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Visible light driven hydrogen bonding assisted
complete photocatalytic degradation of selected
antibiotics by lanthanide-based metal–organic
frameworks
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Metal–organic frameworks (MOFs) could be a promising class of photocatalysts due to their high surface

area, framework robustness, and tunable architectures, which enable modulation of their semiconductor

properties for enhanced light harvesting and subsequent photocatalysis. In this work, a cobalt-based

metalloligand has been utilized to synthesise lanthanide (Ln)-based MOFs (Ln-MOFs). The architecturally

engineered Ln-MOFs exhibit significant visible light absorption and support noteworthy photocatalysis for

the complete degradation of the selected antibiotics. Both Ln-MOFs enabled complete photodegradation

of antibiotics, as supported by their high degradation reaction rates. The Ln-MOFs exhibited remarkably

enhanced photocatalytic activity compared to the Co-based photosensitizer. This fact is attributed to an

enhanced charge-carrier lifetime for both Ln-MOFs, which was corroborated by the transient absorption

spectroscopy, photoluminescence, and electrochemical impedance spectroscopy analyses. These

studies, along with the scavenger experiments, helped in establishing the probable mechanism for Ln-

MOF-mediated photodegradation. We further illustrate the importance of hydrogen bonding-assisted

encapsulation of an antibiotic molecule within the pores of Ln-MOFs, which remarkably improved its

photocatalytic degradation. The present visible-light-driven Ln-MOFs are a rare example of photocatalysts

exhibiting high efficiency for the complete photodegradation of antibiotics.

Introduction

Photocatalysis is based on the absorption of sunlight, prefer-
ably in the visible region, followed by charge separation and
further followed by assorted redox reactions.1–12 Typically, the
generation of various reactive oxygen species (ROS) is common
under the ambient conditions.13–15 ROS include •OH, •O2

−,
and 1O2 that are highly reactive and can efficiently degrade
various compounds, including pollutants, into simpler organic
and/or inorganic products.13–18 The best photocatalysts are
those that utilize the visible part of the solar spectrum and
cause complete photodegradation of organic pollutants to the
simplest products, such as water and gases (CO2, N2,
etc.).1–12,16–18 The designing of an appropriate photocatalyst is
essential to achieve meaningful photocatalytic efficiency.1–15

The semiconductor materials, including metal oxides (TiO2,
Fe2O3, and ZnO), metal sulphides (CdS and ZnS), and metal

phosphides (CoP, Cu3P, and FeP), are some of the most-
studied photocatalysts.19–21 However, the photocatalytic
efficiency of such materials is primarily limited due to their
poor visible light absorption ability and quick recombination
of the photogenerated electron–hole pairs.19–24 The other
drawbacks include their limited thermal and moisture stabi-
lity, restricting their reusability, as well as their low electronic
conductivity.19–24 To address these challenges, significant
efforts have been directed toward the development of next-
generation photocatalysts that are responsive to visible light
and offer improved light-harvesting abilities, and thereby
enhanced photocatalytic activity.1–18,25–28 However, both robust-
ness and reusability still remain the major challenges.25–28

Metal–organic frameworks (MOFs) are well-established
materials renowned for their large surface area, high porosity,
tailorable framework structure, and exceptional stability.29–37

Furthermore, the tunable nature of MOFs, including both in-
organic and organic components, is particularly beneficial for
the rational structural modulation, and such a feature has
been elegantly shown to assist in various applications.38–42 In
particular, MOFs have emerged as a major paradigm in the
field of heterogeneous catalysis.43–45
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In the search for novel and better rationally designed
MOFs, metalloligands have emerged as the strategic building
blocks.46–53 A metalloligand enables the incorporation of a
desirable primary metal ion that may have a profound effect
on its photophysical properties.46–57 A suitable combination of
an appropriate ligand(s) and a desirable primary metal ion is
likely to enable the resultant metalloligand to absorb visible
light and initiate charge transport processes.58–65 As a result, a
metalloligand can act as an effective photosensitizer.58–62 In
this context, polypyridyl complexes of second- and third-row
transition metals (Ru and Ir) have emerged as promising can-
didates due to their appealing photophysical characteristics,
such as good light absorption capability, long luminescence
lifetime, and excellent chemical stability.25–28,58–65

Consequently, both Ru and Ir complexes of polypyridyl ligands
have been extensively studied for their applications as visible-
light photocatalysts for water-splitting, dye degradation, and
CO2 reduction.

58–65

Although catalyst cost is not a significant consideration
for fine-chemical and pharmaceutical applications that target
high-value products, it is essential to develop Earth-abundant
metal-based photosensitizers for large-scale applications
such as water remediation.66,67 Recent studies have shown
that coordination complexes of first-row transition metals
can also exhibit improved attributes, particularly in terms of
their photostability and excited-state redox properties.68,69

Thus, it would be beneficial to develop photosensitizers
based on 3d-series transition metals rather than their pre-
cious analogues for visible-light-mediated photocatalysis.66–69

Moreover, a majority of the examples are devoted to the metal
complexes of polypyridyl ligands while exploring their
applications under homogeneous conditions.70–74 Very few
reports are known on MOFs based on Ru/Ir-based metallo-
ligands.58–65 Since MOFs are highly ordered architectures
with large surface area, they are likely to serve as excellent
heterogeneous photocatalysts with enhanced stability and
robustness.16–18,29–32

