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y on the photocatalytic
degradation of rhodamine B via Mn–Schiff-base-
modified Keggin-type polyoxometalate composite
materials†

Chang Man, a Chunpeng Xu,b Jinfeng Wang,b Xiangli Li,b Tong Li,b Yanhua Ma,b

Shalu Zhang,b Yongfeng Qiao*bc and Qiong Wu *bc

Organic–inorganic hybrid materials have significant potential in the photocatalytic degradation of Rhodamine

B (RhB). In this study, five hybrid materials were successfully synthesized by modifying silicotungstic acid

(H4SiW12O40, abbreviated SiW12O40) with diverse MnL [L = Salen(L1), 5-Br-Salen(L2), 5-Cl-Salen(L3), 3-Me-

Salen(L4), di-tBu-Salen(L5)] complexes, specifically derivatives featuring various substituents. All the

compounds are characterized by IR spectra, elemental analyses and thermogravimetric analyses (TGA). The

band gaps of 1.33–1.52 eV and energy bands are obtained through the measurement of UV-Vis DRS and

Mott–Schottky. Photocatalytic experiments of (MnL1)4SiW12O40 (compound 1), (MnL2)4SiW12O40 (compound

2), (MnL3)4SiW12O40 (compound 3), (MnL4)4SiW12O40 (compound 4) and (MnL5)4SiW12O40 (compound 5)

indicate that compound 2 catalyst exhibits the best photocatalytic properties (RhB degrades to 6% during

70 min) while all of them possess catalytic activity for photodegradation of RhB under UV irradiation. Free

radical trapping experiments show that the addition of PBQ ($O2
− trapping agents) makes the RhB residual

ratio increase from 6% to 60% and indicates that $O2
− is playing a pivotal role. A possible mechanism of

RhB photodegradation in the presence of compound 2 is proposed based on free radical trapping

experiments and the energy bands. Future work could focus on fine-tuning the molecular architecture

through strategic modification of the organic ligands and precise control of the metal-to-POM ratio,

potentially leading to optimized electronic structures and enhanced charge transfer kinetics for superior

photocatalytic performance in environmental applications.
1 Introduction

Semiconductor photocatalysis has attracted increasing attention
for its potential applications in environmental and energy-related
elds, including organic pollutant degradation1 and hydrogen
production.2 Compared with traditional treatment methods, this
technology can directly convert solar energy into chemical energy,
thereby reducing secondary pollution. However, early studies
largely centered on titanium dioxide (TiO2) and zinc oxide (ZnO).
While these are inexpensive and widely available,3,4 their wide
Kunming University, No. 2 Pu Xin Road,

nt Zone, Kunming, Yunnan Province,

ering, Kunming University, No. 2 Pu Xin

ment Zone, Kunming, Yunnan Province,

olecular Materials and Device, School of

Kunming University, China. E-mail:

63.com

tion (ESI) available. See DOI:

371
band gaps limit their ability to absorb visible light, resulting in
low photocatalytic efficiency. Developing novel semiconductors
responsive to visible light has thus become a key approach for
improving photocatalytic performance.

Polyoxometalates (POMs) are a class of metal–oxygen anionic
clusters with clear molecular structures, strong tunability, and
excellent redox properties, making them highly promising in
catalysis. Incorporating heteropoly acids into conventional
semiconductors can yield composite catalysts with enhanced
visible-light responsiveness.5,6 Previous studies have shown that
POM-based composite materials, prepared through immobili-
zation and other assembly strategies, can signicantly boost
photocatalytic activity under visible-light irradiation. For
instance, Anandan and Yoon synthesized a nanoporous phos-
photungstic-acid–TiSB-15 material modied with photosensi-
tive molecules, achieving a considerable improvement in the
degradation efficiency of methyl orange.7Despite such progress,
effectively enhancing sunlight absorption while leveraging the
intrinsic characteristics of POMs remains challenging.

