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Abstract: [Sn(H2PO4)2(TPyHP)](H2PO4)4·6H2O (2), an ionic tin porphyrin complex, was synthesized
from the reaction of [Sn(OH)2TPyP] (1) with a dilute aqueous solution of a polyprotic acid (H3PO4).
Complex 2 was fully characterized using various spectroscopic methods, such as X-ray single-crystal
crystallography, 1H NMR spectroscopy, elemental analysis, FTIR spectroscopy, UV–vis spectroscopy,
emission spectroscopy, EIS mass spectrometry, PXRD, and TGA analysis. The crystal structure of 2
reveals that the intermolecular hydrogen bonds between the peripheral pyridinium groups and the
axially coordinated dihydrogen phosphate ligands are the main driving force for the supramolecular
assembly. Simultaneously, the overall association of these chains in 2 leads to an open framework with
porous channels. The photocatalytic degradation efficiency of methyl orange dye and tetracycline
antibiotic by 2 was 83% within 75 min (rate constant = 0.023 min−1) and 75% within 60 min (rate
constant = 0.018 min−1), respectively. The self-assembly of 2 resulted in a nanostructure with a huge
surface area, elevated thermodynamic stability, interesting surface morphology, and excellent catalytic
photodegradation performance for water pollutants, making these porphyrin-based photocatalytic
systems promising for wastewater treatment.

Keywords: Sn(IV)porphyrins; multivalent interactions; self-assembly; photocatalysts

1. Introduction

Porphyrin-based micro- and nanostructures have been especially appreciated by ma-
terials chemistry researchers due to their variable coordination features and interesting
electronic and optical characteristics. They can be tremendously useful in several im-
portant applications, including photocatalysis for solar energy conversion [1], hydrogen
production [2], carbon dioxide reduction [3], chemical sensors [4], photodynamic therapy
for cancer treatments [5], the electrochemical oxygen evolution reaction [6], catalysis [7],
and water purification [8]. This is because their nanoscale architectures exhibit a range of
desirable characteristics, such as huge surface areas, interesting surface morphology, and
outstanding chemical resistance, compared with their starting components. In particular,
their substantial molecular design flexibility, exceptional photoelectronic property tunabil-
ity, and solution-phase characteristics make them unique catalytic systems. Owing to their
enormous absorption coefficients in the ranges of 400–440 nm (Soret band) and 500–720 nm
(Q-bands), porphyrin derivatives are capable of absorbing light in a longer wavelength
range (UV–vis) and have thus been used as photosensitizers for various photocatalytic
systems [9–14]. Furthermore, their robust structural frameworks and inherent aromatic
electronic characteristics encourage their large-scale self-aggregation in solution. A vari-
ety of intra- and intermolecular non-covalent interactions (e.g., hydrogen bonds, van der
Waals forces, π–π stacking, hydrophobic/hydrophilic interactions, and electrostatic forces)
drive the self-assembly of porphyrins [15–20]. Numerous self-assembly methods, such
as re-precipitation [21], surfactant-assisted [22], metal–ligand coordination-assisted [23],
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and ionic [24] self-assembly, have been employed for the fabrication of porphyrin-based
architectures. Ionic self-assembly methods are mainly used owing to their simple operation.
In this process, oppositely charged species are electrostatically self-assembled to form
nanoaggregates such as nanospheres [25], nanotubes [26], nanofibers [27], nanosheets [28],
nanocomposites [29], and nanorods [30].

Among metalloporphyrins, Sn(IV)porphyrin compounds are ideal building block scaf-
folds for constructing coordination complexes [31,32], multiporphyrin arrays [33,34], and
self-assembled nanostructures [35,36]. Oxophilic Sn(IV)porphyrin centers can readily ac-
commodate two trans-axial oxyanion ligands (carboxylates and alkoxides), forming a rigid
octahedral coordination geometry. Additionally, these complexes are diamagnetic, allowing
structural details to be obtained from 1H and 119Sn nuclear magnetic resonance (NMR) spec-
troscopy [37]. Most importantly, the six-coordinate structure of Sn(IV)porphyrin complexes
is advantageous for the self-assembly of tin porphyrin complexes because it allows the
structural motifs to be extended into a multidimensional framework by utilizing various
intermolecular interactions and different directions. Considering this structural feature,
Sn(IV)porphyrin complexes can be recognized as molecular building blocks capable of
multivalent interactions, which enable diverse and cooperative binding in supramolecular
assemblies [38]. Previously, we crystallographically characterized the supramolecular ionic
self-assemblies of highly charged tin(IV)porphyrin pyridinium cations stabilized by nitrate
and sulfate anions [39,40]. These studies demonstrated that the axial ligands and counter
anions of highly charged tin(IV)porphyrin cations play an important role in the supramolec-
ular assembly together with the rigid structure of the porphyrin framework. In addition,
Sn(IV)porphyrin cations assemble into different nanostructures depending on the counter
anions and axial ligands [24]. The counter anions and axial ligands thus significantly control
the morphology and photocatalytic properties of the nanostructures. From this perspective,
we considered axial ligands and counter anions that may have multiple sites that can engage
in intermolecular interactions, such as phosphate groups. The tetrahedral structure of the
phosphate skeleton consisting of four oxygen atoms is useful for supramolecular assembly
and the construction of robust nanostructures. Herein, we describe the synthesis, crystal
structure, characterization, morphology, and catalytic performance of nanoaggregates of
the Sn(IV)porphyrin-containing ionic complex [Sn(H2PO4)2(TPyHP)](H2PO4)4·6H2O (2).

The synthesized porphyrin-based nanoaggregates were tested as visible-light catalysts
for the decomposition of dyes in water. The catalytic performance of 2 for the photodecom-
position of methyl orange (MO) dye and the antibiotic tetracycline (TC) was investigated.
Additionally, the degradation kinetics and mechanism of the photocatalytic reaction are
reported. The process is an environmentally friendly, cost-effective solution for wastewater
treatment. As a highly water-soluble, aromatic azo dye, MO is generally used as a pH
indicator in various industries, including printing, paper, food, and textiles. However, MO
dye may be unethically discharged into water bodies, harming flora and fauna. It is one
of 20 dyes identified most commonly in wastewater and can damage the skin, eyes, and
respiratory system; moreover, it is non-biodegradable and carcinogenic, even at dilute con-
centrations. Owing to its hazardous nature, separating it from wastewater using common
chemical, biological, and physical treatments is not straightforward. Previously, several re-
searchers used their as-prepared catalysts to decompose MO dye in water and examined its
catalytic efficiency [41–55]. TC, a phenanthrene core group-containing highly water-soluble
antibiotic, exhibits broad-spectrum antimicrobial activity. TC is one of the most effective
and cheapest medicines and finds a place on the list of essential medicines affiliated with the
World Health Organization. It is extensively employed to cure malaria, cholera, pneumonia,
typhus, syphilis, plague, and brucellosis. It also assists in curing chlamydia and rickettsia
infections; combats Gram-positive/negative bacteria; and provides anabolic support for
animals. It has a poor metabolic decay rate in water. Thus, the discharge of TC residues
and their metabolites into water bodies significantly increases antibiotic resistance genes.
Humans have experienced side effects such as diarrhea, rash, vomiting, kidney problems,
poor dental development, and loss of appetite due to the existence of TC in drinkable water.



Molecules 2024, 29, 4200 3 of 19

TC has been used as a standard contaminant to evaluate the degradation efficiencies of
as-synthesized catalysts [56–71]. In these studies, various investigations were conducted
to verify the desirable requirements for the photodegradation of MO and TC pollutants
in water.

2. Results and Discussion
2.1. Synthesis and X-ray Single-Crystal Structural Analysis

The reaction of Sn(OH)2TPyP (1) with H3PO4 in a mixture of water and acetone
affords crystalline [Sn(H2PO4)2(TPyHP)](H2PO4)4·6H2O (2) (Scheme 1). The Materials and
Methods Section 3 contains every detail of the synthesis procedure of 2 from 1.
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Scheme 1. Synthesis of 2 from 1.

Rod-shaped violet single crystals of complex 2 were easily attained by the slow diffu-
sion of acetone into a 1% aqueous H3PO4 solution of 1. X-ray crystallographic data were
accumulated after coating the single crystal of 2 with polymer glue. All structural refine-
ment parameters and crystallographic data are given in Table S1, and selected bond lengths
and bond angles are shown in Table S2. The crystal structure of 2 clearly shows the presence
of Sn–O–PO(OH)2 bonds in the trans-axial position and four dihydrogen phosphate ions
as counter anions (Figure 1). Although H3PO4 is a polyprotic acid, the H2PO4

– species
(pKa1 = 7.5 × 10−3) is much more abundant than HPO4

2– (pKa2 = 6.2 × 10−8) and PO4
3−

(pKa3 = 4.8 × 10−13) in aqueous solution.
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The reaction of 1 with an aqueous solution of 1% nitric acid has been reported to
generate hexa-cationic [Sn(OH2)2TPyHP]6+ species surrounded by six nitrate anions [39].
In that case, the pyridine groups as well as the axial hydroxyl groups were protonated to
produce [Sn(OH2)2TPyHP]6+. It is a hexa-cationic species and was stabilized by six NO3

−
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anions. In the unit cell of 2, the axial hydroxyl group was replaced by the phosphoric
acid group to form tetra-cationic [Sn(H2PO4)2(TPyHP)]4+ species and stabilized by four
H2PO4

− anions. Also, six water molecules were present in the unit cell of 2. The Sn(IV)
atom in complex 2 has an octahedral coordination environment as evident from the crystal
lattice. The equatorial plane and axial positions are occupied by four N atoms from the
porphyrin moiety and two O atoms from phosphoric acid groups, respectively. Both
positions of the axial phosphoric acid group bonded with the tin(IV)porphyrin center are
symmetrically equivalent. The bond distances of two symmetrically comparable Sn−N
bonds were measured to be 2.0837(15) Å and 2.0800(15) Å, respectively. The average bond
distance is marginally shorter than that of the [Sn(OH2)2TPyHP]6+ species (2.083 Å). On the
other hand, symmetrically equivalent, axial Sn−O bonds were measured to be 2.0838(13) Å.
The average axial Sn–O bond length is considerably close to that of [Sn(OH2)2TPyHP]6+.
The axial dihydrogen phosphate ligand plays a pivotal part in the supramolecular assembly
of tetra-cationic [Sn(H2PO4)2(TPyHP)]4+. The dihydrogen phosphate ligand acts as both a
hydrogen-bond donor and acceptor, as evident from Figure 2.
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− anion, and water molecule.

