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Abstract: Decatungstate (DT) is a highly promising photocatalyst for dioxygen (O;)-based
reactions but has hardly been applied in the photocatalytic degradation technology of dye.
Here, we synthesized hydrophilic DT-SO3;H salts by incorporating tetra-alkyl cations with
sulfonic acid groups, aiming to enhance both the water solubility and catalytic efficiency
of DT under visible light. Comprehensive characterization of DT-SO3H using ultraviolet—
visible spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FI-IR), X-ray
photoelectron spectroscopy (XPS), Photocurrent (PTC), and Electrochemical Impedance
Spectroscopy (EIS) confirmed its improved properties. DT-SO3H demonstrated outstand-
ing photocatalytic performance, achieving 90% degradation of methyl orange within
25 min under continuous visible light irradiation. This study presents a cost-effective
and efficient method for degrading methyl orange, representing a significant advancement
in the development of high-performance photocatalysts and opening new avenues for the
study and application of photocatalytic dye degradation technologies.

Keywords: decatungstate photocatalysis; visible light; methyl orange degradation

1. Introduction

The utilization of molecular oxygen (O,) in photocatalytic oxidation systems has
increasingly fascinated researchers due to its exceptional characteristics, such as cleanliness,
minimal energy consumption, high efficiency, and absence of secondary pollution [1].
Among them, decatungstate (DT), distinguished by its unique photophysical and chemical
properties [2-5], has significantly advanced the field of photocatalysis in recent years.
Notably, DT has demonstrated remarkable efficacy in facilitating the synthesis of diverse
organic compounds under mild photocatalytic conditions, including the photocatalyzed
oxidation of aliphatic and aromatic alcohols [6—10], alkanes [11-16], and alkenes [17-20].
Despite its promising properties, the application of DT in organic synthesis is hindered
by inherent limitations such as structural instability, low excitation efficiency, and limited
visible light absorption. In response to these problems, various strategies have been devised
to enhance DT-based photocatalytic systems. These include impregnating DT onto solid
matrices [17,18], incorporating DT into sol-gel networks [21,22], binding DT onto silica
surfaces [23,24], attaching DT to ion-exchange resins [25], encapsulating DT within polymer

Catalysts 2025, 15, 494

https://doi.org/10.3390/ catal15050494


https://doi.org/10.3390/catal15050494
https://doi.org/10.3390/catal15050494
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-7315-3233
https://doi.org/10.3390/catal15050494
https://www.mdpi.com/article/10.3390/catal15050494?type=check_update&version=1

Catalysts 2025, 15, 494

2 0f9

membranes [26-28], etc. Collectively, continued research into optimizing DT-based systems
will contribute to more sophisticated and versatile applications in organic synthesis.

Methyl orange (MO) is a commonly utilized azo dye in the textile industry, known
for its intense coloration, resistance to photolysis, and chemical stability [29]. While these
properties enhance its utility as a dye, they also pose significant challenges for wastewater
treatment, as it is difficult to decompose once it enters the environment [30]. Traditional
methods, such as physical precipitation, filtration, chemical precipitation, chemical oxi-
dation, and biological processes, often prove inadequate for the efficient and economical
degradation of MO [31]. Thus, finding efficient and cost-effective ways to degrade MO
in wastewater has become a pressing issue for the textile industry. For instance, Zhu
et al. utilized sodium DT as a catalyst for the UV-induced degradation of MO, achieving
notable efficiency (30 min, pH = 2, 100%) in breaking down the dye (20 mg/L) [32]. Niu
et al. developed titanium dioxide-DT nanocomposite films in the presence of H,O,, which
demonstrated high degradation rates (90 min, 88.8%) of MO (20 mg/L) under UV light [33].
Nevertheless, the dependence on UV light in these systems presents a significant con-
straint and poses practical challenges for large-scale industrial applications. Consequently,
developing more effective and scalable solutions for MO degradation that can operate
under visible light conditions would reduce energy consumption and enhance feasibility
for industrial use.

