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ed photocatalysis: a strategic
framework for advancing future dye degradation
technologies
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Photocatalysis has emerged as a promising approach for the degradation of dyes. However, the role of the

oxygen reduction reaction (ORR) in this process has not been thoroughly explored, despite being

a fundamental process in dye degradation. In this work, we explore the influence of chirality-induced spin-

polarization in the photocatalyst and its subsequent impact on the kinetics of photocatalytic dye degradation.

We use here cysteine-directed chiral gold nanoparticles as spin-polarized photocatalysts and demonstrate the

enhancement of ORR activity, which indirectly accelerates the kinetics of degradation of both cationic

Rhodamine B and anionic Methyl Orange dye. Comparative studies with achiral gold nanoparticles highlight

the crucial role of spin polarization in modulating photocatalytic efficiency. This study establishes a generic

strategy for optimising dye degradation irrespective of their structure by combining spin effects with

photocatalysis, offering new insights into the design of advanced materials for environmental restoration.
Introduction

The mitigation of dye contaminants in industrial wastewater,
which is discharged into natural water systems, is essential, as
these pollutants pose serious threats to aquatic ecosystems and
present potential carcinogenic hazards to humans.1,2 Numerous
techniques have been explored for dye removal. Among them,
photocatalysis has emerged as a promising approach.3–5

However, certain important factors that inuence photo-
catalytic activity, such as the oxygen reduction reaction (ORR),
have not been thoroughly investigated in this context. The
fundamental mechanism of photocatalytic dye degradation
involves three main steps. First, when photons with energy
greater than the catalyst's bandgap are absorbed, electron–hole
pairs are generated as electrons transition take place from the
valence band to the conduction band, resulting in the forma-
tion of positively charged holes. Second, these excited electrons
in the conduction band and the positive holes in the valence
band engage in redox reactions with surface-adsorbed water
and oxygen, producing reactive radicals like hydroxyl (OHc).
Finally, the generated hydroxyl radicals oxidize the dye mole-
cules, degrading them into smaller, non-toxic products such as
carbon dioxide and other benign byproducts.6 Therefore, the
rapid formation of hydroxyl radicals under light irradiation
plays a key role in enhancing photocatalytic efficiency. In most
studies, the underlying principle for the evolution of photo-
catalysts is mainly focused on tuning the electronic structure, as
it is obvious that, thermodynamically, it is the main controlling
e of Technology Hyderabad, Telangana

423
factor for catalysis.7–10 However, other unconventional factors,
such as considerations of spin effects, cannot be overlooked, as
they have been shown to play a decisive role in the reduction of
triplet oxygen.11–15 In this study, we regulate the oxygen reduc-
tion reaction by introducing spin polarization into the photo-
catalyst and investigate its inuence on the kinetics of dye
degradation. In our previous work, we examined spin-polarized
catalysts for the electrochemical oxygen reduction reaction,
considering its importance in metal–air batteries and fuel cell
applications.16–18 Spin-polarization can be introduced in the
catalyst either by employing chiral molecules or by using
magnetic materials as the catalyst. Chiral molecules show spin
selectivity due to the chiral-induced spin selectivity (CISS) effect,
as established earlier.19–25 However, the impact of spin-
polarization on the photocatalyst has not been explored yet.

In this study, we employ cysteine-directed chiral gold nano-
particles as spin-polarized photocatalysts to investigate their
inuence on the degradation kinetics of Rhodamine B (RhB)
and Methyl Orange (MO) dyes. The rationale behind opting for
these dyes is to investigate and establish a generic way to
improve the kinetics of dye degradation, as Rhodamine B is
a cationic dye, and Methyl Orange is an anionic dye, and they
both are known for their industrial usage. The impact of spin
polarization is assessed by comparing the photocatalytic activity
of chiral and achiral cysteine-modied gold nanoparticles.
Results and discussion
Characterization of the gold nanoparticles