The axial dihydrogen phosphate ligand interacts with the pyridinium group of an-
other porphyrin molecule. The hydrogen-bonded lengths from the axial O atom of the
dihydrogen phosphate group to the N-pyridinium (N22−H22····O4) in the adjoining Sn(IV)
porphyrin cation were found to be 1.740 Å (H22····O4) and 2.619 Å (N22····O4). In addition,
the dihedral angle of N22−H22····O4 was measured to be 174.41o. Therefore, effective
intermolecular hydrogen bonds give rise to two-dimensional association in 2 (Figure 3).
Additionally, the axial dihydrogen phosphate ligand interacts with water molecules as well
as two H2PO4

− counter anions, leading to the self-aggregation of 2, as shown in Figure 4.
The crystal structure of 2 reveals that the intermolecular hydrogen bonds between the pe-
ripheral pyridinium groups and the axially coordinated dihydrogen phosphate ligands are
the main driving forces of supramolecular assembly. Simultaneously, the overall association
of these chains in 2 results in an open framework with porous channels (Figure 5). The 1D
chains in complex 2 do not interpenetrate. This leaves a void space in the framework that
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can be estimated by using the van der Waals surface method. The calculated free volume
for complex 2 was found to be 42% per unit cell volume after removal of solvent molecules
from the lattice (probe radius 1.3 Å and grid spacing 0.7 Å).

Molecules 2024, 29, x FOR PEER REVIEW 5 of 19 
 

 

the overall association of these chains in 2 results in an open framework with porous chan-

nels (Figure 5). The 1D chains in complex 2 do not interpenetrate. This leaves a void space 

in the framework that can be estimated by using the van der Waals surface method. The 

calculated free volume for complex 2 was found to be 42% per unit cell volume after re-

moval of solvent molecules from the lattice (probe radius 1.3 Å and grid spacing 0.7 Å). 

 

Figure 3. Hydrogen-bonded arrays of Sn(IV)porphyrin building blocks in 2. The green dotted lines 

represent hydrogen bonds. For clarity, H atoms bonded to C atoms are excluded. 

 

Figure 4. Supramolecular array of 2 including all species, viewed along the crystallographic b-axis. 

Figure 3. Hydrogen-bonded arrays of Sn(IV)porphyrin building blocks in 2. The green dotted lines
represent hydrogen bonds. For clarity, H atoms bonded to C atoms are excluded.

Molecules 2024, 29, x FOR PEER REVIEW 5 of 19 
 

 

the overall association of these chains in 2 results in an open framework with porous chan-

nels (Figure 5). The 1D chains in complex 2 do not interpenetrate. This leaves a void space 

in the framework that can be estimated by using the van der Waals surface method. The 

calculated free volume for complex 2 was found to be 42% per unit cell volume after re-

moval of solvent molecules from the lattice (probe radius 1.3 Å and grid spacing 0.7 Å). 

 

Figure 3. Hydrogen-bonded arrays of Sn(IV)porphyrin building blocks in 2. The green dotted lines 

represent hydrogen bonds. For clarity, H atoms bonded to C atoms are excluded. 

 

Figure 4. Supramolecular array of 2 including all species, viewed along the crystallographic b-axis. Figure 4. Supramolecular array of 2 including all species, viewed along the crystallographic b-axis.



Molecules 2024, 29, 4200 6 of 19Molecules 2024, 29, x FOR PEER REVIEW 6 of 19 
 

 

 

Figure 5. Space-filling representation showing the regular porous 1D channels in 2, viewed along 

the crystallographic b-axis. The anions and lattice solvent molecules are excluded for clarity. 

2.2. Spectroscopic Analysis 

Complex 2 was comprehensively characterized using various instrumental tech-

niques, including UV–vis spectroscopy, 1H NMR spectroscopy, elemental analysis, emis-

sion spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, powder X-ray diffrac-

tion (PXRD), electrospray ionization mass spectrometry (ESI-MS), and thermogravimetric 

analysis. The 1H NMR spectrum of 2 in DMSO-d6 (dimethyl sulfoxide) is shown in Figure 

S1. A singlet at 9.57 ppm is assigned to the β-pyrrolic protons in 2. The protons associated 

with the pyridyl rings appear as doublets at 9.12 ppm (for 3,5 positions) and 9.41 ppm (for 

2,6 positions). In the case of 1, these protons resonate at 9.12 ppm (s), 9.11 ppm (d), and 

8.30 ppm (d) [72]. The spectra confirm that after complexation, the peak positions of these 

protons in 2 are downfield-shifted from those in 1 and have the same splitting patterns. 

The ESI mass spectrum of 2 is shown in Figure S2. The peak at m/z 233.67 (theoretical m/z 

of 233.52) corresponds to the molecular formula of [Sn(H2PO4)2TPyHP]4+. The peak at m/z 

129.39 was designated as [Sn(OH2)2TPyHP]6+ (theoretical: 129.24). The experimental ele-

mental (C, H, and N) data for 2 were in high agreement with the theoretical value. 

Figure 6 compares the FTIR spectra of 1 and 2. In the spectrum of 1, the peaks at 1024 

cm–1 and 793 cm−1 are attributed to the bending and out-of-plane bending vibration of C−H 

in the aromatic ring. The peaks at 1400 and 1592 cm−1 were designated to the stretching 

vibrations of C−N and C=C in the porphyrin ring, respectively. On the other hand, the 

peak at 1635 cm−1 is attributed to the stretching vibration of C=N in the porphyrin ring. 

The peak at 3590 cm−1 corresponds to the stretching vibrations of the axial OH group in 1. 

In complex 2, the peak at 3590 cm−1 associated with the O–H stretching band was absent 

owing to its complexation with H2PO4−. The X-ray single-crystal structure of complex 2 

approves the absence of a Sn-OH bond. The characteristic P–O stretching and bending 

peaks of the H2PO4 moiety appear in the range of 1250–500 cm−1. These peaks are broad 

owing to the overlapping absorptions of the free H2PO4 ions and Sn-bonded H2PO4 ions 

in 2. The peaks at 1220 and 1090 cm−1 are designated to the asymmetric stretching of the 

P–O bond, and those centered at 955 and 845 cm−1 are attributed to the symmetric stretch-

ing vibrations of the P–O bond; the peak at 552 cm−1 arises from the P–O bending vibra-

tion. All other peaks are identical to those of 1. The above spectral data confirm the pres-

ence of dihydrogen phosphate anions in 2. 

Figure 5. Space-filling representation showing the regular porous 1D channels in 2, viewed along the
crystallographic b-axis. The anions and lattice solvent molecules are excluded for clarity.

2.2. Spectroscopic Analysis

Complex 2 was comprehensively characterized using various instrumental techniques,
including UV–vis spectroscopy, 1H NMR spectroscopy, elemental analysis, emission spec-
troscopy, Fourier-transform infrared (FTIR) spectroscopy, powder X-ray diffraction (PXRD),
electrospray ionization mass spectrometry (ESI-MS), and thermogravimetric analysis. The
1H NMR spectrum of 2 in DMSO-d6 (dimethyl sulfoxide) is shown in Figure S1. A singlet at
9.57 ppm is assigned to the β-pyrrolic protons in 2. The protons associated with the pyridyl
rings appear as doublets at 9.12 ppm (for 3,5 positions) and 9.41 ppm (for 2,6 positions). In
the case of 1, these protons resonate at 9.12 ppm (s), 9.11 ppm (d), and 8.30 ppm (d) [72].
The spectra confirm that after complexation, the peak positions of these protons in 2 are
downfield-shifted from those in 1 and have the same splitting patterns. The ESI mass
spectrum of 2 is shown in Figure S2. The peak at m/z 233.67 (theoretical m/z of 233.52)
corresponds to the molecular formula of [Sn(H2PO4)2TPyHP]4+. The peak at m/z 129.39
was designated as [Sn(OH2)2TPyHP]6+ (theoretical: 129.24). The experimental elemental (C,
H, and N) data for 2 were in high agreement with the theoretical value.

Figure 6 compares the FTIR spectra of 1 and 2. In the spectrum of 1, the peaks at
1024 cm–1 and 793 cm−1 are attributed to the bending and out-of-plane bending vibration
of C−H in the aromatic ring. The peaks at 1400 and 1592 cm−1 were designated to the
stretching vibrations of C−N and C=C in the porphyrin ring, respectively. On the other
hand, the peak at 1635 cm−1 is attributed to the stretching vibration of C=N in the porphyrin
ring. The peak at 3590 cm−1 corresponds to the stretching vibrations of the axial OH group
in 1. In complex 2, the peak at 3590 cm−1 associated with the O–H stretching band was
absent owing to its complexation with H2PO4

−. The X-ray single-crystal structure of
complex 2 approves the absence of a Sn-OH bond. The characteristic P–O stretching and
bending peaks of the H2PO4 moiety appear in the range of 1250–500 cm−1. These peaks are
broad owing to the overlapping absorptions of the free H2PO4 ions and Sn-bonded H2PO4
ions in 2. The peaks at 1220 and 1090 cm−1 are designated to the asymmetric stretching
of the P–O bond, and those centered at 955 and 845 cm−1 are attributed to the symmetric
stretching vibrations of the P–O bond; the peak at 552 cm−1 arises from the P–O bending
vibration. All other peaks are identical to those of 1. The above spectral data confirm the
presence of dihydrogen phosphate anions in 2.
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The crystal structure of 2 contains six water molecules in the lattice. These solvent
molecules seem to be vulnerable and may be lost from complex 2. Therefore, the complex
may lose its crystalline nature. To confirm the crystallinity of 2, as-synthesized complex 2
was heated at 90 ◦C for 8 h in vacuum. The measured PXRD pattern of 2 in the 2θ range of
5–60◦ is shown in Figure 7. For comparison, this pattern is contrasted with the simulated
PXRD pattern of 2 derived from the X-ray single-crystal structure. Complex 2 maintained a
highly crystalline nature with a primary match between the experimental and simulated,
as indicated by the powder-XRD patterns of evacuated samples of 2 (Figure 7). Both PXRD
patterns were almost similar in the number of peaks, position, and relative intensities. This
demonstrates the high rigidity and robustness of the porphyrin-based framework in 2. The
structure of the framework remains intact even after the eviction of the solvents.
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The Brunauer–Emmett–Teller (BET) surface areas of as-prepared 1 and 2 were eval-
uated by N2 adsorption–desorption at 77 K to measure their changes in surface area
(Figure S3). In Figure S3, compound 1 clearly shows a type-I isotherm, whereas complex 2
displays a type-IV isotherm. The BET surface area of 1 (26 m2/g) was found to be lower
than that of 2 (92 m2/g). Thus, a remarkable increase in surface area was observed owing
to the transformation of 1 into 2. It is noteworthy that high mesoporosity has a positive
impact on the adsorption of pollutant dyes.