Despite significant progress having been made in utilizing DT for the oxidation of
organic compounds in organic media, the water solubility of DT is still far from satisfactory,
and its application in aqueous photocatalytic systems has been rarely reported. Therefore,
it is markedly challenging and of great importance to incorporate its excellent water
solubility and strong catalytic performance into a DT-catalyzed photocatalytic system.
In this work, we synthesized hydrophilic DT-SO3H salts using tetra-alkyl cations with
sulfonic acid groups. This novel approach aims to enhance both the water solubility
and robust catalytic efficiency of DT in aqueous environments. The selection of NayDT
as the benchmark material is based on its status as the prototypical decatungstate salt
widely reported in photocatalytic studies [32]. As an unmodified tungsten—oxo cluster
with aqueous solubility, NayDT provides a critical baseline for evaluating the efficacy
of our sulfonic acid functionalization strategy. By systematically comparing DT-SOs;H
with this conventional counterpart, we aim to establish structure—property relationships
between cation modification and photocatalytic activity. This comparative framework
ensures the meaningful evaluation of our functionalization approach. We characterized
the photophysical properties of DT-SO3H using UV-Vis, FI-IR, XPS, TPC, and EIS. Under
continuous visible light irradiation, DT-SO3H demonstrated remarkable catalytic efficiency,
achieving 90% decolorization of methyl orange within 25 min. Our study presents an
efficient and cost-effective method for the photocatalytic degradation of methyl orange
under visible light. This innovative method, combining both inter- and intramolecular
aggregation, represents a certain breakthrough in creating high-performance photocatalysts
for environmental applications.

2. Results and Discussion
2.1. Photocatalytic Oxidation Degradation of Methyl Orange by O,

Figure 1 illustrates the removal efficiency of methyl orange as a function of reaction
time for experiments conducted with NayDT (details of the synthesis process are provided
in Supplementary Materials) and DT-SO3H under visible light irradiation. It was found that
there is a negligible loss of methyl orange in the control experiment conducted without a
catalyst. In contrast, the DT-SO3H catalyst demonstrated a significantly higher degradation
rate compared to NagDT; the removal efficiency of the DT-SO3H catalyst reaches 90% after
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25 min of reaction, while the same reaction degree requires a reaction time of more than
50 min for NayDT.
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Figure 1. Degradation of methyl orange (20 mg/L) under visible light irradiation at room temperature,
catalyst (8.5 x 10~% M).

2.2. Characterization of Catalysts

FT-IR spectra: The FT-IR spectrum of DT-SO3H is shown in Figure 2A. The spec-
trum features three prominent peaks in the 800-1000 cm ™! range, specifically at 960 cm !,
860 cm~!, and 804 cm~!. These peaks belong to stretching vibrations of W=0Oy (terminal
oxygen), W-Op—-W (Oy,: bridged oxygen), and W-O~W (O.: central oxygen), respectively,
reflecting the structural characteristics of the DT anion [34]. Notably, the second peak at
860 cm~! appears at a lower wavelength compared to the standard decatungstate signa-
tures reported in literature, suggesting that the presence of tetra-alkyl cations with sulfonic
acid groups influences the DT anion structure due to their strong electron-withdrawing
effect. Further, the spectrum exhibits four characteristic peaks of the -SO3H group at
1160 cm ™1, 1068 cm 1, 620 cm ™1, and 535 cm ! [35], indicating the successful synthesis of

the novel hydrophilic DT-SOsH compound.
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Figure 2. FT-IR (A) and UV-Vis (B) of DT-SO3H (9.6 x 10~ M).

