOX

Catalyst Sper/(m* g71)
EA-BiOCl 4.32
EA-BiOBr 1.71
EA-BiOI 2.07
Ch-BiOCl 591
Ch-BiOBr 13.1

Ch-BiOI 2.98

Table 2 Zeta potentials of EA-BIOX and Ch-BiOX

Samples EA-BiOCl EA-BiOBr EA-BiOI
Zeta potential (mV) —6.14 15.73 27.83
Samples Ch-BiOCl Ch-BiOBr Ch-BiOI
Zeta potential (mV) —8.17 —22 22.76

Zeta potential

The stability of sensitized BiOX was determined by measuring
the zeta potentials of the samples and extracts. According to the
zeta potentials (Table 2), both Ch-BOX exhibit lower zeta
potentials compared to EA-BiOX. Specifically, Ch-BiOCl and Ch-
BiOI show smaller changes in zeta potential, with a change of
2.03 and 5.07 mV, respectively. In contrast, Ch-BiOBr exhibits
a more substantial decrease in zeta potential, from 15.73 to
—22 mV, representing a change of 37.73 mV. This indicates that
chlorophyll extract exerts a sensitizing effect on all BiOX, with
Ch-BiOBr demonstrating the greatest stability at —22 mvV,
highlighting the strongest sensitizing effect of chlorophyll
extract on BiOBr.

Interpretation of activity enhancement

The influence of initial pollutant concentration, photocatalyst
concentration, and the pH of the pollutant solution on the
degradation efficiency was investigated in detail. To validate the
sensitizing effect of chlorophyll in Chlorella on BiOBr, Ch-BiOBr
was immersed in anhydrous ethanol at 50 °C and 200 rpm for 2
days, followed by centrifugation to collect the Ch-BiOBr
powders. The photocatalytic degradation of RhB with the
treated Ch-BiOBr was compared to that with untreated Ch-
BiOBr. As shown in Fig. 9a, the degradation efficiency of
ethanol-treated Ch-BiOBr was significantly lower than that of
untreated Ch-BiOBr, with a degradation rate of 65.7% at 1.5 h
compared to 97.8% for the untreated Ch-BiOBr. This demon-
strates the critical role of chlorophyll from Chlorella in
enhancing the photocatalytic activity of BiOBr.

The degradation of RhB was also evaluated at different initial
concentrations (10, 20, 30, 40, and 50 mg L") using a fixed
amount of Ch-BiOBr (0.02 mg L"), as shown in Fig. 9b. Ch-
BiOBr effectively degraded RhB at all tested concentrations of
RhB, except for 50 mg L', where a degradation rate of 88% was
observed after 3 h. For all other concentrations, complete
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Fig. 9 Photocatalytic degradation of RhB by Ch-BiOBr samples under blue light irradiation. (a) C/Cq plots of RhB degradation by Ch-BiOBr
before and after soaking by ethanol. (b) C/Cq plots of RhB degradation at varying concentrations by a fixed sample amount (0.2 mg L™. (c)
Degradation of RhB (20 mg L™) by the sample at different concentrations. (d) C/Cy plots of RhB degraded by the samples under different initial
pH conditions. (e) Cycling degradation tests of RhB (20 mg mL™) using a given amount of Ch-BiOBr (10 mg L™3).

degradation was achieved within 3 h, with 100% degradation
reached in 30 min for 10 mg per L RhB. The increase in initial
concentration extended the time required to achieve degrada-
tion equilibrium, likely due to the need for more active sites on
the catalyst to adsorb and degrade the higher pollutant load.*

Further investigations were conducted on the impact of Ch-
BiOBr concentrations on the degradation of 20 mg per L RhB.
The results, illustrated in Fig. 9c, indicate that increasing Ch-
BiOBr concentration enhanced the degradation rate. The
degradation rate did not significantly increase when Ch-BiOBr
was raised from 0.2 mg L' to 1.0 mg L', with equilibrium
reached in approximately 1.5 h. However, at 1.4 mg L™ ", the
degradation rate of RhB reached the degradation equilibrium at
30 min, and the degradation rate reached 100% within 30 min.
This improvement is attributed to the increased number of
active sites on the catalyst, which facilitates more efficient
adsorption and degradation of RhB.*”

The impact of initial pH on RhB degradation by Ch-BiOBr
was also evaluated (Fig. 9d). The results revealed that photo-
catalytic degradation efficiency decreased with increasing pH.
The highest degradation rata of 96.3% was observed at pH = 3
within 30 min, and 99.6% at pH = 5 after 1 hour. The efficiency
was significantly lower at pH 7, 9 and 11. This variation is likely
due to the cationic nature of RhB, which adsorbs more effec-
tively onto Ch-BiOBr at lower pH levels, enhancing interaction

4826 | RSC Adv, 2025, 15, 4820-4828

with the photocatalyst's active sites and promoting degradation.
At higher pH values, increased repulsion between the negatively
charged surface of Ch-BiOBr and deprotonated RhB reduces
degradation efficiency.*®

In addition, a cycling test was carried out to evaluate the
photocatalytic stability and cycling performance of Ch-BiOBr to
degrade RhB. As shown in Fig. 9e, five cycling experiments were
carried out, the degradation efficiency of RhB was still 94.2%,
indicating that Ch-BiOBr had good cycling stability.