Both the solid- and solution-phase optoelectronic properties of 1 and 2 were analyzed
using UV–vis spectra. In Figure 8, 2 exhibits a sharp band at 416 nm (the Soret band), and
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three weak peaks at 512, 550, and 590 nm (Q-bands). This absorption spectrum was similar
to that of 1, in which these absorptions appeared at 415, 512, 550, and 589 nm, respectively.
This confirms that 2 remains stable in solution after complexation of 1 with H3PO4. In the
solid-phase UV–vis spectrum, 2 exhibits a broad Soret band at 432 nm (half-width center at
440 nm) and Q-bands in the range of 540 nm to 650 nm (Figure S4). In the spectrum of 1,
these peaks appeared at 428, 568, and 608 nm.
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Figure 8. UV–visible spectra of 1 and 2 in DMSO.

The emission spectra of 1 and 2 in DMSO solvent are shown in Figure 9. The emission
spectrum of 1 displays two-band fluorescence peaks at 614 and 665 nm. The photolu-
minescence spectrum of 2 also displays two-band fluorescence peaks at 610 and 664 nm.
The peak-to-peak intensity ratios of 1 and 2 are also changed. From the spectral data, we
confirmed that after complexation, the fluorescence intensity of 1 was quenched drastically
in 2 (Figure 9).

Molecules 2024, 29, x FOR PEER REVIEW 8 of 19 
 

 

Both the solid- and solution-phase optoelectronic properties of 1 and 2 were analyzed 

using UV–vis spectra. In Figure 8, 2 exhibits a sharp band at 416 nm (the Soret band), and 

three weak peaks at 512, 550, and 590 nm (Q-bands). This absorption spectrum was similar 

to that of 1, in which these absorptions appeared at 415, 512, 550, and 589 nm, respectively. 

This confirms that 2 remains stable in solution after complexation of 1 with H3PO4. In the 

solid-phase UV–vis spectrum, 2 exhibits a broad Soret band at 432 nm (half-width center 

at 440 nm) and Q-bands in the range of 540 nm to 650 nm (Figure S4). In the spectrum of 

1, these peaks appeared at 428, 568, and 608 nm. 

 

Figure 8. UV–visible spectra of 1 and 2 in DMSO. 

The emission spectra of 1 and 2 in DMSO solvent are shown in Figure 9 . The emission 

spectrum of 1 displays two-band fluorescence peaks at 614 and 665 nm. The photolumi-

nescence spectrum of 2 also displays two-band fluorescence peaks at 610 and 664 nm. The 

peak-to-peak intensity ratios of 1 and 2 are also changed. From the spectral data, we con-

firmed that after complexation, the fluorescence intensity of 1 was quenched drastically in 

2 (Figure 9). 

 

Figure 9. Fluorescence spectra of 1 and 2 in DMSO (λext = 550 nm; optical density = 0.3). Figure 9. Fluorescence spectra of 1 and 2 in DMSO (λext = 550 nm; optical density = 0.3).

Thermogravimetric analysis (TGA) was used to examine the thermal stability of 2
(Figure S5). When heated in the range of 50 to 100 ◦C, 2 lost ≈10% of its weight owing to the
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ousting of clathrate H2O molecules. The architectures of 2 appeared to be thermally robust
up to ≈400 ◦C. Afterward, considerable weight loss was observed due to the breakdown of
porphyrin frameworks.

FE-SEM (field-emission scanning electron microscopy) images of both the compounds
were observed to examine the morphologies as well as the self-assembly behaviors. To
prepare the samples, both compounds were suspended in a 1:1 solvent mixture of water
and acetone (C = 1.5 mM), followed by centrifugation at a speed of 13,500 rpm for 20 s,
and then drop-casted on the surface of copper tapes. Then, the sample foil was dried in
air. Pt coating was necessary before the FE-SEM studies. The images of the self-assembled
nanoaggregates of 1 and 2 are given in Figure 10. It is clear from the FE-SEM images that the
morphologies of 1 and 2 are significantly different. Compound 1 comprises nanostructures
without specific dimensions. However, 2 exhibits a high-density nanoplate morphology
with smooth surfaces. The ionic porphyrin-based nanoplates were irregularly shaped,
where the average size and thickness of the smaller plates were 1200 × 600 nm and ≈50 nm,
respectively. The average diameter of the bigger nanoplates differed from 3500 × 1500 nm,
and their thickness was ≈50 nm.
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2.3. Catalytic Photodegradation of Pollutants

The photocatalytic activities of 1 and 2 were analyzed through the visible-light pho-
todegradation of the aqueous solution of toxic contaminants. MO dye and TC were chosen
as model contaminants for the catalytic degradation experiments. The time-dependent
optical absorption spectra of MO dye in the presence of complex 2 are given in Figure S6.
Without a visible light or catalyst, MO slightly decomposed (Figure 11). Therefore, catalysts
as well as light are necessary for the photocatalytic photodegradation of MO dye. The
photocatalytic degradation of MO was analyzed by determining the absorbance band at
462 nm with increasing irradiation time. The catalytic performances of both compounds in
MO dye degradation were determined by calculating the decomposition efficiency, (C0 −
C)/C0, where C0 is the initial concentration of MO dye and C is the concentration at time
t. Figure 11 clearly shows that 2 is more efficient at photocatalytically degrading MO dye
than 1, decomposing MO completely within 75 min. The photocatalytic photodegradation
efficiencies of 2 and 1 reached 83% and 30%, respectively. The kinetics of MO dye decay
were modeled using a pseudo-first-order rate equation, represented by ln(C0/C) = kt, which
is generally employed for catalytic decomposition reactions if the initial concentration of
the model pollutant is low. In the equation, k is the pseudo-first-order decay rate constant.
The photodegradation rate of MO dye (Figure S7) was obtained from the plot of ln(C0/C)
vs. t in Figure 11. The pseudo-first-order photodecomposition rate constant for MO by 2
(0.023 min−1) is ≈4.6 times better than that of 1 (0.005 min−1). These rate constants are
more promising than those obtained by other catalysts used to degrade MO dye (Table 1).
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Table 1. Description of the photocatalytic degradation efficiency of MO with several visible-light catalysts.

Photocatalysts Irradiation Time
(min)

Catalyst Dosage
(mg/L)

Dye Concentration
(mg/L)

Rate Constant
(min−1) Reference

BiOI–BiOBr 300 2000 10 0.0031 [41]
BiOBr 80 1000 10 0.0072 [42]

15% TiO2/BiOBr 80 1000 10 0.0243 [42]
graphene@porphyrin

(GNPs@TCPP) 180 5 5 0.0065 [43]

g-C3N4 120 1000 10 0.0038 [44]
WO3 120 1000 10 0.0018 [44]

WO3-g-C3N4 120 1000 10 0.0213 [44]
Zn(II)-porphyrin/poly(acrylic

acid) 180 50 10 0.048 [45]

Bi2MoO6–Bi5O7Br 180 200 16 0.0035 [46]
Ag2Mo1–xWxO4 (x = 0.50) 140 1000 5 0.0054 [47]

Zn0.999Gd0.001O 90 400 15 0.0212 [48]
Mn3O4/ZnO/Eu2O3 150 150 5 0.0107 [49]

TiO2 80 500 20 0.015 [50]
5.0 wt% MoS2-TiO2 80 500 20 0.028 [50]

ZnO 120 1000 100 0.005 [51]
10% Co–ZnO 120 1000 100 0.014 [51]

Zn(II)–Sn(IV)–Zn(II)
Porphyrin-Triad 100 67 20 0.0251 [52]

4α-[Zn(TAzPP)] 70 200 20 0.016 [53]
[H4TTP]Cl2·3CHCl3 + H2O2 180 500 30 0.0042 [54]

Ni(TAMPP) + H2O2 90 500 30 0.013 [55]
1 75 30 30 0.005 This work
2 75 30 30 0.023 This work

The universality of the catalytic photodegradation efficiencies of 1 and 2 was further
demonstrated in the degradation of the TC antibiotic. The time-dependent absorption spec-
tra for the photodegradation of TC in the presence of catalyst 2 are depicted in Figure S8.
The photocatalytic decay of TC was analyzed by computing the absorbance peak at 356 nm
with increasing irradiation time. Within 60 min of visible-light irradiation, the photodegra-
dation ratios of the photocatalysts derived from 2 and 1 reached 75% and 25%, respectively
(Figure 12). The decomposition rate constant (pseudo-first-order) for the degradation of
TC by 1 (0.004 min−1) is lower than that of 2 (0.018 min−1) (Figure S9). Table 2 compares
the catalytic performances attained in this work with those of other catalysts used for TC
degradation.



Molecules 2024, 29, 4200 11 of 19

Molecules 2024, 29, x FOR PEER REVIEW 11 of 19 
 

 

respectively (Figure 12). The decomposition rate constant (pseudo-first-order) for the deg-

radation of TC by 1 (0.004 min−1) is lower than that of 2 (0.018 min−1) (Figure S9). Table 2 

compares the catalytic performances attained in this work with those of other catalysts 

used for TC degradation. 

 

Figure 12. Visible-light degradation of TC antibiotic in water (pH = 5.8, temperature = 298 K). 

Table 2. Comparison of TC decomposition performances of different photocatalysts. 