Further work by Qiong Wu involved combining A/B-type
Anderson heteropolyanions with Mn(III)–Schiff-base
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of L (L = L1, L2, L3, L4, L5).
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coordination complexes, demonstrating photocatalytic degrada-
tion capabilities.8,9 In parallel, Meng and colleagues designed
metal–Salens along with Keggin-type clusters, constructing four
photocatalytic materials effective in degrading RhB.10 Computa-
tional studies by Zhongmin Su's group revealed that POM moie-
ties function as electron acceptors, while organic fragments act as
electron donors, thereby ne-tuning the molecular energy-level
gap and facilitating efficient charge transfer in hybrid systems.11–13

Nevertheless, most existing research has focused on specic
ligands or certain types of POM, and systematic efforts to
modulate the electronic effects of ligands to adjust band gaps and
enhance visible-light responsiveness are relatively limited. To
address this gap, the present study introduces ve ligands (L =

Salen(L1), 5-Br-Salen(L2), 5-Cl-Salen(L3), 3-Me-Salen(L4), di-tBu-
Salen(L5)), each with distinct electronic effects, and combines
them with a Keggin-type POM (H4SiW12O40, hereaer referred to
as SiW12O40) to synthesize a series of POM–Mn–Schiff-base hybrid
materials (see Scheme 1). By employing UV-Vis DRS and Mott–
Schottky measurements, we systematically examine the conduc-
tion and valence bands and band-gap widths of these materials.
We also investigate their photocatalytic degradation of RhB and
propose a possible mechanism based on our ndings. This work
offers fresh insights into the rational design and performance
enhancement of POM-based photocatalytic materials.
2 Experimentation
2.1 Materials

MnL (L = L1, L2, L3, L4, L5) was synthesized by aldehydes salicy-
laldehyde, ethylenediamine and manganese perchlorate as
precursors. These precursors were then mixed with silicotungstic
acid (H4SiW12O40, abbreviated SiW12O40) to form (MnL)4SiW12O40

(L = L1, L2, L3, L4, L5). Ethylenediamine, salicylaldehyde, 5-bro-
mosalicylaldehyde, 5-chlorosalicylaldehyde, trimethylsalicylalde-
hyde and 3,5-di-tert-butylsalicylaldehyde were purchased from
Aladdin, manganese perchlorate was obtained from Tianjin
Windship Chemical reagent, and SiW12O40 was procured from
Rohen's reagent. None of the chemicals listed above were applied
directly without rst undergoing purication.
2.2 Preparation of photocatalytic material (MnL)4SiW12O40

(L = L1, L2, L3, L4, L5)

Salicylaldehyde (0.244 g, 2 mmol) was dissolved in 15 mL of
methanol to form solution A, while ethylenediamine (0.060 g, 1
© 2025 The Author(s). Published by the Royal Society of Chemistry
mmol) was dissolved in a separate 15 mL methanol solution to
form solution B. Solution B was then transferred to solution A,
and the mixture was stirred at room temperature using
a constant-temperature magnetic stirrer for 2 h to yield
a signicant amount of yellow solid, with subsequent addition
of ethanol (15 mL) of Mn(ClO4)2$6H2O (0.362 g, 1 mmol). A
deep-brown solution was obtained, which was reuxed for 2 h,
then allowed to stand at room temperature. The resulting
solution was mixed and stirred well, and then 2 mL (0.040 g, 1
mmol) of aqueous sodium hydroxide solution was added. It was
reuxed with stirring for 2 h, and then le to stand at room
temperature to obtain a large number of dark brown massive
crystals, which were ltered to leave the lter residue to obtain
MnL1, as reported in ref. 14. SiW12O40 (2.878 g, 0.1 mmol) was
dissolved in 20 mL distilled water. Then, 20 mL MnL1 (0.128 g,
0.4 mmol) methanol solution was quickly added. It was placed
in a constant temperature magnetic stirrer and stirred at
a constant temperature of about 40 °C for 5 min aer which
a large amount of brownish reaction mixture appeared. The tan
mixture was stirred at 35 °C for two days and the precipitate was
obtained by ltration. The precipitate was recrystallised in
20 mL of mixed solution (CH2Cl2 : CH3OH = 1 : 1). The crystal
(MnL1)4SiW12O40 (compound 1) was obtained in about one
week.15 Replacement of salicylaldehyde with 2 mmol of 5-bro-
mosalicylaldehyde (0.402 g), 5-chlorosalicylaldehyde (0.313 g),
3-methylsalicylaldehyde (0.272 g), and 3,5-di-tert-butylsalicy-
laldehyde (0.468 g), respectively, gave (MnL2)4SiW12O40