In recent times, due to an accelerated rise of urbanization,
water pollution and wastewater treatment have gained global
attention.16–18,75–82 Based on the chemical composition,
common water pollutants can be broadly categorized as either
inorganic or organic.75–85 Metal ions and oxyanions are among
the major environmental concerns regarding inorganic
pollutants.16–18,75–78,83–85 By virtue of their chemical diversity,
organic pollutants comprise a much larger family and include
dyes, oils, detergents, polyaromatic hydrocarbons, pesticides,
insecticides, herbicides, and pharmaceuticals (e.g., drugs and
antibiotics).86–88 In particular, both heavy use and misuse of
antibiotics not only pose environmental pollution challenges
but also detrimental effects on ecology and human health and
wellbeing.16–18,75–88

Conventional wastewater treatment techniques are unable
to efficiently eliminate some of these pollutants due to their
persistent nature and non-biodegradability.89–91 In fact, it is
significantly more challenging to degrade antibiotics under
physiological conditions due to their stable chemical structure

and their resistance to hydrolysis and oxidation.92–94

Antibiotics typically have a much longer half-life than most
organic dyes, often persisting for weeks to months (e.g.,
>30–60 days for fluoroquinolones and tetracyclines). Their con-
centration in contaminated water can range between ca. 1 and
100 µg L−1, which exceeds their permissible limit (e.g.,
0.064 µg L−1 for ciprofloxacin).92–94 In contrast, many organic
dyes (such as azo dyes) degrade within minutes to hours under
photolytic or oxidative conditions, underscoring a substantially
greater persistence and environmental concern associated
with antibiotics.92–94 Several treatment methods have been
developed for removing antibiotics from the aquatic environ-
ment, including adsorption, membrane separation, activated
carbon treatment, ozonation, and advanced oxidation pro-
cesses (AOPs).16–18,95–98 AOPs include Fenton-like oxidation
and photocatalysis.95–98 The former method can achieve
partial removal efficiency for the water-soluble antibiotics, but
is not successful for the insoluble ones.95–98 Semiconductor
photocatalysis has attracted immense interest due to its low
operational cost, significant efficiency, and utilization of sun-
light as a sustainable energy source for degrading pollutants,
including antibiotics, under the ambient conditions.1–15

However, both these methods suffer from a major dis-
advantage: incomplete degradation, which often generates
intermediates as secondary pollutants.16–18,89–98 Thus, it is
essential to develop new photocatalysts for the complete
photodegradation of various organic contaminants, particu-
larly antibiotics.

In this work, we present the design and synthesis of two
lanthanide-based MOFs (Ln-MOFs): 1-Tb and 1-Eu. Both Ln-
MOFs have integrated a Co3+-based metalloligand as a photo-
sensitizer within a three-dimensional (3D) MOF architecture.
Both Ln-MOFs display noteworthy visible-light absorption and
function as remarkable heterogeneous photocatalysts for the
complete photodegradation of several antibiotics. The mecha-
nism underlying the photocatalytic reaction was established
using transient absorption spectroscopy and detailed photo-
electrochemical experiments, which were further supported by
scavenger studies and characterization of the photodegrada-
tion products. We also illustrate the elegant role played by
hydrogen bonding (H-bonding) interactions between the Ln-
MOFs and the antibiotics, which remarkably enhance their
photodegradation. Several studies, including molecular
docking, FTIR spectral analyses, and control experiments
involving structural modifications of an antibiotic molecule,
are utilized to establish the role of H-bonding interactions. To
the best of our knowledge, the present Ln-MOFs represent an
unprecedented example of integrating photosensitizer-based
molecular systems and H-bonding interactions to develop
remarkable photocatalytic systems for visible-light-mediated
catalysis.

Experimental

Experimental details are provided in the SI.
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Results and discussion
Synthesis and characterization of 1-Tb and 1-Eu

The metalloligand Na[Co(Lp-COOH)2] (1) (Fig. S1–S9, SI) offered
four biphenylcarboxylic acid groups. Such appended groups
have the potential to coordinate with the suitable metal
ions.48–51 The metalloligand 1 on reaction with Ln(OTf)3 (Ln =
Tb and Eu) resulted in the formation of one-dimensional (1D)
Ln-MOFs 1-Tb and 1-Eu (Fig. 1a). The elemental composition
of both Ln-MOFs was confirmed by using energy dispersive
X-ray (EDX) spectroscopy (Fig. S10, SI). The X-ray photoelectron
spectroscopy (XPS) analysis showed that the binding energies
of Co 2p3/2 and 2p1/2 remain largely unchanged before and
after the coordination of the Ln3+ ions.99,100 Such a fact indi-
cates that the oxidation state of the Co ion (+3) remains
unaffected in both metalloligand 1 and its Ln-MOFs (Fig. S11–

S13, SI). In the FTIR spectra, both Ln-MOFs exhibited strong
stretches at 1590–1575 cm−1 corresponding to νCOO and νCvO

groups (Fig. S14, SI). Both 1-Tb and 1-Eu also displayed broad
νO–H stretches at 3290–3210 cm−1 due to the presence of lattice
water molecules, while a strong band at ca. 1000 cm−1 is
indicative of the coordinated DMSO molecules.101,102