Photocatalyst 
Irradiation Time 

(min) 

Catalyst Dose 

(mg/L) 

TC Concentration 

(mg/L) 

Rate Constant 

(min−1) 
Reference 

AgIn(MoO4)2 60 1000 10 0.00698 [56] 

6%-Ag/AgIn(MoO4)2 60 1000 10 0.00985 [56] 

Ag2CO3/Ag/WO3 90 1000 10 0.0179 [57] 

polyacrylonitrile (PAN)-TiO2/Ag 240 1000 20 0.013 [58] 

g-C3N4 180 1000 10 0.0032 [59] 

CdIn2S4 180 1000 10 0.00422 [59] 

rGO/g-C3N4 180 1000 10 0.00251 [59] 

rGO/CdIn2S4 180 1000 10 0.0042 [59] 

CdIn2S4/g-C3N4 180 1000 10 0.0043 [59] 

rGO/30%- CdIn2S4/g-C3N4 180 1000 10 0.00766  [59] 

CuBi2O4 120 500 10 0.00341 [60] 

Fe2O3 120 500 10 0.00485 [60] 

30%- Fe2O3/CuBi2O4 120 500 10 0.01246 [60] 

CuBi2O4 120 500 10 0.0032 [61] 

MoS2 120 500 10 0.0034 [61] 

CuBi2O4/MoS2 (5%) 120 500 10 0.0095 [61] 

La2-xSrxNiMnO6 (x = 0.10) 240 1000 10 0.0101 [62] 

CdS 90 250 40 0.0056 [63] 

γ-In2Se3 (0.04 M EDTA) 120 1000 20 0.0175 [64] 

TiO2 (P-25) 150 200 10 0.0069 [65] 

BP (black phosphorus) 90 1000 50 0.0007 [66] 

BiOBr 90 1000 50 0.0027 [66] 

10BP/BiOBr  90 1000 50 0.0110 [66] 

AgFeO2 60 500 40 0.0060 [67] 

Ag/AgFeO2 60 500 40 0.0104 [67] 

poly vinylidene fluoride-TiO2@g-C3N4-

0.2g 
300 1000 50 0.0120 [68] 

BiVO4 240 250 10 0.0045 [69] 

Bi2WO6 180 300 20 0.0044 [70] 

Oxygen deficient Bi2WO6 180 300 20 0.0078 [70] 

Zn(II)-Sn(IV)-Zn(II) porphyrin triad 45 50 100 0.0260 [71] 

Figure 12. Visible-light degradation of TC antibiotic in water (pH = 5.8, temperature = 298 K).

Table 2. Comparison of TC decomposition performances of different photocatalysts.

Photocatalyst Irradiation Time
(min)

Catalyst Dose
(mg/L)

TC
Concentration

(mg/L)

Rate Constant
(min−1) Reference

AgIn(MoO4)2 60 1000 10 0.00698 [56]
6%-Ag/AgIn(MoO4)2 60 1000 10 0.00985 [56]

Ag2CO3/Ag/WO3 90 1000 10 0.0179 [57]
polyacrylonitrile (PAN)-TiO2/Ag 240 1000 20 0.013 [58]

g-C3N4 180 1000 10 0.0032 [59]
CdIn2S4 180 1000 10 0.00422 [59]

rGO/g-C3N4 180 1000 10 0.00251 [59]
rGO/CdIn2S4 180 1000 10 0.0042 [59]

CdIn2S4/g-C3N4 180 1000 10 0.0043 [59]
rGO/30%- CdIn2S4/g-C3N4 180 1000 10 0.00766 [59]

CuBi2O4 120 500 10 0.00341 [60]
Fe2O3 120 500 10 0.00485 [60]

30%- Fe2O3/CuBi2O4 120 500 10 0.01246 [60]
CuBi2O4 120 500 10 0.0032 [61]

MoS2 120 500 10 0.0034 [61]
CuBi2O4/MoS2 (5%) 120 500 10 0.0095 [61]

La2-xSrxNiMnO6 (x = 0.10) 240 1000 10 0.0101 [62]
CdS 90 250 40 0.0056 [63]

γ-In2Se3 (0.04 M EDTA) 120 1000 20 0.0175 [64]
TiO2 (P-25) 150 200 10 0.0069 [65]

BP (black phosphorus) 90 1000 50 0.0007 [66]
BiOBr 90 1000 50 0.0027 [66]

10BP/BiOBr 90 1000 50 0.0110 [66]
AgFeO2 60 500 40 0.0060 [67]

Ag/AgFeO2 60 500 40 0.0104 [67]
poly vinylidene fluoride-TiO2@g-C3N4-0.2g 300 1000 50 0.0120 [68]

BiVO4 240 250 10 0.0045 [69]
Bi2WO6 180 300 20 0.0044 [70]

Oxygen deficient Bi2WO6 180 300 20 0.0078 [70]
Zn(II)-Sn(IV)-Zn(II) porphyrin triad 45 50 100 0.0260 [71]

1 60 30 125 0.0040 This work
2 60 30 125 0.0180 This work

From the above data, it is evident that 1 and 2 exhibited excellent catalytic degradation
of pollutants in water. The reusability of the catalyst is vital for industrial purposes, which
was assessed by performing recycling experiments of 2 following MO dye degradation. As
displayed in Figure S10, 2 maintains its high catalytic MO degradation performance, with a
slight decrease (≈10%) after five continuous cycles (375 min). The degradation performance
of 2 gradually decreased with the number of times it was recycled, which might be due to
byproducts covering the surface of photocatalyst 2. The process of photocatalyst recovery
after the degradation experiments was not straightforward due to the high solubility of
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1 and 2 in water. After the fifth cycle, acetone was added to the reaction mixture with
constant stirring. The mixture was filtered, and the precipitate was rinsed with acetone and
then dried. The morphology of spent catalyst 2 was studied using FE-SEM. The images
in Figure S11 confirm that the morphologies of the spent catalyst and fresh catalyst did
not differ significantly. Additionally, the FTIR spectra (Figure S12) and PXRD spectra
(Figure S13) of 2 indicate the robustness of the catalyst during the photodegradation
experiment. This confirms that visible degradation efficiency and stability of the catalyst
remained unaffected, which is promising for pollutant degradation.

The optimum conditions for the photodegradation experiments were also determined,
including the temperature, ratio of MO dye to catalyst, and pH of the solution. For this
motive, MO was degraded at varying temperatures to observe the temperature effect on
the MO dye removal. We found that the MO degradation efficiency of the catalyst increases
gradually with temperature (Figure S14), where the pH of the MO dye solution affects the
photodegradation rate (Figure S15). Figure S15 indicates that the removal rate of MO dye
remains unchanged within the acidic pH range, but the rate drastically decreases as the
pH of the solution increases. This implies that catalyst 2 lost its degradation activity once
deprotonated in a strongly basic medium and seemed to behave like 1 in basic media. To
ascertain the effect of the MO dye/photocatalyst ratio on the photocatalytic degradation
reaction, we varied the concentration of the MO dye (10–60 mg L−1) while keeping the
concentration of catalyst 2 constant (30 mg/L). It was noticed that the photocatalytic
removal rate of MO dye decreases as the dye concentration increases (Figure S16). Higher
dye concentrations are more likely to prevent visible light from reaching the catalyst surface.
Furthermore, to examine the influence of light intensity on the MO dye photodegradation
rate using 2, we applied monochromatic light of varying wavelengths (Figure S17). A
significant variation in the rate was observed; this is likely because the wavelength of
the light has a significant influence on solar energy harvesting and photodecomposition
activity. Furthermore, 2 still showed slight photocatalytic decomposition ability, even at
λ > 650 nm.

ESI-MS was used to determine the characteristics of MO dye degradation residues
in the presence of 2 (Figure S18). For this, 1 mL of reaction mixture was taken from the
vessel after 30 min and analyzed. The new peaks in the ESI-MS confirm the decompo-
sition of MO into different fragments [73]. Based on Figure S18, possible intermediates
for the decay of MO dye are depicted in Figure S19. At the beginning, the base peak
(m/z = 304.1) is associated with the anionic form of MO. MO then underwent two suc-
cessive N-demethylation reactions and disintegrated into an intermediate with an m/z
of 276.0. This anionic fragment ruptured further after the cleavage of the azo bond into
low-molecular-weight residues with m/z values of 172.1 and 135.0. These fragments further
underwent sequential ring opening and hydrolysis, producing smaller fragments with
m/z values of 109.0 and 99.0. In the end, all the intermediates had disintegrated into small
molecules, finally mineralizing into H2O and less toxic CO2. Moreover, the TOC (total
organic carbon) removal efficiency of 2 (78%) was estimated to exceed that of 1 (49%) for
the photodecomposition of MO dye [52].

2.4. Possible Mechanism of the Catalytic Photodegradation of Pollutants

In the experiments described so far, 2 has shown a higher photocatalytic activity for
pollutant degradation than 1. Photodegradation performance likely depends on some
key factors such as specific surface area, bandgap energy (Eg), the surface morphology
of the catalyst, and light-harvesting capacities. Photogenerated charge separation, carrier
transportation, and reactive species lifetime also play important roles in the degradation
reaction. Eg was estimated from the Tauc plot derived from the absorption spectra in
Nujol (Figures S4 and S20). The Eg of 2 is ≈2.58 eV, which is lower than that of 1 (≈2.94
eV); therefore, 2 has better light-harvesting capacity than 1. As shown in Figure S21
(λext = 550 nm), the fluorescence intensity of 2 (≈35%) is markedly lower than that of
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1, indicating that reunification of photogenerated reactive pairs is restricted and strong
electronic delocalization occurs over the surface of the conjugated aromatic skeletons.

Photoelectrochemical experiments were conducted to check the role of the charge trans-
fer complex in the catalytic decomposition reactions of 1 and 2. As depicted in Figure S22, 2
displays a 2.6-fold higher photocurrent response than 1, demonstrating its superior charge
carrier separation. Moreover, under visible-light exposure, the electrochemical impedance
spectra (Nyquist plot) of 2 exhibit a lower arc radius than those of 1 (Figure S23), signifying
that the working electrode has a lower charge transfer resistance [74]. Therefore, 2 is
superior to 1 in terms of the separation and transportation of photogenerated reactive pairs.

Radical trapping tests were examined to elucidate the production of the photogen-
erated reactive species during the catalytic degradation experiment [75–77]. For this
investigation, sodium azide (NaN3) was utilized to trap singlet O2, tert-butanol (tBuOH)
was utilized to seize the hydroxyl radical (•OH), ethylenediaminetetraacetic acid disodium
(Na2-EDTA) was applied to seize photogenerated holes (h+), and para-benzoquinone (p-BQ)
was employed to capture superoxide radical anion (O2

−•) during the photodegradation of
MO dye in the presence of 2 (Figure S24). As depicted in Figure S24, the photodegrada-
tion performance of 2 was seriously influenced by the presence of p-BQ, Na2-EDTA, and
tBuOH. However, the decomposition of MO dye was not influenced by NaN3 (i.e., singlet
oxygen). The photocatalytic decomposition rate of MO dye decreased remarkably in the
presence of Na2-EDTA compared with either tBuOH or p-BQ. These results clearly show
that photogenerated holes (h+) are the dominant reactive species that influence the catalytic
decomposition ability of 2.