(compound 2), (MnL3)4SiW12O40 (compound 3), (MnL4)4SiW12-
O40 (compound 4) and (MnL5)4SiW12O40 (compound 5).
2.3 Characterizations

A Fourier transform infrared spectrometer (VERTEX-70) was
used to collect the infrared spectra of the samples that were
recorded. To assess thermal stability, thermogravimetric anal-
ysis was conducted on a METTLER TOLEDO TGA/DSC3+

instrument under nitrogen atmosphere, with a temperature
range of 30 °C to 1000 °C, and a heating rate of 10 °C min−1.
Solid-state UV diffuse reectance spectroscopy is a widely
employed technique for assessing the light absorption charac-
teristics of semiconductor materials.16–18 Reectance spectra of
the catalysts were measured between 200 and 800 nm using
a Shimadzu UV-2450 UV-visible spectrophotometer in order to
determine its forbidden bandwidth. An electrochemical work-
station (Autolap, Aptar China Co., Ltd, Switzerland) was
employed for Mott–Schottky plots, electrochemical impedance
spectra (EIS), and the transient photocurrent. The standard
three-electrode system was composed of the photocatalyst
(20 mg sample impregnated with two drops of a-glycerol loaded
on a 2.0 cm2 ITO glass which was cleaned with ethanol ultra-
sound), a platinum sheet, and a calomel electrode(saturated
KCl solution), which were used as the working electrode,
counter electrode, and reference electrode in the test system.
The transient photocurrent test of the sample was carried out in
0.1 M Na2SO4 aqueous solution with a 300 W xenon lamp. The
electrochemical impedance spectroscopy test of the sample was
carried out in 0.1 M potassium ferricyanide solution.
RSC Adv., 2025, 15, 12364–12371 | 12365
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2.4 Photocatalytic activity identication

Rhodamine B (RhB) was used to simulate pollutants in water by
taking 100mL of RhB (10mg L−1) and adjusting the solution pH
to 3.5 with HCl and NaOH. Following a 30-minute dark treat-
ment, 50 mg of (MnL)4SiW12O40 (L = L1, L2, L3, L4, L5)
(compounds 1–5) was introduced to reach the adsorption–
desorption equilibrium. The photocatalytic degradation
process was conducted under a 400W xenon lamp (CEL-SPH2N-
D5) at a constant temperature of 25 °C, with samples collected
every 15 minutes. An electric centrifuge (80-1) facilitated the
separation of catalyst and solution, with the supernatant dis-
carded. The photocatalytic activity of compounds 1–5 was
assessed by measuring the maximum absorption peak of the
RhB solution using a UV spectrophotometer. To validate the
catalyst's photocatalytic activity, each separated catalyst
underwent three washes with deionized water, dried, and
underwent a cycling experiment with identical degradation
conditions. Degradation rates were calculated from the
Lambert–Beer law:19

h = (Ct/C0) × 100% (1)

C0 is the initial absorbance of RhB when adsorption equilib-
rium is reached, and Ct is the absorbance of RhB at light time t
(in min).