Cysteine-encoded chiral and achiral gold nanoparticles were
synthesized following the procedure reported elsewhere.26 A
© 2026 The Author(s). Published by the Royal Society of Chemistry
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brief discussion is given in the experimental section in the SI.
Aer the synthesis, the particles were characterized using X-ray
diffraction (XRD). The XRD patterns of as-prepared cystine-
capped Au NPs match well with the standard cubic crystal
structure without any impurities, as shown in Fig. 1a. The
diffraction pattern indicates the existence of (111), (200), (220),
and (311) planes, identied by the peaks at 38.44°, 44.60°,
64.71°, and 77.62°, respectively. This nding is consistent with
the standard JCPDS le number 04-0784. UV-Visible (UV-Vis)
absorption spectroscopy was employed to investigate the
optical properties of the Au NPs, which display distinct absor-
bance bands at 534 nm as revealed in Fig. 1b. The circular
dichroism (CD) spectra shown in Fig. 1c reveal the strong
signals with opposite polarizability for chiral L- and D-Au NPs,
whereas the achiral Au NPs are CD silent. The correspondence
between themirror image CD signals and the UV-Vis absorption
peaks indicates the successful construction of L- and D-Au NPs.
However, as reported by Hammer et al. and other groups that D-
cysteine has a stronger binding capability compared to that of L-
cysteine on the surface of Au (17 11 9)S, the g-factor values (as
presented in Fig. S1) differ for L- and D-cysteine modied Au-
nanoparticles, despite the same concentration of D-, and L-
Fig. 1 Structural and optical analysis of the photocatalyst. (a) XRD spect
(blue), and DL-Au NPs (green). (d) TEM image of L-Au NPs with the scale

© 2026 The Author(s). Published by the Royal Society of Chemistry
cysteine molecules.26–28 To evaluate the morphology of the Au
NPs, transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) have been conducted. The TEM
image (Fig. 1d and S2a) reveals distortion of edges oriented
along a specic direction in the case of chiral (L- or D-) Au NPs,
which can be attributed to the enantioselective binding of
cysteine molecules. In contrast, when DL-cysteine was inter-
acted, the edges exhibited symmetric distortion in both direc-
tions, resulting in a round-shaped nanoparticle morphology
(Fig. S2b). These structural differences are consistent with the
trends observed in the CD spectra and the previously reported
literature.26 Complementary SEM images (Fig. S3, SI) further
conrm the presence of uniformly distributed Au NPs with di-
storted edges, supporting the role of enantioselective cysteine
interactions in shaping nanoparticle morphology.

Photocatalytic study

The photocatalytic activities were carried out in a 15 mL boro-
silicate glass vessel. 150 ml (with absorbance 0.2 a.u.) of chiral L-
or D-Au NPs were dispersed in 3 mL of RhB solution in water. To
evaluate the inuence of varying pollution levels on catalytic
performance, photocatalytic degradation experiments were
ra, (b) UV-Vis spectra, and (c) CD spectra of L-Au NPs (red), D-Au NPs
bar of 20 nm.
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Fig. 2 RhB degradation kinetics. UV-Vis spectra of 1 mM RhB degradation by (a) D-, (b) L-, and (c) DL-Au NPs at different times.
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conducted using Rhodamine B at concentrations of 0.5, 1, and 2
mM. Aer purging oxygen gas for tenminutes, the glass tube was
sealed with an O2 balloon and kept in the dark for thirty
minutes to reach equilibrium. The reaction mixture was stirred
under irradiation with a 27 W white LED at room temperature.
Continuous cold air was made to ow through the laboratory-
made photo chamber to maintain the temperature of the reac-
tion mixture at ∼25 °C throughout the experiment. The pho-
tocatalytic reaction was performed for 1 h, 2 h, 4 h, and 6 h.
Aer centrifuging the reaction mixture, the concentration of the
remaining dye was determined using UV-Vis spectroscopy.

The absorption spectra recorded at different time intervals
for the RhB (1 mM) degradation employing chiral and achiral Au
NPs are presented in Fig. 2a–c. As expected with increasing
reaction time, the characteristic absorption peaks of RhB (at
lmax = 554 nm) decline gradually, revealing the decrease in the
concentration of the dye. However, the decrease in concentra-
tion of RhB is different for chiral and achiral catalysts. The
reaction kinetics and corresponding degradation efficiencies
are presented in Fig. 3. The plots of the negative logarithm of
(Ct/C0) with the reaction time are shown in Fig. 3a, which reveal
that the rate of reaction is rst order with respect to dye
Fig. 3 Time-dependent photocatalytic activity study. (a) Kinetics (−ln(
exposure. (b) Comparison of 1 mM RhB degradation efficiency vs. time fo
three times independently to check the reproducibility, and the error ba

16420 | RSC Adv., 2026, 16, 16418–16423
concentration. The degradation efficiency (D), shown in Fig. 3b
has been calculated according to the following equation.