Based on the above investigation, the mechanism of charge transfer, carrier separation,
and degradation was proposed for the porphyrin-based catalyst (Pcat). Upon exposure to
visible light, Pcat is excited after surpassing the bandgap energy, generating a significant
number of electron–hole pairs (e−/h+) in the process. Afterward, the excited electrons
prompt high electronic delocalization over the surfaces of conjugated aromatic frameworks
in Pcat and delay the reunification time. This assists the creation of abundant photogen-
erated charge pairs and facilitates their transportation and separation from association.
Hydroxyl radical (•OH) is produced in the reaction of H2O with a photogenerated hole
(h+) and decomposes the MO dye into small fragments. Superoxide radical anion (O2

−•) is
generated in the reaction of O2 with excited electrons and decomposes the MO dye into
small fragments. Lastly, all the low-molecular fragments mineralize, forming H2O and less
toxic CO2. In general, the mechanism for a porphyrin-containing catalyst (Pcat) consists of
five steps:

Pcat + hv → Pcat
∗ (e− + h+) (1)

H2O + h+→•OH + H+ (2)

O2 + e−→O2
−• (3)

MO + O2
−•→Decomposed products (4)

MO + •OH→Decomposed products (5)

Porphyrin 2 showed much better catalytic degradation activity than 1, which could
be for the following reasons: (i) Porphyrin 2 has a remarkably stronger light absorption
capacity than 1, thus generating more photogenerated reactive species that facilitate the
catalytic degradation reaction. (ii) The assembled structure of 2 can highly stabilize the
photogenerated reactive pairs over the aromatic conjugated frameworks and deliver multi-
dimensional channels to transfer charge carriers, thus delaying the recombination time. (iii)
The permanent porosity of 2, combined with its active specific surface area, facilitates the
adsorption of pollutants, again enhancing the degradation reaction. (iv) Multidimensional
interactions between 2 and the pollutants also increase the degradation rate. (v) Excess
reactive species (h+, •OH, and O2

−•) are created in the photodegradation reaction catalyzed
by 2 compared with that catalyzed by 1.
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3. Materials and Methods

All starting compounds were procured from TCI (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) and applied without further purification unless otherwise mentioned.
[Sn(OH)2(TPyP)] (1) or trans-dihydroxo[5,10,15,20-tetrakis(4-pyridyl)porphyrinato]tin(IV)
was synthesized using our previously reported method [72]. Elemental analyses were
carried out using a ThermoQuest EA 1110 analyzer (Thermo Fisher Scientific, Waltham,
MA, USA). A UV-3600 spectrophotometer (Shimadzu, Tokyo, Japan) was used to measure
UV–vis absorption spectra. A Shimadzu RF-5301PC fluorescence spectrophotometer was
used to measure fluorescence spectra. FTIR spectra (KBr pellet) were obtained using a
Shimadzu FTIR-8400S spectrophotometer (Shimadzu, Tokyo, Japan). PXRD patterns were
measured using an AXS D8 Advance powder X-ray diffractometer (Bruker, Billerica, MA,
USA). TGA was obtained using an Auto-TGA Q500 instrument (TA Instruments, New
Castle, DE, USA). A MAIA-III field-emission scanning electron microscope (TESCAN, Brno,
Czech Republic) was used to capture FE-SEM images. BET surface areas were determined
using a BELSORP-mini volumetric gas adsorption analyzer (ATS Scientific, Burlington, ON,
Canada) using N2 adsorption isotherms at 77 K.

3.1. Synthesis of [Sn(H2PO4)2(TPyHP)](H2PO4)4·6H2O (2)

In a typical procedure, 154.0 mg (0.20 mmol) of [Sn(OH)2(TPyP)] (1) was dissolved
in 3 mL of 1% phosphoric acid (H3PO4) aqueous solution and poured into a 40 mL long
tube. Afterward, acetone (30 mL) was added to facilitate crystal growth by slow diffusion
and allowed to stand in the dark. After 7 days, block-shaped red violet crystals of 2 were
collected from the bottom of the tube. The dark violet crystalline materials were filtered,
rinsed with excess acetone, and then dried in air. Yield: 223 mg (90%). 1H NMR (400 MHz,
DMSO-d6): δ 9.57 (s, 8H, H-pyrrole), 9.41 (d, J = 6.4 Hz, 8H, H2,6-Py), 9.12 (d, J = 6.2 Hz,
8H, H3,5-pyridine). FTIR (ν/cm−1, KBr pellet): 3100 (w), 1630 (s), 1495 (s), 1345 (w),
1250 (br), 1220 (br), 1090 (w), 1030 (w), 955 (vs), 845 (w), 785 (s), 710 (w), 552 (w), and
545 (w). UV–vis (DMSO, nm): λmax (log ε) 416 (4.60), 512 (2.51), 550 (3.24), and 590 (2.62).
UV–vis (Nujol, nm): λmax 432, 520, 572, and 610. Emission (DMSO, nm): λnm 610 and 664.
Emission (Nujol, nm): λnm 644 (br). Elemental analysis after the removal of the solvents:
anal. calcd. for C40H40N8O24P6Sn (%): C, 36.36; H, 3.05; N, 8.48; and R, 52.11. Found: C,
36.18; H, 3.21; N, 8.39; and R, 52.22. ESI-MS: m/z 233.67 for [Sn(H2PO4)2TPyHP]4+ (required:
233.52) and m/z 129.39 for [Sn(OH2)2TPyHP]6+ (required: 129.31).

3.2. X-ray Single-Crystal Structure Analysis

A crystal of 2 appropriate for single X-ray diffraction experiments was obtained from
the bottom of the tube. After that, it was immersed in Paratone-N hydrocarbon oil on glass
fiber to avoid the loss of solvent molecules and then positioned on a Bruker APEX-II CCD
diffractometer (Bruker, Billerica, MA, USA) equipped with a charge-coupled device (CCD)
detector. A graphite monochromated Mo Kα (l = 0.71073 Å) was used as the radiation
source. The data were collected at 130 K under N2 flow. The structure was solved using
direct methods with the SHELXTL program (Version 6.10) [78,79]. Full-matrix least-squares
methods were used to refine the data. The graphical works were obtained by using the
Olex2 software package (version 1.5) [80]. Anisotropic thermal parameters were used to
refine the non-hydrogen atoms. The hydrogen atoms bonded to nitrogen and carbon were
incorporated in geometric positions and prescribed thermal parameters equivalent to 1.2
times those of the atom to which they were bonded.

3.3. Photoelectrochemical Experiment

The electrochemical impedance and photocurrent response were examined using an
electrochemical work station (CHI660D) and 0.1 M aqueous solution of Na2SO4 as the
electrolyte. The 3-electrode system consisted of a saturated calomel electrode, a Pt wire
electrode, and a working electrode. The working electrode was developed as follows: 1
and 2 (~6 mg) were dispersed in 5.0 mL of ethanol by sonication, followed by deposition
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on the surface of indium tin oxide. After that, the surface was dried in air, followed by
heating at 170 ◦C for 12 h. A 150 W xenon arc lamp was used as a visible-light source in the
photoelectrochemical experiments.

3.4. Catalytic Photodegradation Measurement

The catalytic activities of 1 and 2 were examined by the photocatalytic decomposition
of the MO dye and TC antibiotic in distilled water. A 150 W xenon arc lamp (ABET
Technologies, Milford, CT, USA) was selected as the source of visible light with a UV cut-off
filter. An amount of 15 mg of 1 or 2 was added to 500 mL of water containing MO dye
(30 mg L−1) and constantly stirred. The solution was kept in the dark for 30 min to establish
an adsorption–desorption equilibrium. Then, 3 mL of the solution was taken out after
light irradiation at regular intervals. The accurate concentration of MO was calculated
by determining the absorbance at 462 nm using UV–vis spectroscopy. TC solution was
prepared from tetracycline hydrochloride in water (pH = 6.0, 125 mg L−1). The accurate
concentration of TC was estimated by calculating the absorbance at 356 nm using UV–vis
spectroscopy (Shimadzu, Tokyo, Japan).

4. Conclusions

[Sn(H2PO4)2(TPyHP)](H2PO4)4·6H2O (2) was synthesized from the reaction
of [Sn(OH)2TPyP] (1) with H3PO4. The single X-ray crystal structure of complex 2 dis-
closed that the ionic complex [Sn(H2PO4)2TPyHP]4+ comprises four peripheral pyridinium
moieties and two anionic axial Sn–O–PO(OH)2 units. The overall tetra-cationic charge
was balanced by four dihydrogen phosphate (H2PO4

−) anions. Intermolecular hydrogen
bonds between the protonated pyridylporphyrins and axially coordinated phosphate ions
gave rise to the formation of a network architecture with a porous channel occupied by
the anions and water molecules. The construction of 2 from the reaction of 1 with H3PO4
not only alters the structural architecture but also modifies the structure to impart a high
surface area, high thermodynamic stability, interesting surface morphology, and excellent
catalytic photodegradation of water contaminants. The photodegradation efficiency of 2
toward MO dye was observed to be 83% within 75 min at a rate constant of 0.023 min−1,
while its efficiency for the degradation of TC was 75% within 60 min at a rate constant
of 0.018 min−1. This work represents progress in the advancement of highly efficient
visible-light porphyrin-containing ionic self-assembled catalytic systems. It also highlights
the application of such photocatalysts in wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29174200/s1: Table S1. Crystallographic data
and structural refinements for 2. Table S2. Selected bond lengths [Å] and angles [◦] for 2. Figure S1.
1H NMR spectrum of 2 in DMSO-d6. Figure S2. ESI mass spectrum of 2. Figure S3. Adsorption
and desorption isotherms of N2 for 1 and 2 at 77 K. Figure S4. UV–vis spectra of 1 and 2 in Nujol
(10 mg/mL). Figure S5. TGA thermogram of 2. Figure S6. Absorption spectra of MO dye in the
presence of 2 under visible-light irradiation. Figure S7. Kinetics of the photocatalytic degradation of
MO under visible-light irradiation. Figure S8. Absorption spectra of TC in the presence of 2 under
visible-light irradiation. Figure S9. Kinetics of the photocatalytic degradation of TC under visible-
light irradiation. Figure S10. Recyclability of photocatalyst 2 toward the degradation of MO dye.
Figure S11. FE-SEM images of 2 (after and before the degradation of MO). Figure S12. FTIR spectra
of 2 (after and before the degradation of MO dye). Figure S13. PXRD spectra of 2 (after and before
the degradation of MO dye). Figure S14. Effect of temperature on the photocatalytic degradation of
MO dye in the presence of 2. Figure S15. Effect of pH on the degradation of MO dye solution in the
presence of 2. Figure S16. Effect of MO dye concentration on the photocatalytic degradation of MO
in the presence of 2. Figure S17. Effect of light intensity on the photocatalytic degradation of MO
dye in the presence of 2. Figure S18. Negative-ion-mode ESI mass spectrum of MO dye degradation
catalyzed by 2 after 30 min of visible-light irradiation. Figure S19. Possible intermediates of the MO
dye degradation reaction in the presence of 2 after 30 min of visible-light irradiation. Figure S20.
Bandgap energies of 1 and 2 were calculated from the Tauc plots using absorption spectroscopy data.

https://www.mdpi.com/article/10.3390/molecules29174200/s1


Molecules 2024, 29, 4200 16 of 19

Figure S21. Fluorescence spectra of 1 and 2 in Nujol (C = 10 mg/mL). λex = 550 nm. Figure S22.
Photocurrent responses for 1 and 2 under visible light. Figure S23. EIS–Nyquist plots of 1 and 2 under
visible light. Figure S24. Visible-light MO dye degradation activities of 2 in the presence of various
scavengers.