3 Results and discussion
3.1 Fourier-transform infrared spectroscopy

Fig. 1 illustrates the FT-IR spectra of MnL1 and compounds 1–5
with distinct vibrational bands between 400 and 4000 cm−1. In
the spectrum of MnL1, 1539 cm−1 is attributed to the n (C]C)
vibration of aromatic compounds and 1625 cm−1 to the n (C]N)
stretching vibration, suggesting that salicylaldehyde and ethyl-
enediamine monomers underwent a Schiff-base reaction to
produce C]N, while the integrity of the salicylaldehyde
benzene ring was maintained. The absorption peak at 547 cm−1

in the ngerprint region is related to the Mn–N vibration, while
the absorption peak at 466 cm−1 is related to the Mn–O vibra-
tion, and these two absorption peaks indicate the occurrence of
coordination reaction between Salen and manganese, which
provides strong evidence for the successful preparation of
MnL1.20,21 In compounds 1–5, the peaks at 796, 926, 980 and
1016 cm−1 correspond to the vibrations of the n (Si–O), n (W]
Fig. 1 Fourier transform infrared spectra of MnL1 and compounds
1–5.

12366 | RSC Adv., 2025, 15, 12364–12371
Ot), n (W–Ob) and n (W–Oc) bonds, respectively, which are
characteristic of [SiW12O40]

4−,22 suggesting that [SiW12O40]
4− is

present in all of the components of compounds 1–5. FT-IR
analysis reveal the presence of the broad –OH stretching
bands around 3400 cm−1 showing the presence of possible
solvent molecules e.g. water andmethanol in the compounds 1–
5.21 However, the above data can not determine the composi-
tional ratio between its building units.
3.2 Organic and metal elemental analysis

An organic elemental analyser and ICP mass spectrometry (ICP-
MS) (hereaer, ICP) were used to solve the mentioned issue in
3.1 section and the results were shown in Table S1.†
Compounds 1–5 were synthesized by keeping the molar ratios
of MnL to SiW12O40 at 4 : 1. For compound 1, the mass fractions
of carbon (C), nitrogen (N), manganese (Mn) and tungsten (W)
were measured to be 17.53, 2.59, 5.04 and 50.41, respectively,
and the molar ratios of carbon (C), nitrogen (N), manganese
(Mn) and tungsten (W) were calculated to be 15.92, 2.02, 1.00
and 2.99. The result indicates that compound 1 was synthesized
successfully by keeping the molar ratios of MnL1 to SiW12O40 at
4 : 1. The same conclusion can be obtained by analysing the
elemental analysis data of compounds 2–5.

These elemental analysis results reect that the atomic
number ratio of W andMn is 3 : 1, which reveal the proportional
unit of the ve compounds has been constructed. Followed by
comparing the data of the solvent-free theoretical values and
combining with the FT-IR data, however, it was further
surmised that the compounds 1–5 contained solvent molecules.
3.3 Thermogravimetric analysis

To further determine whether compounds 1–5 contained
solvents, the thermal stability of MnL1 and compounds 1–5
were investigated using TGA (Fig. 2) in the range of 30.0–
1000.0 °C under nitrogen assistance. The rst weight loss of
MnL1 occurred at 70.5–126.0 °C, which was attributed to water
and solvent losses, with a weight loss of about 7.58%, and this
Fig. 2 Thermogravimetric analysis (TGA) curves of MnL1 and
compounds 1–5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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weight loss has also been documented in the literature.10 The
second (23.79%) and third weight loss (9.04%) occurred at
268.2–860.9 °C and 860.9–977.7 °C, respectively, which may be
attributed to the decomposition of the organic ligand, and the
nal residual amount of the product may be manganese oxide.
Compounds 1–5 have similar weight loss trends. There are three
weight loss stages. Among them, the rst weight loss stage was
in the interval of 58.0–217.5 °C, and compounds 1–5 all showed
obvious evaporation of solvent moleculars, with a weight loss of
4.63%, 8.19%, 4.66%, 5.14% and 5.25%, respectively. The
decomposition of organic ligands and the collapse of the
SiW12O40 structure occur in the range of 290.0–622.0 °C and
789.0–1000.0 °C.