D ¼ C0 � Ct

C0

� 100% (1)

Here, Ct (mol L−1) is the concentration of the organic dye
measured at time t, and C0 (mol L−1) is the initial concentration
of the organic dye before irradiation. The concentration was
determined from the intensity of the absorbance maxima using
the Lambert–Beer law. Further, photocatalytic degradation
experiments were performed for RhB at initial concentrations of
0.5 and 2 mM, and the results followed trends consistent with
those observed at 1 mM, as shown in Fig. S4–S7. In all cases, it
has been found that the chiral catalyst has superior dye degra-
dation efficiency than the achiral one. This contrast is further
supported by the kinetic analysis when calculating the specic
reaction rate or rate constant, as illustrated in Fig. 4. The
decline in degradation efficiency and rate constant with
increasing initial dye concentration can be attributed to
multiple factors. First, the limited number of active sites on the
catalyst leads to competitive adsorption at higher dye concen-
trations. Second, stronger light absorption by the dye reduces
Ct/C0) with respect to time (h)) plot of 1 mM RhB under visible light
r D-, L-, and DL-Au NPs photocatalyst. The experiments were repeated
rs include the uncertainty in the experiments.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chiral advantages study for RhB degradation. Rate constant
(h−1) with respect to concentration (mM) plot for D-, L-, and DL-Au NPs
photocatalyst.
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light penetration, thereby decreasing the photon ux reaching
the catalyst surface and lowering the effective generation of
reactive radicals responsible for degradation. However, the
chiral catalyst consistently exhibits higher catalytic activity than
DL-Au nanoparticles across all tested conditions, indicating that
its chiral advantage is preserved over a broad range of pollutant
concentrations.

A similar approach was followed to study the degradation of
MO. However, the photocatalytic experiment was performed for
3 h, 6 h, and 12 h for MO (12 mM) due to its higher stability. A
similar type of observation is found for the degradation of
Methyl Orange. Though the degradation rate of MO is lower
with respect to RhB, the chiral Au NPs outperform the achiral
Au NPs in terms of catalytic activity for the degradation of MO.
Fig. 5a–c shows that the characteristic peak intensity of the MO
(at lmax = 464 nm) is getting reduced due to degradation under
illumination in the presence of chiral and achiral catalysts.
Fig. 6a shows that the reaction rate is rst order with respect to
theMO dye concentration. The rate constants analyzed from the
data are higher for the chiral catalyst in comparison with the
achiral one. The degradation efficiency determined from eqn (1)
for MO also reveals enhanced kinetics of degradation while
Fig. 5 MO degradation kinetics. UV-Vis spectra of MO degradation by (

© 2026 The Author(s). Published by the Royal Society of Chemistry
using chiral L- or D-Au NPs (Fig. 6b). The photocatalytic dye
degradation experiments with two different dyes using catalysts
from the same synthesized batch were independently repeated
three times to verify reproducibility. The error bars in the plots
represent the experimental uncertainty associated with these
measurements. A detailed table of error bar values is provided
in the SI, Tables S1–S4.

We have carried out the control experiment to reveal the
stability of RhB and MO dyes in the presence of light and
oxygen, but without any catalyst. Slight degradation of RhB is
observed over the duration of illumination for 6H. However,
almost no degradation is found for MO even when it was illu-
minated for 12 hours. The data is shown in SI (Fig. S8). Control
experiments were conducted using a non-chiral thiolated
molecule, mercaptopropionic acid. The results exhibited
a trend similar to that observed for DL-cysteine-modied Au
nanoparticles, as shown in Fig. S9. This supports the conclusion
that the differences observed between L- and D-cysteine systems
arise from chirality rather than general surface chemistry
effects. Post-catalysis characterization was performed by recov-
ering the catalyst aer the photocatalytic reaction carried out
for RhB for 6 h and analyzing it using Fourier Transform
Infrared Spectroscopy (FTIR) and X-ray Photoelectron Spec-
troscopy (XPS), as shown in Fig. S10. The results conrm that
the catalyst retained its structural integrity, demonstrating good
stability under the reaction conditions.
Plausible mechanism