Author Contributions: N.K.S.—formal analysis, data curation, investigation, visualization, software,
and writing; H.-J.K.—methodology, conceptualization, project administration, supervision, funding
acquisition, resources, review, validation, and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) (grant no.
2022R1F1A1074420).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Crystallographic data have been deposited at the Cambridge Crystallo-
graphic Data Center under the reference number 2377416.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hasobe, T. Porphyrin-Based Supramolecular Nanoarchitectures for Solar Energy Conversion. J. Phys. Chem. Lett. 2013, 4,

1771–1780. [CrossRef] [PubMed]
2. Zhang, N.; Wang, L.; Wang, H.; Cao, R.; Wang, J.; Bai, F.; Fan, H. Self-Assembled One-Dimensional Porphyrin Nanostructures

with Enhanced Photocatalytic Hydrogen Generation. Nano Lett. 2018, 18, 560–566. [CrossRef] [PubMed]
3. Gu, S.; Marianov, A.N.; Lu, T.; Zhong, J. A review of the development of porphyrin-based catalysts for electrochemical CO2

reduction. Chem. Eng. J. 2023, 470, 144249. [CrossRef]
4. Magna, G.; Mandoj, F.; Stefanelli, M.; Pomarico, G.; Monti, D.; Di Natale, C.; Paolesse, R.; Nardis, S. Recent Advances in Chemical

Sensors Using Porphyrin-Carbon Nanostructure Hybrid Materials. Nanomaterials 2021, 11, 997. [CrossRef]
5. Pan, D.; Liang, P.; Zhong, X.; Wang, D.; Cao, H.; Wang, W.; He, W.; Yang, Z.; Dong, X. Self-Assembled Porphyrin-Based

Nanoparticles with Enhanced Near-Infrared Absorbance for Fluorescence Imaging and Cancer Photodynamic Therapy. ACS
Appl. Bio Mater. 2019, 2, 999–1005. [CrossRef]

6. Yao, B.; He, Y.; Wang, S.; Sun, H.; Liu, X. Recent Advances in Porphyrin-Based Systems for Electrochemical Oxygen Evolution
Reaction. Int. J. Mol. Sci. 2022, 23, 6036. [CrossRef]

7. Xie, M.-H.; Yang, X.-L.; Zou, C.; Wu, C.-D. A SnIV–Porphyrin-Based Metal-Organic Framework for the Selective Photo-
Oxygenation of Phenol and Sulfides. Inorg. Chem. 2011, 50, 5318–5320. [CrossRef]

8. Shee, N.K.; Kim, H.-J. Porphyrin-Based Nanomaterials for the Photocatalytic Remediation of Wastewater: Recent Advances and
Perspectives. Molecules 2024, 29, 611. [CrossRef]

9. Drain, C.M.; Varotto, A.; Radivojevic, I. Self-Organized Porphyrinic Materials. Chem. Rev. 2009, 109, 1630–1658. [CrossRef]
10. Hasobe, T. Photo- and electro-functional self-assembled architectures of porphyrins. Phys. Chem. Chem. Phys. 2012, 14,

15975–15987. [CrossRef]
11. Shee, N.K.; Kim, H.-J. Integration of Sn (IV) porphyrin on Mesoporous Alumina Support and Visible Light Catalytic Photodegra-

dation of Methylene Blue. Mater. Today Commun. 2024, 39, 109033. [CrossRef]
12. Shee, N.K.; Lee, G.-S.; Kim, H.-J. Sn(IV)porphyrin-Incorporated TiO2 Nanotubes for Visible Light-Active Photocatalysis. Molecules

2024, 29, 1612. [CrossRef] [PubMed]
13. Shee, N.K.; Kim, H.-J. Complementary metalloporphyrin-based nanostructure decorated with silver nanoparticles for photocat-

alytic degradation of organic dyes. Inorg. Chem. Commun. 2024, 163, 112252. [CrossRef]
14. Shee, N.K.; Kim, H.-J. Recent Developments in Porphyrin-Based Metal–Organic Framework Materials for Water Remediation

under Visible-Light Irradiation. Int. J. Mol. Sci. 2024, 25, 4183. [CrossRef]
15. Lehn, J.-M. Perspectives in Supramolecular Chemistry—From Molecular Recognition towards Molecular Information Processing

and Self-Organization. Angew. Chem. Int. Ed. 1990, 29, 1304–1319. [CrossRef]
16. Beletskaya, I.; Tyurin, V.S.; Tsivadze, A.Y.; Guilard, R.; Stern, C. Supramolecular chemistry of metalloporphyrins. Chem. Rev. 2009,

109, 1659–1713. [CrossRef]
17. Wang, J.; Zhong, Y.; Wang, L.; Zhang, N.; Cao, R.; Bian, K.; Alarid, L.; Haddad, R.E.; Bai, F.; Fan, H. Morphology-Controlled

Synthesis and Metalation of Porphyrin Nanoparticles with Enhanced Photocatalytic Performance. Nano Lett. 2016, 16, 6523–6528.
[CrossRef]

18. Lu, J.; Li, Z.; An, W.; Liu, L.; Cui, W. Tuning the Supramolecular Structures of Metal-Free Porphyrin via Surfactant Assisted
Self-Assembly to Enhance Photocatalytic Performance. Nanomaterials 2019, 9, 1321. [CrossRef]

19. Wang, S.-P.; Lin, W.; Wang, X.; Cen, T.-Y.; Xie, H.; Huang, J.; Zhu, B.-Y.; Zhang, Z.; Song, A.; Hao, J.; et al. Controllable hierarchical
self-assembly of porphyrin-derived supra-amphiphiles. Nat. Commun. 2019, 10, 1399–1411. [CrossRef]

https://doi.org/10.1021/jz4005152
https://www.ncbi.nlm.nih.gov/pubmed/26283108
https://doi.org/10.1021/acs.nanolett.7b04701
https://www.ncbi.nlm.nih.gov/pubmed/29277993
https://doi.org/10.1016/j.cej.2023.144249
https://doi.org/10.3390/nano11040997
https://doi.org/10.1021/acsabm.8b00530
https://doi.org/10.3390/ijms23116036
https://doi.org/10.1021/ic200295h
https://doi.org/10.3390/molecules29030611
https://doi.org/10.1021/cr8002483
https://doi.org/10.1039/c2cp42957h
https://doi.org/10.1016/j.mtcomm.2024.109033
https://doi.org/10.3390/molecules29071612
https://www.ncbi.nlm.nih.gov/pubmed/38611891
https://doi.org/10.1016/j.inoche.2024.112252
https://doi.org/10.3390/ijms25084183
https://doi.org/10.1002/anie.199013041
https://doi.org/10.1021/cr800247a
https://doi.org/10.1021/acs.nanolett.6b03135
https://doi.org/10.3390/nano9091321
https://doi.org/10.1038/s41467-019-09363-y


Molecules 2024, 29, 4200 17 of 19

20. Shee, N.K.; Seo, J.-W.; Kim, H.-J. Spectrophotometric Study of Bridging N-Donor Ligand-Induced Supramolecular Assembly of
Conjugated Zn-Trisporphyrin with a Triphenylamine Core. Molecules 2021, 26, 4771. [CrossRef]

21. Gong, X.; Milic, T.; Xu, C.; Batteas, J.D.; Drain, C.M. Preparation and Characterization of Porphyrin Nanoparticles. J. Am. Chem.
Soc. 2002, 124, 14290–14291. [CrossRef] [PubMed]

22. Mandal, S.; Nayak, S.K.; Mallampalli, S.; Patra, A. Surfactant-assisted porphyrin based hierarchical nano/micro assemblies and
their efficient photocatalytic behavior. ACS Appl. Mater. Inter. 2013, 6, 130–136. [CrossRef] [PubMed]

23. Tian, X.; Lin, C.; Zhong, Z.; Li, X.; Xu, X.; Liu, J.; Kang, L.-T.; Chai, G.; Yao, J. Effect of axial coordination of iron porphyrin on their
nanostructures and photocatalytic performance. Cryst. Growth Des. 2019, 19, 3279–3287. [CrossRef]

24. Rebelo, S.L.; Neves, C.M.; de Almeida, M.P.; Pereira, E.; Simões, M.M.; Neves, M.G.P.; de Castro, B.; Medforth, C.J. Binary ionic
iron(III) porphyrin nanostructured materials with catalase-like activity. Appl. Mater. Today 2020, 21, 100830. [CrossRef]

25. Bera, K.; Mondal, A.; Pal, U.; Maiti, N.C. Porphyrin-Armored Gold Nanospheres Modulate the Secondary Structure of α-Synuclein
and Arrest Its Fibrillation. J. Phys. Chem. C 2020, 124, 6418–6434. [CrossRef]

26. Wang, Z.; Medforth, C.J.; Shelnutt, J.A. Porphyrin Nanotubes by Ionic Self-Assembly. J. Am. Chem. Soc. 2004, 126, 15954–15955.
[CrossRef]

27. Wang, Z.; Ho, K.J.; Medforth, C.J.; Shelnutt, J.A. Porphyrin Nanofiber Bundles from Phase-Transfer Ionic Self-Assembly and Their
Photocatalytic Self-Metallization. Adv. Mater. 2006, 18, 2557–2560. [CrossRef]

28. Tian, Y.; Beavers, C.M.; Busani, T.; Martin, K.E.; Jacobsen, J.L.; Mercado, B.Q.; Swartzentruber, B.S.; van Swol, F.; Medfortheg,
C.J.; Shelnutt, J.A. Binary ionic porphyrin nanosheets: Electronic and light-harvesting properties regulated by crystal structure.
Nanoscale 2012, 4, 1695–1700. [CrossRef]