Liquid UV-Vis spectra: Figure 2B displays the UV-Vis spectrum of DT-SO3H in
MeCN. In that, the curve exhibited two characteristic bands at 320 nm and 267 nm. The
band at 320 nm is assigned to the charge transitions (CT) of O to W of four linear W-O-W
bridge bonds in the photo-active species [W19O32]* [24]. Meanwhile, the band at 267 nm
is attributed to the CT process from oxygen to tungsten in the unstable structural subunit
[W5046]%~ [25]. The spectral features observed in UV-Vis analyses suggest the successful
synthesis of the DT-SO3;H photocatalyst, consistent with the above FT-IR spectrum result.
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XPS spectra: To investigate the influence of cations on the DT anion, the XPS spectra
for the surface W and O elements of the NayDT and DT-SOzH catalysts are shown in
Figure 3. In NayDT, the Ols peaks deconvolute into two distinct energy levels at 531.8 eV
and 530.5 eV, which are assigned to the W-O-W and W=0 groups [36,37], respectively. In
contrast, the Ols peaks in the DT-SO3H are shifted to slightly higher binding energies,
appearing at 532.1 eV and 530.9 eV (see curve 2 in Figure 3A). Figure 3B displays the
Wi4f spectrum for DT-SO3H, showing peaks at 35.8 eV (W4f;/5), 37.9 eV (W4f5/5), and
41.4 eV (W4f loss feature). These peaks are also shifted to higher energies compared to the
corresponding peaks in NayDT, which appear at 35.6 eV, 37.7 eV, and 41.2 eV, respectively.
This upward shift in binding energy for both the W and O elements in DT-SO3H can be
attributed to the electrophilic effect of the tetra-alkyl cation with the -SO3H group. The
increased binding energy suggests a reduction in electron density and a weakened electron
screening effect [38—40].
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Figure 3. High-resolution (HR) XPS spectrum of NayDT (A) and DT-SO3H (B).

Photocurrent and electrochemical impedance: Photocurrent (PTC) and electrochem-
ical impedance (EIS) measurements of NayDT and DT-SOs;H were tested, and the ob-
tained curves are displayed in Figure 4. Obviously, NayDT exhibits a low PTC response
(curve 1, Figure 4A), attributed to the rapid recombination of photo-generated electron-
hole pairs [41]. In contrast, DT-SO3H demonstrates a significantly higher PTC response,
attributed to the enhanced effect of the tetra-alkyl cation with -SO3H on the separation and
migration efficiency of photo-generated charge pairs, acting as excellent electron acceptors.
Additionally, EIS measurements were employed to further elucidate the charge transfer
kinetics for them. The impedance radius of DT-SO3H is smaller than that of NayDT to
some extent (Figure 4B), suggesting a reduction in interface resistance between the working
electrode and the catalyst film for the DT anion [42]. This reduction in the impedance radius
correlates with lower resistance in the charge transfer process, indicating the beneficial
influence of the tetra-alkyl cation with -SO3H [43].

Frontier Orbital Energy Levels: To explore the effect of the tetra-alkyl cation on
the frontier orbital energy levels of DT anions, Mott-Schottky and UV-Vis diffuse re-
flectance spectroscopy were conducted on two catalysts: NagDT and DT-SO3H. The re-
lationship between the absorption coefficient (A) and the incident photon energy (hv) is
Ahv = Cy (hv — Eg) [44,45], where C; is the light absorption constant and Eg is the band
gap energy of the photocatalyst. By applying this formula to analyze the UV-Vis diffuse
reflectance data, Tauc curves were obtained (Figure 5A). Subsequent tangent processing of
these curves enabled the analysis of the energy bands for NayDT and DT-SO3H; the gap
energies Eg are 3.03 eV and 2.82 eV. The smaller band gap energy observed for DT-SOsH
compared to NagDT suggests that the tetra-alkyl cation with -SO3H contributes to improved
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utilization of visible light by DT. The flat band potential (Epg) of photocatalysts is typically
derived from the Mott-Schottky curve [46]. Figure 5B illustrates the Schottky curves for
the aforementioned DTs. It is evident that all DT catalysts exhibit n-type semiconductor
behavior [47]. The Egg values for NayDT and DT-SO3H are determined to be —0.63 eV and
—0.54 eV, respectively, while the EFB of n-type semiconductors is equal to the Fermi level
(EF), and Ecp is approximately equal to EF [48]. Thus, the ECB of the above several DTs is
approximately equal to EFB, and the calculated EVB of NasDT and DT-SO3H is 2.40 eV
and 2.28 eV, respectively, combined with the value of Eg (Eg = EVB — ECB). This indicates
that the tetra-alkyl cation can affect the frontier orbital energy levels of DT.
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Figure 4. Photocurrent response (A) and electrochemical impedance spectroscopy (B) of NayDT
(1.0 x 107° M) and DT-SO3H (1.0 x 1075 M).
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Figure 5. Tauc (A) curves obtained from the UV-Vis DRS spectra and Mott-Schottky curves (B) of
samples. 1: NayDT (1.0 x 107> M); 2: DT-SO3H (1.0 x 107> M).