Both 1-Tb and 1-Eu were characterized crystallographically
to understand their molecular structures (Fig. 1 and Fig. S15,
SI). Details of the crystallographic data collection and structure
solution parameters are provided in Table S1 (SI), whereas
Tables S2 and S3 (SI) contain the selected bonding parameters.
X-ray diffraction analysis revealed that both 1-Tb and 1-Eu crys-
tallized in an orthorhombic cell with the Pbca space group.
The asymmetric unit consists of one metalloligand 1, one Ln3+

ion, four coordinated DMSO molecules, and several lattice
water molecules, nine and eight, respectively, for 1-Tb and 1-

Fig. 1 (a) Preparative route for the synthesis of Ln-MOFs 1-Tb and 1-Eu. (b) Stick representation of the crystal structure of 1-Tb. Color codes:
orange, Co; yellow, Tb; pink, S; blue, N; red, O; and grey, C. H atoms and solvent molecules have been omitted for clarity. (c) Crystal structure of 1-
Tb displaying arrangements of metalloligands (shown in pink, golden, and lilac colors) and Tb3+ ions generating the 1D chain when viewed along the
c axis. (d) A section of the crystal structure of 1-Tb displaying H-bonding interactions between Oamide groups and lattice water molecules (shown as
blue balls) connecting 1D chains (shown in pink and green colors). (e) A view of the 2D network created due to H-bonding interactions connecting
various 1D chains (shown in pink, green, and dark blue colors). (f ) Spacefill diagram of 1-Tb when viewed along the c-axis. See Fig. S15, SI, for the
crystal structure of 1-Eu.
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Eu (Fig. 1b and Fig. S15a, SI). In both cases, metalloligands
are coordinated via Ln3+ ions to generate 1D chains. In both
Ln-MOFs, a metalloligand has an inherent negative charge,
while the 2− charge was due to two anionic carboxylate
groups. Consequently, the 3− charge is balanced by a Ln3+ ion
to generate a neutral 1D chain. Importantly, the remaining two
arylcarboxylic acid groups remained in their neutral form in
both cases and were found to be involved in various
H-bonding interactions (vide infra).

In both MOFs, a Ln3+ ion illustrates an eight-coordinated
geometry where two bidentate arylcarboxylate groups, emanat-
ing from two different metalloligands, are arranged in a trans
form, whereas the remaining four sites are ligated by the
DMSO molecules. In both cases, only two of the arylcarboxy-
late groups of a metalloligand coordinate to the Ln3+ ions and
generate 1D chains (Fig. 1c and Fig. S15b, SI). Such parallel
running 1D chains are further connected to each other via
various H-bonds involving amide and arylcarboxylic acid
groups offered by a metalloligand as well as lattice water mole-
cules (Fig. S15c and d, SI). The remaining two free arylcar-
boxylic acid groups were engaged in various H-bonding inter-
actions and contributed to the formation of an extended 2D
structure. Such H-bonding interactions were of a stable nature,
a fact evident from the thermogravimetric (TGA) and differen-
tial scanning calorimetry (DSC) studies that showed that both
Ln-MOFs were stable up to ca. 400 °C, after the loss of lattice
water molecules (Fig. S16, SI). Both Ln-MOFs exhibited the
presence of a porous structure due to the existence of
H-bonding interactions between different 1D chains. However,
the Brunauer–Emmett–Teller (BET) surface area was very low,
in line with the metalloligand-based architectures (Fig. S17,
SI).103,104 Nevertheless, such pores are lined with the hydro-
philic groups – lattice water molecules, O-amidic groups, and
O-carboxylate groups, as well as hydrophobic groups courtesy
of the biphenyl rings. Such a fact provides a unique opportu-
nity for the recognition and binding of a specific analyte

within such pores (vide infra).105–107 The PXRD patterns of the
as-synthesized samples closely matched those simulated from
the single-crystal diffraction analyses, indicating the phase
purity of the bulk samples (Fig. S18, SI). The surface mor-
phology of both Ln-MOFs was examined using scanning elec-
tron microscopy (SEM), which revealed a block-like mor-
phology for 1-Tb and a rod-like morphology for 1-Eu (Fig. 2a
and b). Transmission electron microscopy (TEM) analysis
further corroborated these observations (Fig. 2c and d), while
elemental mapping confirmed the uniform distribution of
constituent elements in both Ln-MOFs (Fig. 2e–h).