29. Tian, Y.; Busani, T.; Uyeda, G.H.; Martin, K.E.; van Swol, F.; Medforth, C.J.; Montan, G.A.; Shelnutt, J.A. Hierarchical cooperative
binary ionic porphyrin nanocomposites. Chem. Commun. 2012, 48, 4863–4865. [CrossRef]

30. Schwab, A.D.; Smith, D.E.; Rich, C.S.; Young, E.R.; Smith, W.F.; de Paula, J.C. Porphyrin Nanorods. J. Phys. Chem. B 2003, 107,
11339–11345. [CrossRef]

31. Shee, N.K.; Lee, C.-J.; Kim, H.-J. Crystal structure of bis (benzoato-κO)[5,15-di-phenyl-10,20-bis(pyridin-4-yl)porphyrinato-
κ4N,N′,N′′,N′′′]tin(IV). IUCrData 2019, 4, x190787. [CrossRef]

32. Lee, C.-J.; Shee, N.K.; Kim, H.-J. Fabrication and Properties of Sn(IV)Porphyrin-Linked Porous Organic Polymer for Environmental
Applications. RSC Adv. 2023, 13, 24077–24085. [CrossRef] [PubMed]

33. Shetti, V.S.; Pareek, Y.; Ravikanth, M. Sn(IV) Porphyrin Scaffold for Multiporphyrin Arrays. Coord. Chem. Rev. 2012, 256,
2816–2842. [CrossRef]

34. Amati, A.; Cavigli, P.; Demitri, N.; Natali, M.; Indelli, M.T.; Iengo, E. Sn(IV) Multiporphyrin Arrays as Tunable Photoactive
Systems. Inorg. Chem. 2019, 58, 4399–4411. [CrossRef] [PubMed]

35. Shee, N.K.; Kim, H.-J. Sn(IV)-Porphyrin-Based Nanostructures Featuring Pd(II)-Mediated Supramolecular Arrays and Their
Photocatalytic Degradation of Acid Orange 7 Dye. Int. J. Mol. Sci. 2022, 23, 13702. [CrossRef]

36. Shee, N.K.; Kim, H.-J. Supramolecular squares of Sn(IV)porphyrins with Re(I)-corners for the fabrication of self-assembled
nanostructures performing photocatalytic degradation of Eriochrome Black T dye. Inorg. Chem. Front. 2022, 10, 174–183.
[CrossRef]

37. Dvivedi, A.; Pareek, Y.; Ravikanth, M. SnIV Porphyrin Scaffolds for Axially Bonded Multiporphyrin Arrays: Synthesis and
Structure Elucidation by NMR Studies. Chem. Eur. J. 2014, 20, 4481–4490. [CrossRef]

38. Fasting, C.; Schalley, C.A.; Weber, M.; Seitz, O.; Hecht, S.; Koksch, B.; Dernedde, J.; Graf, C.; Knapp, E.-W.; Haag, R. Multivalency
as a Chemical Organization and Action Principle. Angew. Chem. Int. Ed. 2012, 51, 2–29. [CrossRef]

39. Jo, H.J.; Kim, S.H.; Kim, H.-J. Supramolecular Assembly of Tin(IV) Porphyrin Cations Stabilized by Ionic Hydrogen-Bonding
Interactions. Bull. Korean Chem. Soc. 2015, 36, 2348–2351. [CrossRef]

40. Shee, N.K.; Kim, H.-J. Supramolecular Self-Assembly of the Zwitterionic Sn(IV)-Porphyrin Complex. Molbank 2023, 2023, M1723.
[CrossRef]

41. Cao, J.; Xu, B.; Luo, B.; Lin, H.; Chen, S. Novel BiOI/BiOBr Heterojunction Photocatalysts with Enhanced Visible Light
Photocatalytic Properties. Catal. Commun. 2011, 13, 63–68. [CrossRef]

42. Wang, X.-j.; Yang, W.-y.; Li, F.-t.; Zhao, J.; Liu, R.-h.; Liu, S.-j.; Li, B. Construction of Amorphous TiO2/BiOBr Heterojunctions via
Facets Coupling for Enhanced Photocatalytic Activity. J. Hazard. Mater. 2015, 292, 126–136. [CrossRef] [PubMed]

43. La, D.D.; Hangarge, R.V.; Bhosale, S.V.; Ninh, H.D.; Jones, L.A.; Bhosale, S.V. Arginine-Mediated Self-Assembly of Porphyrin on
Graphene: A Photocatalyst for Degradation of Dyes. Appl. Sci. 2017, 7, 643. [CrossRef]

44. Yan, H.; Zhu, Z.; Long, Y.; Li, W. Single-Source-Precursor-Assisted Synthesis of Porous WO3/g-C3N4 with Enhanced Photocat-
alytic Property. Colloids Surf., A 2019, 582, 123857. [CrossRef]

45. Mota, H.P.; Quadrado, R.N.; Iglesias, B.A.; Fajardo, A.R. Enhanced photocatalytic degradation of organic pollutants mediated by
Zn (II)-porphyrin/poly(acrylic acid) hybrid microparticles. Appl. Catal. B 2020, 277, 119208. [CrossRef]

46. Wang, Y.; Wang, Q.; Zhang, H.; Wu, Y.; Jia, Y.; Jin, R.; Gao, S. CTAB-Assisted Solvothermal Construction of Hierarchical
Bi2MoO6/Bi5O7Br with Improved Photocatalytic Performances. Sep. Purif. Technol. 2020, 242, 116775. [CrossRef]

47. Andrade Neto, N.F.; Lima, A.B.; Bomio, M.R.D.; Motta, F.V. Microwave-Assisted Hydrothermal Synthesis of Ag2Mo1-XWxO4
(x = 0, 0.25, 0.50, 0.75 and 1 Mol%) Heterostructures for Enhanced Photocatalytic Degradation of Organic Dyes. J. Alloys Compd.
2020, 844, 156077. [CrossRef]

https://doi.org/10.3390/molecules26164771
https://doi.org/10.1021/ja027405z
https://www.ncbi.nlm.nih.gov/pubmed/12452687
https://doi.org/10.1021/am403518d
https://www.ncbi.nlm.nih.gov/pubmed/24344739
https://doi.org/10.1021/acs.cgd.9b00125
https://doi.org/10.1016/j.apmt.2020.100830
https://doi.org/10.1021/acs.jpcc.9b11503
https://doi.org/10.1021/ja045068j
https://doi.org/10.1002/adma.200600539
https://doi.org/10.1039/c2nr11826b
https://doi.org/10.1039/c2cc30845b
https://doi.org/10.1021/jp035569b
https://doi.org/10.1107/S2414314619007879
https://doi.org/10.1039/D3RA04117D
https://www.ncbi.nlm.nih.gov/pubmed/37577097
https://doi.org/10.1016/j.ccr.2012.09.013
https://doi.org/10.1021/acs.inorgchem.8b03542
https://www.ncbi.nlm.nih.gov/pubmed/30864789
https://doi.org/10.3390/ijms232213702
https://doi.org/10.1039/D2QI02194C
https://doi.org/10.1002/chem.201304344
https://doi.org/10.1002/anie.201201114
https://doi.org/10.1002/bkcs.10420
https://doi.org/10.3390/M1723
https://doi.org/10.1016/j.catcom.2011.06.019
https://doi.org/10.1016/j.jhazmat.2015.03.030
https://www.ncbi.nlm.nih.gov/pubmed/25814184
https://doi.org/10.3390/app7060643
https://doi.org/10.1016/j.colsurfa.2019.123857
https://doi.org/10.1016/j.apcatb.2020.119208
https://doi.org/10.1016/j.seppur.2020.116775
https://doi.org/10.1016/j.jallcom.2020.156077


Molecules 2024, 29, 4200 18 of 19

48. Dhir, R. Photocatalytic degradation of methyl orange dye under UV irradiation in the presence of synthesized PVP capped pure
and gadolinium doped ZnO nanoparticles. Chem. Phys. Lett. 2020, 746, 137302. [CrossRef]

49. Shubha, J.P.; Savitha, H.S.; Adil, S.F.; Khan, M.; Hatshan, M.R.; Kavalli, K.; Shaik, B. Straightforward Synthesis of
Mn3O4/ZnO/Eu2O3-Based Ternary Heterostructure Nano-Photocatalyst and Its Application for the Photodegradation
of Methyl Orange and Methylene Blue Dyes. Molecules 2021, 26, 4661. [CrossRef]

50. Kite, S.V.; Kadam, A.N.; Sathe, D.J.; Patil, S.; Mali, S.S.; Hong, C.K.; Lee, S.W.; Garadkar, K.M. Nanostructured TiO2 sensitized
with MoS2 nanoflowers for enhanced photodegradation efficiency toward methyl orange. ACS Omega 2021, 6, 17071–17085.
[CrossRef]

51. Adeel, M.; Saeed, M.; Khan, I.; Muneer, M.; Akram, N. Synthesis and characterization of Co–ZnO and evaluation of its
photocatalytic activity for photodegradation of methyl orange. ACS Omega 2021, 6, 1426–1435. [CrossRef]

52. Wang, H.; Zhang, J.; Yuan, X.; Jiang, L.; Xia, Q.; Chen, H. Photocatalytic removal of antibiotics from natural water matrices and
swine wastewater via Cu(I) coordinately polymeric carbon nitride framework. Chem. Eng. J. 2020, 392, 123638. [CrossRef]

53. Nasri, S.; Guergueb, M.; Brahmi, J.; Al-Ghamdi, Y.O.; Loiseau, F.; Nasri, H. Synthesis of a Novel Zinc(II) Porphyrin Complex,
Halide Ion Reception, Catalytic Degradation of Dyes, and Optoelectronic Application. Crystals 2023, 13, 238. [CrossRef]

54. Bouich, M.A.; Hirchi, S.; Banaoues, R.C.; Ghalla, H.; Guergueb, M.; Babba, H.; Roisnel, T.; Nasri, H. Spectroscopic, X-ray
structure, radical scavenging and in vitro antifungal activities and catalytic degradation of methyl orange dye investigation of the
Meso-tetrakis(p-tolyl) diprotonated porphyrin. J. Mol. Struct. 2024, 1304, 137650. [CrossRef]