To investigate the photocatalytic degradation mechanism of
RhB, various scavengers were employed to selectively remove
specific reactive species. The experimental results, detailed in
Fig. 10a and b, illustrate the degradation process of RhB with
different scavengers and the corresponding rate constants (k-
values). The data revealed a significant reduction in the k-value
across all scavenger treatments, except for isopropyl alcohol
(IPA). This indicates that superoxide radicals ("0, ), electrons
(e7), and holes (h") are the primary reactive species in RhB
degradation, rather than hydroxyl radicals ("OH). The observed
acceleration in degradation with IPA is attributed to the scav-
enging of "OH, which enhances the separation of electron-hole
pairs and reduces their recombination. Consequently, the
increased availability of ‘O, and e improves the efficiency of
photocatalytic RhB  degradation. The mechanism of
chlorophyll-sensitized BiOBr for RhB degradation is shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a and b) Degradation process and k value of RhB by different
scavengers. (c) Mechanism of Ch-BiOBr photocatalytic degradation of
RhB.

Fig. 10c. Here, BiOBr functions as the photocatalyst, sv repre-
sents the absorbed visible light energy, VB denots the valence
band, and CB indicates the conduction band. While the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energies correspond to the chloro-
phylls in Chlorella vulgaris. Calculations for the CB and VB
potentials can be derived from eqn (1) and (2):*

ECB = X - Ec - OSEg (1)
EVB =X - E + OSEg (2)

where X represents the absolute electronegativity of the semi-
conductor, defined as the geometric mean of the absolute
electronegativities of the constituent atoms. E€ is the energy of
the free electrons on the hydrogen scale (~4.5 eV).* E, is semi-
conductor band gap (~1.9 eV). Ecp and Eyg are the conduction
and valence band positions, respectively. Therefore, BiOBr
possesses an Ecg of —0.53 eV and an Eyg of 1.37 eV.
Chlorophyll plays a crucial role in photocatalysis by gener-
ating electron-hole pairs upon excitation. When chlorophyll
absorbs visible photons, electrons transition from the ground
state HOMO (0.57 Vvs. NHE) to the excited state LUMO (—1.22V
vs. NHE) vig a t—1c* transition, as represented in eqn (3).* In
this excited state, electrons are subsequently transferred to the
conduction band of BiOBr (—0.53 V vs. NHE), facilitating
photoreduction reactions. The excited electrons rapidly migrate
to the BiOBr surface, triggering reactions that generate reactive
oxygen species, such as superoxide ("O,") and hydroxyl (‘OH)
radicals. The efficiency of electron transfer is influenced by the
intrinsic properties of chlorophyll and its interaction with the
semiconductor. The process of photocatalytic degradation of
RhB by Ch-BiOBr can be represented by the following equation:

Ch(HOMO) + /w(r—1*) — Ch*(LUMO) 3)
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Ch*(LUMO) — Ch* — Ch(HOMO) (4)
Ch* — Ch* + ¢~(CB of BiOBr) 5)

e (CB of BiOBr) + O, — 'Oy~ (6)
BiOBr + v —» ¢~ +h" (7)

e +0, = 0y (8)

h* + H,0 > "OH + H* )

‘O, + RhB — intermediates + CO, + H,O

Conclusion

Chlorophyll extracted from Chlorella proved to be an effective
sensitizer for BiOX photocatalysts, with BiOBr demonstrating
the highest sensitivity and performance enhancements. The
incorporation of chlorophyll substantially increased the specific
surface area of BiOX, with BiOBr exhibiting a 7.7-fold increase
compared to BiOBr synthesized using ethanol. Chlorophyll
sensitization also resulted in a significantly more negative zeta
potential for BiOBr, enhancing RhB adsorption and photo-
catalytic degradation efficiency. Under blue light irradiation
(50 W, 410-420 nm), BiOBr achieved a RhB degradation rate of
97.8% within 1.5 hours. At pH = 3 and an initial RhB concen-
tration of 20 mg L™ ", the degradation efficiency reached 99.8%,
highlighting the exceptional photocatalytic capability of
chlorophyll-sensitized BiOBr. This study demonstrates that
chlorophyll derived from Chlorella biomass can effectively serve
as a sensitizer for photocatalytic materials, modulating
morphology, structure, and surface potential to enhance pho-
tocatalytic performance. These findings provide a theoretical
foundation for the application of chlorophyll in sensitizing
photocatalysts for environmental remediation.
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