Light absorption and the band gap structure of Ln-MOFs

The UV-Vis diffuse reflectance spectra (DRS) of 1-Tb and 1-Eu
revealed absorptions predominantly at 480–510 nm, attributed
to the charge-transfer, while a less intense broad band at
686–698 nm is tentatively assigned to the d–d transition of the
Co3+ ion of metalloligand 1 (Fig. 3a).46–53 The DRS analyses of
both Ln-MOFs revealed strong absorption in the visible region,
indicating their potential activity as visible-light
photocatalysts.108–112 Based on the Tauc plot, the band gap
energies were found to be 2.42 and 2.58 eV for 1-Tb and 1-Eu,
respectively.108–112 Such a fact suggests that both Ln-MOFs
present semiconductor-like properties in the visible region
(Fig. 3b and c). To gain a better understanding, band struc-
tures of both Ln-MOFs were investigated. The Mott–Schottky
plots of Ln-MOFs at two different frequencies revealed their
typical n-type semiconductor behaviour, owing to the positive
slope of the linear plots.108–112 The flat band positions refer-
ring to the lowest unoccupied molecular orbital (LUMO) were
determined from the intersection with the values of −0.87 V
and −0.94 V versus Ag/AgCl (i.e., −0.67 V and −0.74 V versus
NHE) for 1-Tb and 1-Eu, respectively. On account of band gaps
determined by Tauc plots and the LUMO potentials estimated
by the Mott–Schottky calculations, the HOMO energy levels of
1-Tb and 1-Eu were found to be 1.74 V and 1.84 V versus NHE,

Fig. 2 SEM images of as-synthesized (a) 1-Tb and (b) 1-Eu. TEM images of as-synthesized (c) 1-Tb and (d) 1-Eu. Elemental mapping for (e and f) 1-
Tb and (g and h) 1-Eu.
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respectively (Fig. 3d and e). These findings demonstrate that
both Ln-MOFs exhibit high visible-light absorption efficiency
and are therefore suitable for the photodegradation of organic
pollutants, such as antibiotics.

Photocatalytic degradation of antibiotics

Antibiotics can be classified based on their chemical structure,
mechanism of action, activity spectrum, or the route of
administration.16–18,109 The most common classification is
based on their chemical structure, while the most prevalent
subgroups are beta-lactams, sulfonamides, monobactams, car-
bapenems, glycopeptides, nitrofurans, polypeptides, polyenes,
tetracyclines, quinolones, and fluoroquinolones.109 The follow-
ing antibiotics from the common categories were selected and
investigated for their photodegradation in aqueous solution at
pH 7 under visible light irradiation at room temperature (25 ±
1 °C) (Scheme 1): beta-lactams: penicillin G (PG) and amoxicil-
lin (AMX); fluoroquinolones: ciprofloxacin (CIP) and norfloxa-

cin (NOR); nitrofurans: nitrofurantoin (NFT), nitrofurazone
(NFZ), and furazolidone (FUR); sulfonamides: sulfaquinoxaline
(SQX); and tetracyclines: tetracycline (TC).

Compared to various antibiotics investigated, both Ln-
MOFs resulted in the complete degradation of CIP within a
short time span (Fig. 3f and g). The absence of visible light
completely inhibited the photodegradation. Likewise, negli-
gible degradation of CIP (<1%) occurred in the absence of a
catalyst under the otherwise identical experimental conditions
(Fig. S19, SI). These observations suggest that the degradation
of CIP is a photo-assisted reaction and is catalyzed by the semi-
conductor photocatalysts, Ln-MOFs. The extent of CIP degra-
dation was ca. 98% after 3 h of illumination in the presence of
Ln-MOFs. In both cases, the colour of the crystalline sample
and the optical images of the crystals did not show any change
following the photodegradation experiment (Fig. 3f and g). To
understand the reaction kinetics of photodegradation, the
experimental data were analysed using the first-order

Fig. 3 (a) UV-Vis DRS spectra of Ln-MOFs 1-Tb (black trace) and 1-Eu (red trace) (inset: optical images of as-synthesised crystals of 1-Tb (below)
and 1-Eu (above)). (b and c) Tauc plots for 1-Tb and 1-Eu. (d and e) Mott–Schottky plots for 1-Tb and 1-Eu at two different frequencies, 0.5 kHz
(blue trace) and 1.0 kHz (green trace) (insets: The corresponding HOMO and LUMO levels, potentials vs. NHE). (f ) Time-dependent (0–120 min at an
interval of 10 min) UV-Vis spectra for the photocatalytic degradation of CIP with 1-Tb under visible-light irradiation (inset: optical images of the
powdered form and as-synthesised crystals of 1-Tb before and after five cycles of CIP degradation). (g) Time-dependent (0–200 min at an interval
of 10 min) UV-Vis spectra for the photocatalytic degradation of CIP with 1-Eu under visible-light irradiation (inset: optical images of the powdered
form and as-synthesised crystals of 1-Eu before and after five cycles of CIP degradation). (h) Photocatalytic degradation of CIP under different con-
ditions. (i) Plot of ln(Ct/C0) versus time representing the first-order kinetics for the degradation of CIP under different conditions.
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kinetics.16–18,52 A linear relationship between ln(Ct/Co) and the
irradiation time was observed for CIP degradation. Notably, 1-
Tb exhibited a rate constant of 0.0265 min−1, which was nearly
1.4-fold higher than that of 1-Eu (0.0191 min−1) (Fig. 3h, i and
Table S4, SI). Considering the superior photocatalytic perform-
ance of 1-Tb, all subsequent experiments were conducted
using 1-Tb as the semiconductor catalyst.