Based on the above analysis, it is found that the mass frac-
tions of the with-solvent theoretical values are smaller than that
of the solvent-free ones. Compound 1, for example, the mass of
4.63% solvent makes the with-solvent calculated mass fractions
(C, N, Mn andW) turn to 17.62, 2.57, 5.04 and 50.58 (Table S1†),
respectively which are in close agreement with the experimental
values. There will be solvent molecules in the preparation
process of photocatalysts, which are related to the composition
of the reaction system of the solvent. This phenomenon has
been reported in the literature by TGA.23,24

3.4 XPS spectra

X-ray photoelectron spectroscopy (XPS) measurement was per-
formed to further identify the chemical composition and
valence states of compounds 1–5. The binding energies were
determined using C1s at 284.8 eV as a reference for charge
correction. Fig. 3(a) shows the survey spectra of compounds 1–5
conrming the presence of the elements C, N, O, Mn, Si, W, Br,
Cl. The corresponding high-resolution XPS spectra of Mn, Si, W
of compound 2 are shown in Fig. 3(b–d), respectively. For the
high resolution spectra of Mn (Fig. 3(b)), two peaks are observed
at 653.47 and 641.95 eV, with a separation of 11.52 eV, which are
attributed to Mn 2p1/2 and Mn 2p3/2, respectively, indicating the
Mn3+ oxidation state.25 Binding energies of Si 2p in the
Fig. 3 XPS(a) survey spectra of compounds 1–5, and high resolution
spectra of (b) Mn 2p, (c) Si 2p and (d) W 4f of compound 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
silicotungstate anion were observed at 102.64 and 101.69 eV.
Two peaks were observed at 38.13 and 35.93 eV, attributed to W
4f5/2 andW 4f7/2, respectively.26 In summary, the presence of Mn
2p, Si 2p andW 4f signals conrmed the successful formation of
compound 2.
3.5 Solid-state UV diffuse reectance

The UV-visible diffuse reectance spectroscopy (UV-Vis DRS)
data, depicted in Fig. 4(a), captures the material's absorption
prole from 200 to 800 nm. Given the observed absorption
within this range, it is assumed that these compounds may
exhibit photocatalytic degradation under visible light spectrum.
The forbidden bandwidth can be calculated using the following
equation:

A = C(hn − Eg)
(n/2)/hn (2)

where A represents the absorption coefficient, v denotes the
optical frequency, Eg denotes the forbidden bandwidth, and C is
a constant. The bandgap value, n, varies depending on the
properties of semiconductor, with direct semiconductors
having n = 1 and indirect semiconductors having n = 4.
Through the solid-state UV diffuse reection data and the
optical gap formula to draw the horizontal coordinate hn and
vertical coordinate Ahn curve, along the curve of the longest part
of the straight line to do the tangent, tangent and x-axis inter-
section that is the width of the forbidden band. As illustrated in
Fig. 4(b), the band gaps of the ve compounds were 1.56 eV,
1.44 eV, 1.41 eV, 1.36 eV and 1.47 eV. Compared with the orig-
inal silica tungstic acid forbidden band gap of 3.2 eV, as re-
ported in ref. 27, the band gaps underwent a signicant
narrowing aer modication with Mn–Schiff-base complexes,
which was conducive to the improvement of the utilization of
light.
3.6 Mott–Schottky analysis

To delve deeper into the inuence of different substituents on
the light absorption properties of semiconductor materials and
investigate their photocatalytic mechanisms, Mott–Schottky
analysis was employed. By employing an electrochemical
workstation and a standard three-electrode setup to record the
Mott–Schottky spectra of compounds 1–5, their valence and
conduction bands were able to be calculated. A positive slope
indicates an n-type material, while a negative slope suggests a p-
Fig. 4 (a) Solid-state UV/Vis absorption spectra of compounds 1–5;
(b) calculated band gap compounds 1–5.

RSC Adv., 2025, 15, 12364–12371 | 12367



Fig. 5 Flat band potential diagram of compounds 1–5.