3. Experimental
3.1. Preparation of the Photocatalysts

All chemicals used were of analytical reagent (AR) grade and were utilized directly
without any further treatment.

Synthesis of the novel decatungstate: According to the previously reported meth-
ods [49,50], the synthesis of DT salt is described as follows: 3.2 g Na,WO,-2H,0 was
dissolved with 20 mL of water in a three-necked flask (100 mL), and the solution was
heated at 85 °C. Subsequently, a certain amount of 3 M HCl aqueous solution was
added, reducing the pH to 2.1~2.3. After approximately 5 min, an aqueous solution
of 4-(triethylammonio)butane-1-sulfonate bromide (2 M, 2 mL) was gradually added under
continuous stirring and stable pH value. Then, the mixture was left to react at 90 °C for
30 min. After, the mixture was concentrated and the white solids (DT-SO3;H) were dried at
85 °C under vacuum.
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3.2. Characterization

UV-Vis spectra of the samples were dissolved in MeCN and recorded from 200 to
800 nm on an UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan). UV-Vis diffuse
reflectance spectra (DRS) were obtained with a U-3310 spectrophotometer (HITACHI).
Transmission FT-IR spectra of the samples were collected in the range of 400 to 4000 cm !
on a Nicolet Nexus 510 P FI-IR spectroscope using a KBr disk (Madison, WI, USA). X-
ray photoelectron spectroscopy (XPS) measurements were conducted on a VG Multi Lab
2000 system with a monochromatic Mg-K« source operated at 20 kV. The photoelectric
current curve of the samples was measured in 0.5 M Na;SOy solution with 0.3 V bias poten-
tial using a three-electrode system and CHI 660E workstation. Electrochemical impedance
spectroscopy (EIS) was performed using the same photoelectrochemical test equipment,
with the electrolyte replaced by a 0.1 M KCl solution containing 5 mM Fe(CN)g>~ /4. In
this equipment, platinum wire was the counter electrode and Ag—-AgCl was the reference
electrode. The working electrode was prepared as follows: 20 mg of the catalyst was
ultrasonically dispersed in 1 mL ethanol for 20 min, followed by the addition of 10 pL of
Nafion to create a stable slurry. This slurry was then drop-cast onto ITO slices (0.4 mL per
slice), forming a working electrode with an effective illumination area of 1 cm? after the
ethanol had completely evaporated. A 300 W xenon lamp equipped with a 420 nm cutoff
filter was used to provide visible light for photocurrent measurements.

3.3. Photocatalytic Evaluation Experiments

The photocatalytic oxidation experiments were performed using a custom-designed
photoreactor equipped with an ethanol-cooled condenser and an oxygen storage vessel
maintained at 1 atm pressure (see Figure S1 in Supporting Information (SI)). A 35 W
tungsten-bromine lamp (with an UV light filter; light intensity, 535 mW /cm?) was used as
a light source. The whole lighting reaction was operated in the closed reactor under normal
temperature and pressure. The detailed operating conditions and analytical method for the
oxygenated products can be found in our recent publications [49].

4. Conclusions

To summarize, we obtained hydrophilic DT salts utilizing tetra-alkyl cations with a
sulfonic acid group, which were developed for application in the degradation of methyl
orange, which has the following merits: (i) photocatalysis is simple and effective; (ii) the
DT-SO3H sample possesses improved photophysical and chemical properties compared
with NayDT; (iii) as a green photocatalyst in a homogeneous system, the novel catalyst has
a very good degradation effect on simulated methyl orange, which provides a new way for
the study of the photocatalytic degradation technology of dyes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal15050494 /s1. Figure S1. The self-assembled photo-reactor used this
work. Figure S2 is the structure of the DT-SO3H. Figure S3 Left: (A) The light reaction device with
built-in bromine-tungsten lamp. (B) The Electronic transformer (C). The lamp. (D) The lamp holder.
Right: The emission spectra of 35 W bromine-tungsten lamp(400-1000 nm). Figure S4 is the UV-vis of
NayDT (9.6 x 10~° M). Figure S5 is the FT-IR spectrum of NayDT. Figure S6 is the UV-vis of Na4DT
(9.6 x 1073 M) in a visible region.
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