Impact of pH on the photocatalytic degradation of CIP

The pH of the reaction mixture was measured as a function of
time during the photodegradation of CIP (Fig. 4a). The pH was
found to decrease significantly with time and reached ca. 5.2
after the complete photodegradation of CIP. Such a fact nicely
corroborates the formation of CO2, as the pH for the dissolved
CO2 in water is ca. 5.6 (vide infra).16–18,52,110 The pH of the
solution was regarded as a notable parameter that may have a
considerable effect on the photodegradation. Thus, the effect
of pH on the photodegradation of CIP was studied at 5.5, 6.0,
6.5, and 7.5 pHs. Notably, the rate of CIP photodegradation
increased as a function of the pH of the solution. The
maximum rate of photodegradation (k = 0.0433 min−1) was
observed at pH 7.5 (Fig. 4b–d and Table S4, SI). However, at
lower pH (pH = 5.5; k = 0.0132 min−1), CIP was only 41%
degraded (Fig. S22, SI). Various ROS, such as •OH and •O2

−,

are known to be sensitive to the pH of the reaction medium,
while a basic pH favours their formation (vide infra).13,111,112

As a result, subsequent photocatalytic reactions were carried
out at pH 7.5. To substantiate the stability of Ln-MOFs at
different pH values, the PXRD patterns of 1-Tb were measured
after immersing the sample in aqueous solutions of different
pH values. In all cases, the PXRD patterns matched well with
those of the as-synthesized sample, including the Le Bail
refinement (Fig. S20 and S21, SI). This fact confirms the stabi-
lity of Ln-MOFs under different pH values (5.5–7.5).

Characterization of photodegradation products

NMR spectral and gas chromatography (GC) experiments
were performed to gain insight into CIP degradation, includ-
ing its possible chemical changes and in situ-formed
intermediates.52,113–115 The NMR spectra of a reaction mixture
were recorded at different reaction times (0, 40 min/half reac-
tion time, and 80 min/complete reaction time). The 1H NMR
spectra of a reaction mixture after 40 min of photolysis showed
that the majority of the aromatic resonances (7–9 ppm) dis-
appeared, while peaks corresponding to the aliphatic groups
were reduced in intensity and were slightly shifted, indicating
a partial degradation (Fig. S23, SI). Similarly, in 13C NMR
spectra, the characteristic aromatic peaks (105–180 ppm) dis-

Scheme 1 Molecular structures of the representative antibiotics used for the photodegradation studies by Ln-MOFs.
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appeared completely, whereas new peaks, noted in the ali-
phatic region, are associated with the intermediates formed
during the degradation (Fig. S24, SI). In fact, upfield signals,
both in 1H and 13C NMR spectra, are most likely due to some
low-molecular-weight aliphatic compounds.113,52 In addition,
the 13C NMR spectrum revealed an intense peak at 124 ppm.
Upon extended photolysis (ca. 80 min), both 1H and 13C NMR
spectra were signal-less, suggesting a complete degradation of
CIP. However, the only signal at 124 ppm intensified in the 13C
NMR spectrum. The said signal corresponded to the character-
istic peak of CO2 gas. To validate this, the 13C NMR spectrum
of a standard sample of CO2 gas in D2O was recorded, which
matched exactly with the peak at 124 ppm (Fig. S24, SI). It is
thus concluded that CO2 was formed after the complete miner-
alization of CIP along with other products.16–18,87,114,115

Subsequently, GC analysis was performed to examine the
gaseous products obtained after the photodegradation of CIP.
The GC signals were attributed to CO2 (59.35%) and N2

(4.31%) gases, revealing a close match between the calculated
and the experimental values (Fig. S25, SI). Collectively, these

experiments support a complete mineralization of CIP as
follows:

2C17H18FN3O3 þ 40O2 ! 34CO2 ð60:71%Þ þ 18H2O ð32:14%Þ
þ 3N2 ð5:35%Þ þ F2 ð1:78%Þ

Fluorine gas reacts with water to form HF, which is known
to decolorize a distinct dark red colour of Fe(SCN)2 while
forming FeF2.

116 The same reaction was noted in the present
case.

F2 þH2O ! HFþ O2

FeðSCNÞ2 þ 2F�
ðred colourÞ

! FeF2 þ 2SCN�
ðcolourlessÞ

Photophysical properties of the metalloligand and Ln-MOFs

The photocatalytic results revealed that while Ln-MOFs (1-Tb/
1-Eu) are active for the photodegradation of CIP, metalloligand
1 was completely inactive. To understand the reason behind
such a stark difference, photoluminescence (PL), electro-

Fig. 4 (a) Plot for the variation of pH with irradiation time for the photocatalytic degradation of CIP using 1-Tb. (b) Photocatalytic activity of 1-Tb
for the degradation of CIP at different pH values. (c) Plot of ln(Ct/C0) versus time representing the first-order kinetics for the degradation of CIP
using 1-Tb at different pH values. (d) Plot for the rate of photodegradation of CIP catalyzed by 1-Tb as a function of pH.
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chemical impedance spectroscopy (EIS), and transient absorp-
tion spectroscopy (TAS) studies were conducted.117–121 The PL
intensity of a semiconductor can be used to correlate the
recombination rate of the photogenerated charge carriers.117

Metalloligand 1 exhibited a strong emission band, suggesting
a large recombination rate of the photogenerated electron–
hole pairs. Such a situation significantly suppresses the photo-
catalytic activity.117 Importantly, both 1-Tb and 1-Eu showed a
much lower PL intensity when compared to 1. This fact is
indicative of a decrease in the recombination rate of the photo-
generated electron–hole pairs, which significantly enhances
the photocatalytic activity.117 Among the two materials, 1-Tb
showed much lower PL intensity, thus advocating the lower
recombination rate of charge carriers and superior photo-
catalytic performance (Fig. 5a). Such a fact correlates very well
with the observed rate constant for the degradation of CIP.