Table 1 Conduction band, valence band, band gap width of
compounds 1–5 a

Compounds ECB EVB Eg

1 −0.20 1.36 1.56
2 −1.08 0.36 1.44
3 −1.22 0.19 1.41
4 −0.64 0.72 1.36
5 −0.79 0.68 1.47
SiW12O40 (ref. 32) 0.05 3.31 3.26

a All the electrode potential data in this table are referenced to the
saturated calomel electrode (SCE), and its potential is 0.24 V versus
the standard hydrogen electrode (SHE).

Fig. 6 (a) Photocatalytic degradation of RhB by compound 2 and (b)
photocatalytic degradation rate of RhB by compounds 1–5.
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type.28,29 The results of these tests are presented in Fig. 5. The
experimental ndings indicate that compounds 1–5 exhibit
conventional n-type semiconductor characteristics. The at
band potential of the semiconductor is obtained by making
a tangent through the Mott–Schottky analysis.

The at band potentials of compounds 1–5, relative to the
saturated calomel electrode (SCE), are −0.64 V, −1.52 V,
−1.66 V, −1.08 V and −1.23 V. These results suggest that the
electron group inuences the energy band locations of the
semiconductor, favoring negative potentials. Utilizing a satu-
rated calomel electrode (SCE) and the pH of the sodium sulfate
solution is equal to 6.80, the conversion of the potential must be
transformed by the following equation:

E(vs. NHE) = E(vs. SCE) + 0.059 × pH + 0.24 (3)

The at band potential corresponds to the Fermi level of the
intrinsic semiconductor, while the conduction band potential
corresponds to the energy at the bottom of the conduction
band. In n-type semiconductors, doping in diverse degrees
leads to a corresponding upward shi of the Fermi level,
bringing it closer to the bottom of the conduction band.
Generally, the conduction band potential for n-type semi-
conductors is 0.20 V above the at band potential. It is worth
noting that 0.20 is an empirical value and not an exact value.30,31

By calculating the conduction band potential of the material,
the material's energy band positions can be deduced, as
detailed in Table 1, in conjunction with solid-state UV diffuse
reection data.

Free radicals ($OH, $O2
−, h+) are thought to be the primary

agents in photocatalytic degradation, and the potentials of $OH
and $O2

− relative to the standard hydrogen electrode are known
to be around 1.99 eV and −0.33 eV respectively according to the
literature.33 Combining the energy levels and band gap struc-
tures of compounds 1–5 above and comparing them with
SiW12O40, it is found that the band gaps of the energy bands are
relatively smaller and the potentials have changed accordingly.
12368 | RSC Adv., 2025, 15, 12364–12371
It is postulated that $O2
− is likely the primary reactive species

involved in the process.

3.7 Photocatalytic performance test

The catalyst's catalytic activity was assessed by using RhB.
Fig. 6(a) displays a decline in RhB absorption peaks from 2.0 to
0.11 for compound 2, upon Xe lamp irradiation. Fig. S7(a–d)†
displays the outcomes of the experiment, showing a decline in
RhB absorption peaks from 2.0 to 0.037, 0.11, 0.398, 0.041, and
0.078 for compound 1 and compounds 3–5, respectively, upon
xenon lamp irradiation. RhB time and relative concentration (C/
C0) are plotted against each other in Fig. 6(b), where the
concentration represents the photodegradation of RhB in the
presence of articial sunshine. The ndings indicated that
among the ve catalysts, 2 decayed the fastest, which signi-
cantly reduced the catalytic time from 300 minutes to 70
minutes.8 1 degraded the most, taking 195 minutes at a 98%
degradation rate. Compounds 2 and 3 could achieve almost
identical results within 50 min and 150 min, respectively, which
could be attributed to their degradation into non-decomposable
molecular fragments, with compound 2 having the fastest
degradation rate under this reaction condition.14,34 Notably,
compounds 2 and 3, featuring pull-electronic groups, out-
performed compound 1 without electronic groups in photo-
catalytic efficiency and compounds 4 and 5 with push-electronic
groups, which indicates that pull-electronic groups are benets
to enhancing the photodegradation catalyst of POM–Mn–Salen.
This observation aligns with our focus on the semiconductor's
energy gap and the role of free radical scavenging in investi-
gating the photocatalytic degradation mechanism. As shown in
Fig. 7(a), 2 exhibited a more pronounced photocurrent
© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 Recycling of compound 2 within 4 cycles (a) and active species
trapping experiments of the compound 2 under visible light irradiation
(b).
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response, indicating its stronger photogenerated charge sepa-
ration ability. Meanwhile, 2 has the lowest impedance
(Fig. 7(b)), which effectively inhibits photogenerated carrier
complexation and thus enhances the catalytic activity. DFT
calculations related to organic–inorganic hybrid materials of
POMs show that pull-electronic substituents can enable the
excited electrons of POMs in the HOMO to transfer more effi-
ciently to the organic complex units in the LUMO.11–13 This, in
turn, can effectively enhance the separation ability of photo-
generated electrons and holes and reduce the resistance of
electron migration.
Fig. 8 (a) Transient photocurrent density diagram and (b) electro-
chemical impedance spectroscopy under a Xe lamp for compounds
1–5.
3.8 Catalyst stability test