55. Bouicha, M.A.; Moulahi, N.; Guergueb, M.; Chaabane, R.B.; Nasri, H. A new Ni(II) metalloporphyrin: Characterization, theoretical
sensing calculations and catalytic degradation of methylene blue and methyl orange dyes. J. Iran. Chem. Soc. 2024, 21, 1611–1633.
[CrossRef]

56. Yan, X.; Wang, X.; Gu, W.; Wu, M.; Yan, Y.; Hu, B.; Che, G.; Han, D.; Yang, J.; Fan, W. Single-crystalline AgIn (MoO4)2 nanosheets
grafted Ag/AgBr composites with enhanced plasmonic photocatalytic activity for degradation of tetracycline under visible light.
Appl. Catal. B Environ. 2015, 164, 297–304. [CrossRef]

57. Yuan, X.; Jiang, L.; Chen, X.; Leng, L.; Wang, H.; Wu, Z.; Xiong, T.; Liang, J.; Zeng, G. Highly Efficient Visible-Light-Induced
Photoactivity of Z-Scheme Ag2CO3/Ag/WO3 Photocatalysts for Organic Pollutant Degradation. Environ. Sci. Nano 2017, 4,
2175–2185. [CrossRef]

58. Wang, L.; Zhang, C.; Cheng, R.; Ali, J.; Wang, Z.; Mailhot, G.; Pan, G. Microcystis aeruginosa Synergistically Facilitate the
Photocatalytic Degradation of Tetracycline Hydrochloride and Cr(VI) on PAN/TiO2/Ag Nanofiber Mats. Catalysts 2018, 8, 628.
[CrossRef]

59. Xiao, P.; Jiang, D.; Ju, L.; Jing, J.; Chen, M. Construction of RGO/CdIn2S4/g-C3N4 ternary hybrid with enhanced photocatalytic
activity for the degradation of tetracycline hydrochloride. Appl. Surf. Sci. 2018, 433, 388–397. [CrossRef]

60. Li, M.Y.; Tang, Y.-B.; Shi, W.-L.; Chen, F.-Y.; Shi, Y.; Gu, H.C. Design of visible-light-response core–shell Fe2O3/CuBi2O4 hetero-
junctions with enhanced photocatalytic activity towards the degradation of tetracycline: Z-scheme photocatalytic mechanism
insight. Inorg. Chem. Front. 2018, 5, 3148–3154. [CrossRef]

61. Guo, F.; Li, M.; Ren, H.; Huang, X.; Hou, W.; Wang, C.; Shi, W.; Lu, C. Fabrication of p-n CuBi2O4/MoS2 heterojunction with
nanosheets-on-microrods structure for enhanced photocatalytic activity towards tetracycline degradation. Appl. Surf. Sci. 2019,
491, 88–94. [CrossRef]

62. Yu, X.; He, J.; Zhang, Y.; Hu, J.; Chen, F.; Wang, Y.; He, G.; Liu, J.; He, Q. Effective photodegradation of tetracycline by
narrow-energy band gap photocatalysts La2–xSrxNiMnO6 (x = 0, 0.05, 0.10, and 0.125). J. Alloys Compd. 2019, 806, 451–463.
[CrossRef]

63. Nagamine, M.; Osial, M.; Jackowska, K.; Krysinski, P.; Widera-Kalinowska, J. Tetracycline Photocatalytic Degradation under CdS
Treatment. J. Mar. Sci. Eng. 2020, 8, 483. [CrossRef]

64. Wei, X.; Feng, H.; Li, L.; Gong, J.; Jiang, K.; Xue, S.; Chu, P.K. Synthesis of tetragonal prismatic γ-In2Se3 nanostructures with
predominantly {110} facets and photocatalytic degradation of tetracycline. Appl. Catal. B-Environ. 2020, 260, 118218. [CrossRef]

65. Wu, S.; Hu, H.; Lin, Y.; Zhang, J.; Hu, Y.H. Visible light photocatalytic degradation of tetracycline over TiO2. Chem. Eng. J. 2020,
382, 122842. [CrossRef]

66. Li, X.; Xiong, J.; Gao, X.; Ma, J.; Chen, Z.; Kang, B.; Liu, J.; Li, H.; Feng, Z.; Huang, J. Novel BP/BiOBr S-scheme nano-heterojunction
for enhanced visible-light photocatalytic tetracycline removal and oxygen evolution activity. J. Hazard. Mater. 2020, 387, 121690.
[CrossRef]

67. Guo, J.; Jiang, L.; Liang, J.; Xu, W.; Yu, H.; Zhang, J.; Ye, S.; Xing, W.; Yuan, X. Photocatalytic degradation of tetracycline antibiotics
using delafossite silver ferrite-based Z-scheme photocatalyst: Pathways and mechanism insight. Chemosphere 2021, 270, 128651.
[CrossRef]

68. Zheng, X.; Liu, Y.; Liu, X.; Li, Q.; Zheng, Y. A Novel PVDF-TiO2@g-C3N4 Composite Electrospun Fiber for Efficient Photocatalytic
Degradation of Tetracycline under Visible Light Irradiation. Ecotoxicol. Environ. Saf. 2021, 210, 111866. [CrossRef]

69. Hemavibool, K.; Sansenya, T.; Nanan, S. Enhanced Photocatalytic Degradation of Tetracycline and Oxytetracycline Antibiotics by
BiVO4 Photocatalyst under Visible Light and Solar Light Irradiation. Antibiotics 2022, 11, 761. [CrossRef]

70. Chen, L.; Xu, B.; Jin, M.; Chen, L.; Yi, G.; Xing, B.; Zhang, Y.; Wu, Y.; Li, Z. Excellent photocatalysis of Bi2WO6 structured with
oxygen vacancies in degradation of tetracycline. J. Mol. Struct. 2023, 1278, 134911. [CrossRef]

https://doi.org/10.1016/j.cplett.2020.137302
https://doi.org/10.3390/molecules26154661
https://doi.org/10.1021/acsomega.1c02194
https://doi.org/10.1021/acsomega.0c05092
https://doi.org/10.1016/j.cej.2019.123638
https://doi.org/10.3390/cryst13020238
https://doi.org/10.1016/j.molstruc.2024.137650
https://doi.org/10.1007/s13738-024-03022-w
https://doi.org/10.1016/j.apcatb.2014.09.046
https://doi.org/10.1039/C7EN00713B
https://doi.org/10.3390/catal8120628
https://doi.org/10.1016/j.apsusc.2017.10.028
https://doi.org/10.1039/C8QI00906F
https://doi.org/10.1016/j.apsusc.2019.06.158
https://doi.org/10.1016/j.jallcom.2019.07.233
https://doi.org/10.3390/jmse8070483
https://doi.org/10.1016/j.apcatb.2019.118218
https://doi.org/10.1016/j.cej.2019.122842
https://doi.org/10.1016/j.jhazmat.2019.121690
https://doi.org/10.1016/j.chemosphere.2020.128651
https://doi.org/10.1016/j.ecoenv.2020.111866
https://doi.org/10.3390/antibiotics11060761
https://doi.org/10.1016/j.molstruc.2023.134911


Molecules 2024, 29, 4200 19 of 19

71. Shee, N.K.; Kim, H.-J. Supramolecular Self-Assembled Nanostructures Derived from Amplified Structural Isomerism of Zn(II)–
Sn(IV)–Zn(II) Porphyrin Triads and Their Visible Light Photocatalytic Degradation of Pollutants. Nanomaterials 2024, 14, 1104.
[CrossRef] [PubMed]

72. Jo, H.J.; Jung, S.H.; Kim, H.-J. Synthesis and Hydrogen-Bonded Supramolecular Assembly of trans-Dihydroxotin(IV) Tetrapyridyl-
porphyrin Complexes. Bull. Korean Chem. Soc. 2004, 25, 1869–1873.

73. Xie, S.; Huang, P.; Kruzic, J.J.; Zeng, X.; Qian, H. A highly efficient degradation mechanism of methyl orange using Fe-based
metallic glass powders. Sci. Rep. 2016, 6, 21947. [CrossRef]

74. Xu, J.; Gao, Q.Z.; Wang, Z.P.; Zhu, Y. An all-organic 0D/2D supramolecular porphyrin/g-C3N4 heterojunction assembled via π-π
interaction for efficient visible photocatalytic oxidation. Appl. Catal. B Environ. 2021, 291, 120059. [CrossRef]

75. Ning, L.; Xu, J.; Lou, Y.; Pan, C.; Wang, Z.; Zhu, Y. A 3D/0D cobalt-embedded nitrogen-doped porous carbon/supramolecular
porphyrin magnetic-separation photocatalyst with highly efficient pollutant degradation and water oxidation performance.
J. Mater. Sci. Technol. 2022, 124, 53–64. [CrossRef]

76. Mahalakshmi, K.; Ranjith, R.; Thangavelu, P.; Priyadharshini, M.; Palanivel, B.; Manthrammel, M.A.; Shkir, M.; Diravidamani,
B. Augmenting the Photocatalytic Performance of Direct Z-Scheme Bi2O3/g-C3N4 Nanocomposite. Catalysts 2022, 12, 1544.
[CrossRef]

77. Chiu, Y.-H.; Chang, T.-F.M.; Chen, C.-Y.; Sone, M.; Hsu, Y.-J. Mechanistic Insights into Photodegradation of Organic Dyes Using
Heterostructure Photocatalysts. Catalysts 2019, 9, 430. [CrossRef]

78. Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. Sect. A Found. Crystallogr. 2008, 64, 112–122. [CrossRef]
79. Bruker. SHELXTL (Ver. 6.10): Program for Solution and Refinement of Crystal Structures; Bruker AXS Inc.: Madison, WI, USA, 2000.
80. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement

and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339–341. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nano14131104
https://www.ncbi.nlm.nih.gov/pubmed/38998709
https://doi.org/10.1038/srep21947
https://doi.org/10.1016/j.apcatb.2021.120059
https://doi.org/10.1016/j.jmst.2022.02.023
https://doi.org/10.3390/catal12121544
https://doi.org/10.3390/catal9050430
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0021889808042726

	Introduction 
	Results and Discussion 
	Synthesis and X-ray Single-Crystal Structural Analysis 
	Spectroscopic Analysis 
	Catalytic Photodegradation of Pollutants 
	Possible Mechanism of the Catalytic Photodegradation of Pollutants 

	Materials and Methods 
	Synthesis of [Sn(H2PO4)2(TPyHP)](H2PO4)46H2O (2) 
	X-ray Single-Crystal Structure Analysis 
	Photoelectrochemical Experiment 
	Catalytic Photodegradation Measurement 

	Conclusions 
	References