Another important factor that significantly influences
photocatalytic activity is the interfacial charge separation and
the migration efficiency.118 Thus, EIS studies were conducted
to examine the interfacial charge separation property of metal-
loligand 1 and its Ln-MOFs, 1-Tb and 1-Eu. The arc radius in
the Nyquist plot represents the interface layer resistance at the
electrode surface; a narrower arc implies lower resistance and
more effective separation of the photogenerated electron–hole
pairs.118 A much smaller arc radius for 1-Tb, in comparison
with 1, indicates a higher efficiency of the photoinduced
charge transfer, i.e., a large spatial separation between the
photo-electrons and holes (eCB

− + hVB
+). Such a fact largely

suppresses the charge carrier recombination and improves
their participation in the photocatalytic reaction. On the other
hand, the arc radius of 1-Eu was comparatively larger than that
of 1-Tb, suggesting a lower separation between the charge car-
riers and thus lower photocatalytic performance (Fig. 5b). In
consensus, metalloligand 1 exhibits a much larger arc radius,
thus fully justifying its ineffectiveness as a photocatalyst.

Finally, TAS studies were conducted to examine the
dynamics of charge carriers in metalloligand 1 and Ln-
MOFs.119–121 Upon 400 nm excitation, both 1 and Ln-MOFs
depicted broad positive absorption bands (ΔA > 0) in the range
of 450–800 nm (Fig. 5c–e). To understand the decay process,
the kinetics of the photoinduced charges were probed at
530 nm for 1, 530 nm for 1-Tb, and 550 nm for 1-Eu. The kine-
tics for both 1-Tb and 1-Eu followed a similar trend and were
fitted using a single exponential function. In contrast, 1,
depicting a comparatively faster decay, was fitted with a bi-
exponential function. The decay profiles are shown in Fig. 5f,
while the fitting components are provided in Table S5 (SI).

The initial kinetic trace for the metalloligand 1 showed an
ultrafast decay with τ1 = 2.58 ps, indicating an instantaneous
recombination of the charge carriers. The rapid kinetic decay
was followed by a slow decay with a time scale of 40.30 ps,
resulting in a τav of 30.49 ps. In comparison with metalloli-
gand 1, 1-Tb demonstrated rather slower decay kinetics with τ

= 60.53 ps. On the other hand, 1-Eu showed an excited state
decay of 40.37 ps (Fig. 5g). The decay kinetics for both Ln-
MOFs, which are in the ps (10−12) range, are consistent with

the time scale for energy transfer (10−14–10−11 s). Thus, it can
be interpreted that only energy transfer occurs upon the
association of Ln3+ ions with the metalloligands, rather than
electron transfer, for which the time scale lies in the range of
10−9–10−8 s.119–121 This conclusion is further supported by the
fact that both the metalloligand and Ln-MOFs share the same
oxidation state of the Co ion (+3), as confirmed by XPS analysis
(Fig. S11–S13, SI). A longer lifetime of the charge carriers in
Ln-MOFs compared to that of the metalloligand confirms a
reduced recombination rate of the photoexcited electrons and
holes, thereby enhancing the photocatalytic activity. The slow
decay kinetics in Ln-MOFs are assigned to an improved charge
distribution at the interface of 1 and Ln3+ ions. The kinetics
for two Ln-MOFs revealed 1-Tb (60.53 ps) to be a much
superior photocatalyst in comparison with its counterpart 1-Eu
(40.37 ps) and particularly metalloligand 1 (30.49 ps). In
essence, active charges in 1-Tb exhibited a nearly 2-fold longer
lifetime compared to that of its building block 1, thus justify-
ing its remarkable photocatalytic activity for the photodegrada-
tion of antibiotics.

Collectively, these studies explain an acceleration in the
electron–hole separation rate after the coordination of Ln3+

ions to a metalloligand 1. This fact is responsible for the
enhanced photocatalytic activity of Ln-MOFs in comparison
with that of metalloligand 1. In addition, a higher EHOMO–

ELUMO gap, a higher PL intensity, a longer arc radius in the
Nyquist plot, and a faster decay in 1-Eu, in comparison with
those of 1-Tb, account for the former’s poor photocatalytic per-
formance for the degradation of the antibiotic, CIP.

Photocatalytic degradation of other antibiotics

The photodegradation of the remaining antibiotics was investi-
gated using 1-Tb and the rates (min−1) varied in the following
order: NOR (97%; 0.0359) > NFZ (95%; 0.0226) > FUR (93%;
0.0154) > NFT (95%; 0.0618) > TC (67%; 0.0056; TC resulted in
ca. 91% degradation in 4 h) > PG (12%; 0.0015) > AMX (9%;
0.0009) > SQX (4%; 0.0001) (Fig. S26–S29 and Table S6, SI).