An important investigation of the stability and reusability of
catalysts was conducted using four cycles of testing the best
catalyzed compound 2. To ensure that the RhB residuals in the
pore size of the catalyst surface can be effectively removed, it is
necessary to ensure that the experimental conditions in the
cyclic experiments are the same as the conditions for photo-
catalytic degradation. In the meantime, following each cyclic
test, the degradation solution was centrifuged in a centrifuge
tube, and the supernatant was collected for measurement. The
catalyst separated by centrifugation was then repeatedly washed
with deionized water and ethanol. As depicted in Fig. 7(a), aer
© 2025 The Author(s). Published by the Royal Society of Chemistry
four cycles, compound 2 exhibited a negligible degradation
activity loss of approximately 12% under visible light, indicating
its excellent photostability.
3.9 Free radical trapping experiment

To gain better insights into the photocatalytic mechanism,
trapping experiments of reactive species were performed during
degradation of RhB by compound 2. Isopropyl alcohol (IPA),
oxalic acid (AOM) and p-benzoquinone (PBQ) were used as free
radicals $OH, h+ and $O2

− trapping agents, in that order. In this
experiment, except for the addition of free radical trapping
agents into RhB solution, all other conditions were identical to
those of photocatalytic degradation, and the experimental
results are shown in Fig. 7(b). Under the same circumstances,
RhB was degraded within 75 minutes when no free radical
inhibitor was added. The RhB degradation rate clearly declines
to 37%, 51% and 60% in the presence of PBQ, IPA and AOM,
respectively, which demonstrates that the addition of PBQ
impacts the photocatalytic activity of the compound 2 the most,
followed by IPA and AOM; it also implies that the $O2

− radicals
as major reactive species in the photocatalytic system, plays
a major catalytic role in the photocatalytic process35,36 and can
determine the amounts of other active species present, such as
$OH. Aer adding IPA to trap $OH, an obvious inhibition of
degradation process was observed, indicating that addition of
IPA decreased the amount of active $OH radicals during pho-
tocatalytic reactions. The trapped of h+ by added AOM also
inhibited the degradation of RhB. This experimental nding
aligns with theoretical predictions regarding the energy band
structure.
3.10 Photocatalytic mechanism analysis

Transient photocurrent measurements were employed to look
into the photoelectrochemical properties of organic–inorganic
hybrid materials. Experiments were conducted using a standard
three-electrode setup under a 140 W xenon lamp, and the
results are depicted in Fig. 8(a). Compounds 2 and 3 exhibited
a more pronounced photocurrent response, which can be
observed by alternately switching on and off for ve cycles of
y seconds. It is demonstrated that the two compounds have
a greater photocurrent response than the other compounds.
This observation indicates that both compounds possess higher
RSC Adv., 2025, 15, 12364–12371 | 12369
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photogenerated carrier separation and transfer efficiency, as
well as enhanced photosensitivity compared to the others.