In the process of photocatalytic dye degradation utilizing chiral
plasmonic gold nanoparticles, the initial steps start with the
excitation of localized surface plasmons upon exposure to light.
This resonance generates high-energy charge carriers within
nanoparticles. These energetic carriers play a signicant role in
initiating and mediating redox reactions at the nanoparticle
surface.5 The electrons in the conduction band are transferred
to the adsorbed oxygen molecules, (O2) in a spin-specic way
due to the CISS effect and get reduced to superoxide radicals
(O2

c−). Simultaneously, the positive holes in the valence band
oxidize the water molecules, (H2O) or hydroxide ions (OH

−) that
are bound to the surface and form hydroxyl radicals (HOc),
which are highly reactive oxidants. These reactive oxygen
a) D-, (b) L-, and (c) DL-Au NPs at different time.

RSC Adv., 2026, 16, 16418–16423 | 16421
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Fig. 6 Time-dependent photocatalytic activity study for MO degradation. (a) Kinetics (−ln(Ct/C0) with respect to time (h)) plot of MO under
visible light exposure. (b) Comparison of MO degradation efficiency vs. time for D-, L-, and DL-Au NPs photocatalyst. The experiments were
repeated three times independently to ensure reproducibility, and the error bars represent the experimental uncertainty associated with these
measurements.
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species not only contribute to further oxidation steps but also
enhance the catalytic cycle by mitigating electron–hole recom-
bination. The superoxide radicals (O2

c−) generated on the
surface of nanoparticles undergo protonation and form hydro-
peroxyl radicals (HOOc), and they subsequently transform into
hydrogen peroxide (H2O2). Then, H2O2 decomposes into highly
reactive HOc radicals, enhancing the oxidative potential of the
system. Together, these reactive species further oxidize dye
molecules adsorbed on or near the catalyst surface, breaking
them down into tiny intermediates. Through a series of oxida-
tion processes, these intermediates nally mineralize into
neutral end-products like water (H2O), carbon dioxide (CO2), etc.
The plausible mechanism is shown in Scheme 1. The role of
chirality is to induce the spin-polarization that facilitates the
transfer of an electron to triplet oxygen, which is the step of the
reaction mechanism.

O2(ads) + e− / O2
c−(ads) (2)

O2
c−(ads) + H+ / HO2

c(ads) (3)

2HO2
c(ads) / H2O2(ads) + O2 (4)
Scheme 1 A visual representation of the process of photocatalytic dye
degradation.

16422 | RSC Adv., 2026, 16, 16418–16423
H2O2(ads) / 2HOc(ads) (5)

Dye + HOc(ads) + HO2
c(ads) + O2

c−(ads) / H2O + CO2 (dye

intermediate) (6)

To establish our proposed mechanism that the reaction rate is
enhanced due to the enhancement of the oxygen reduction reac-
tion on the chiral catalyst surface, we have carried out the catalytic
study for 4 hours in the presence of p-Benzoquinone as a super-
oxide radical (O2

c−) scavenger. The results depicted in Fig. S11
show that the degradation efficiency of photocatalytic activity is
suppressed in the presence of p-benzoquinone in compared to the
case where no scavengers are employed. These results demon-
strate that the reaction passes through the reactive oxygen inter-
mediates, which play the main role in dye degradation.
Conclusions

Hence, the experimental results manifest that chiral L- and D-Au
NPs exhibit superior photocatalytic efficiency in dye degrada-
tion compared to their achiral counterparts due to the spin-
polarization effect resulting from chiral-induced spin-
selectivity (CISS). Furthermore, it has been observed that
higher optical polarization correlates with greater spin polari-
zation, leading to a slightly enhanced rate of dye degradation, as
seen with D-Au NPs. Similar trends are observed for both
cationic and anionic dyes, indicating that spin polarization
plays a crucial role in the oxygen reduction process regardless of
dye structure. Thus, the present study highlights a viable
strategy to advance next-generation photocatalysts for sustain-
able environmental applications.
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