According to the conventional protocol of semiconductor
photocatalysis, for successful electron transfer, the LUMO of a
catalyst must be lower than the LUMO of a substrate, while the
HOMO of a substrate must lie between the HOMO of a catalyst
and the oxidation reaction potential.122 Validating this prin-
ciple, antibiotics with band gaps more than that of 1-Tb
[Eg(Antibiotic) > Eg(1-Tb) (2.42 eV)] should be photodegraded (e.g.,
CIP, NOR, NFZ, FUR, NFT and TC) while antibiotics having
band gaps less than or equal to the band gap of 1-Tb
[Eg(Antibiotic) ≤ Eg(1-Tb) (2.42 eV)] should not be mineralized (e.g.,
SQX, Eg = 2.38 eV). Due to the exceptionally high band gaps of
PG (Eg = 3.51 eV) and AMX (Eg = 4.20 eV), in comparison with
that of 1-Tb (2.42 eV), photodegradation of these two anti-
biotics was not feasible (Fig. S30–S32, SI). Not surprisingly,
these two antibiotics were photodegraded to a minimal extent.

Larger energy separation between the respective LUMO of a
catalyst and an antibiotic will favour the photocatalytic process
and therefore the order of photodegradation must have been:
CIP (Eg = 3.17 eV) > NOR (Eg = 3.12 eV) > NFT (Eg = 2.60 eV) >
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FUR (Eg = 2.53 eV) > TC (Eg = 2.50 eV) > NFZ (Eg = 2.48 eV).
Importantly, however, the order of photodegradation of anti-
biotics presented a different order (Scheme 2). The notable

difference in the photodegradation rates of different anti-
biotics is explained by considering the inclusion of an anti-
biotic molecule within the pores of a Ln-MOF and various

Fig. 5 (a) Photoluminescence and (b) EIS spectra of metalloligand 1 (blue trace), 1-Tb (black trace), and 1-Eu (red trace); λex = 400 nm. Transient
absorption spectra for (c) metalloligand 1 and Ln-MOFs, (d) 1-Tb and (e) 1-Eu at various time delays. (f ) Corresponding kinetic traces for metalloli-
gand 1 (blue trace), 1-Tb (black trace), and 1-Eu (red trace). (g) Schematic illustration of light-induced dynamics for metalloligand 1 and Ln-MOFs.
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H-bonding interactions involved in facilitating its encapsula-
tion (vide infra).

Role of H-bonding in the photocatalytic degradation of
antibiotics

To gain insight into the differences in the photodegradation of
various antibiotics, molecular docking studies were performed
to understand the role of antibiotic encapsulation and the
various non-covalent interactions that occur within the pores
of Ln-MOFs.52 In molecular docking, a molecule of CIP was
found to occupy the pores of 1-Tb while being engaged in
various H-bonding interactions (Fig. 6a, b and Table S7, SI).
For example, the F-atom of CIP was found to form an H-bond
with the H-atom of the biphenyl ring. Similarly, CIP also inter-
acted via its COO–H and N–H groups with a lattice water mole-
cule and a free carboxylate-O group. Furthermore, CIP also
interacted with the arene groups of 1-Tb via CvO…Harene and
N…Harene synthons. The arene ring of CIP was also involved in
π⋯π stacking with the biphenyl rings (centroid-to-centroid:

3.62 Å). Such H-bonding and other interactions of CIP within
the pores of the MOF allowed its effective encapsulation and
potentially favoured its efficient photocatalytic degradation.
Such a situation explains the rapid degradation of CIP by 1-Tb.

To confirm the encapsulation of CIP, the FTIR spectrum of
1-Tb impregnated with CIP was compared to that of a pristine
sample of 1-Tb. The O–H stretches of 1-Tb were significantly
red-shifted (Δν = 124 cm−1) from 3316 to 3192 cm−1, thus,
illustrating the pivotal role played by the lattice water mole-
cules in forming H-bonds to CIP.123 Furthermore, considerably
red-shifted (Δν = 125 cm−1) C–H stretches of CIP were observed
at 2839–2912 cm−1 (Fig. 6c).124,125 These facts confirm that a
molecule of CIP not only occupied the pores but also inter-
acted with various functional groups offered by 1-Tb.

To gain further insight into how H-bonding interactions
affect photocatalytic activity, a series of control experiments
was conducted. As CIP was involved in H-bonding interactions
with the lattice water molecules of Ln–CP, its deuterium ana-
logue, 1-Tb-D, was prepared, which showed a broad peak at ca.

Scheme 2 A comparative illustration of the photocatalytic activity of 1-Tb for the degradation of different antibiotics under visible-light irradiation
on the basis of the HOMO–LUMO energy gaps and the rates of degradation of the respective antibiotics: observed (above) and anticipated results
(below).
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2478 cm−1 due to the O–D groups of the lattice water mole-
cules (Fig. S33a, SI).126