The radius of curvature in electrochemical impedance
spectroscopy (EIS) is inversely associated with the efficiency of
photogenerated carrier separation and transfer.37 The electro-
chemical impedance spectroscopy (EIS) test, obtained within
the 105–10−2 Hz frequency range and at a test bias voltage of 0 V,
is shown in Fig. 8(b). The EIS diagrams of compounds 2 and 3
show smaller arc radii, indicating that they possess faster
carrier separation rates. Consistent with the transient photo-
current prole, these ndings suggest that incorporating pull-
electronic substituted Mn–Schiff-base complexes into semi-
conductors can effectively suppress photogenerated carrier
recombination, thereby boosting the semiconductor's catalytic
activity.

When light interaction with the photocatalyst, electrons are
excited from the valence band to the conduction band, leaving
behind positive holes in the valence band. A hydroxyl radical
($OH) can be produced when the adsorbed water on the surface
reacts with the positive holes. Superoxide radical ($O2

−) and
hydroxyl radical ($OH) can be produced on the photocatalyst
surface when the electrons react with absorbed molecular
oxygen.

The energy band analysis above reveals that the conduction
band potential of compound 2 is more shied by −0.33 eV from
the potential of $O2

−. And as can be seen from Fig. 7(b), when
PBQ is added to the RhB solution, the magnitude of change in
the degradation efficiency for the same period of time was only
37%, which suggests that $O2

− plays an essential role in the
degradation of RhB. The potential photocatalytic mechanism
for the RhB's degradation by compound 2 photocatalysts was
proposed based on the results stated above (Fig. 9). In
comparison to SiW12O40, compound 2 has a smaller energy
band gap, enhancing its sunlight absorption and rapid gener-
ation of electron–hole pairs. Under simulated sunlight irradia-
tion, compound 2 is excited to form photogenerated carriers,
and the photogenerated electron migration prompts the
reduction of O2 to superoxide radicals ($O2

−), whereas both the
generated $O2

− and holes are capable of oxidative degradation
of RhB. Concurrently, h+ and $O2

− can react with water to
generate hydroxyl radicals ($OH), and $OH can be reduced with
RhB to degrade RhB. As a result, the RhB molecules are
Fig. 9 Schematic diagram of the charge transfer and separation in the
compound 2 and possible mechanism of its photocatalytic degrada-
tion of RhB under simulated sunlight irradiation.
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degradated by h+, $O2
− and $OH, and these reactions are

expressed as follows:

Compound 2 + hn / e− + h+ (4)

e− + O2 / $O2
− (5)

$O2
− + RhB / degradation products (6)

h+ + RhB / degradation products (7)

OH− + h+ / $OH (8)

$O2
− + H2O / $OH (9)

$OH + RhB / degradation products (10)

4 Conclusions

In summary, ve Mn–Schiff-base complexes (MnL (L = L1, L2,
L3, L4, L5)) with distinct substituents were synthesizedto modify
SiW12O40, resulting in novel compounds 1–5. The composition
of the compounds 1–5 were conrmed through FT-IR,
elemental analysis and TGA. Characterization techniques,
including UV-Vis DRS, Mott–Schottky, transient photocurrent
density, and EIS, revealed that the modied SiW12O40 exhibited
altered energy band positions and reduced bandgaps,
enhancing visible light absorption and carrier separation. For
additional research, the compound 2 exhibiting the highest
catalytic activity was then subjected to free radical scavenging
tests utilizing isopropanol (IPA), oxalic acid (AOM), and para
benzoic acid (PBQ) as scavengers. The outcomes were in line
with the hypothesis that free radicals were present in the energy
band. The potential for (MnL)4SiW12O40 (L= L1, L2, L3, L4, L5) in
hydrogen production is suggested by its band features and
physical qualities. Future research could explore doping or
heterojunction strategies to enhance catalytic performance and
stability, considering the thermal stability of the compounds.
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