Notably, the photodegradation of CIP by 1-Tb-D showed a
noteworthy decline to 46% (0.0042 min−1) (Scheme 3a, d and
Fig. S33b, S39c, SI). In line with this, the FTIR spectrum of 1-
Tb-D impregnated with CIP did not reveal significant differ-
ences compared to the as-synthesized sample of 1-Tb-D,
suggesting negligible or no binding of CIP (Fig. S33c, SI). A
noteworthy decline in the rate of photodegradation supports
the critical role played by the H-bonding interactions between
a CIP molecule and Ln–CP in promoting the photocatalysis.
Very similarly, photodegradation of the deuterated analogue of
CIP (D-CIP) with 1-Tb revealed a slower rate (0.0078 min−1)
with only 35% degradation (Scheme 3d and Fig. S33d, e, S39c,
SI). As expected, photodegradation of D-CIP employing 1-Tb-D,
as a photocatalyst, showed the slowest rate of the reaction with
a 71% decline (0.0024 min−1) (Scheme 3d and Fig. S33f, S39c,
SI). Collectively, these experiments provide convincing support
for the role of H-bonding in substrate binding and subsequent
photocatalysis.105–107

In the next step, CIP was subjected to a few structural modifi-
cations to selectively alter the functional groups involved in
H-bonding interactions. For example, methylation of the N–H
group of the piperazinyl ring resulted in CH3-N-CIP while esteri-
fication of the COO–H group produced CH3COO-CIP (Fig. S34–
S37, SI).127,128 The substitutions of the said functional groups,
which were involved in H-bonding interactions between CIP and
1-Tb, are likely to alleviate such interactions and consequently
affect the photodegradation efficiency (Fig. S38 and Table S7,
SI). As expected, the use of both CH3-N-CIP (10% decline;
0.0164 min−1) and CH3COO-CIP (35% decline; 0.0072 min−1)
considerably reduced their rate of degradation (Schemes 3b–d
and Fig. S39, SI). In essence, the rate of photodegradation varies
as follows: CIP (0.0265 min−1) > CH3-N-CIP (0.0164 min−1) >
D-CIP (0.0078 min−1) > CH3COO-CIP (0.0072 min−1) > 1-Tb-D/
CIP (0.0042 min−1) > 1-Tb-D/D-CIP (0.0024 min−1) (Table S8, SI).
These experiments not only confirm the potential sites of
H-bonding interactions between a drug molecule and photo-
catalyst but also provide substantial evidence about their key
roles in controlling the photodegradation efficiency.

Fig. 6 (a) Molecular docking structure of 1-Tb with CIP, where 1-Tb is shown as a capped-stick model (color code: orange, Co; yellow, Tb; pink, S;
blue, N; red, O; grey, C; and white, H), while the CIP molecule is depicted in a ball-and-stick model (color code: olive, F; blue, N; red, O; wine, C; and
green, H). H atoms, except for those involved in interactions, have been omitted for clarity. π⋯π-stacking interactions are shown by the blue dots,
whereas H-bonding interactions are presented by the red dots. (b) Molecular docking structure in a space-filling mode for 1-Tb with CIP (wine
color). (c) FTIR spectra of as-synthesised 1-Tb (black trace) and the impregnated sample of 1-Tb with CIP (red trace).
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The molecular docking of other antibiotics (FUR, NFT,
NOR, NFZ, and TC) with 1-Tb revealed strong H-bonding inter-
actions wherein all antibiotics, except TC, were fully encapsu-
lated within the pores of 1-Tb (Fig. S40–S42 and Table S7, SI).
This fact adequately justifies the slow photodegradation of TC
in comparison with that of other antibiotics. However, the
molecular docking studies of antibiotics PG, AMX, and SQX
are not included as these antibiotics could not be degraded
using 1-Tb (vide supra).

These findings convincingly explain the disparity between
the observed and anticipated trends of the photodegradation
of various antibiotics. The primary factor responsible for the
photodegradation was, undisputedly, the ability of a semi-
conductor Ln–CP to support visible-light absorption and the
synchronicity between the HOMO–LUMO gap of Ln–CP and an
antibiotic. However, at the same time, the photodegradation
rate was also controlled by the type and strength of various
interactions that existed between a drug molecule and the
photocatalyst.52 Any antibiotic that was bound effectively
within the cavity of Ln–CP and displayed stronger interactions
exhibited a higher rate of photodegradation in comparison
with those that exhibited poor fitting and thus weaker
interactions.

Several reports on the utilization of metal oxides, compo-
sites, etc., for the degradation of antibiotics are available in the
literature; however, the majority of these examples have pri-

marily focused on the photocatalytic degradation of only select
antibiotics, such as TC.16–18,87,129–133 In fact, TC is known to
self-photolyze (k = 0.0003–0.0011 min−1 in the pH range of
6.0–9.0) under the simulated sunlight owing to its ability to
generate ROS (primarily 1O2).

134 The presence of a semi-
conductor-based photocatalyst is assumed to just facilitate TC
degradation rather than significantly catalyzing it. Unlike the
reported materials, the present Ln-MOFs have illustrated their
ability to completely photodegrade a wide range of antibiotics
from different chemical classes. The photodegradation
efficiency of the present Ln-MOFs towards assorted antibiotics
is superior to that of other MOFs, MOF-based composites, and
heterojunctions (Table S4, SI; comparative analysis for the
degradation of only CIP is illustrated).24,129–133 Additionally,
unlike in the present case, the reported materials have often
employed photodegradation reactions using an external
oxidant, such as H2O2.

16–18,24,129–133 Thus, the present photo-
catalysts are noteworthy.

Generation of ROS and scavenger studies

In a typical photocatalysis, a semiconductor material, upon
light irradiation (with the energy of the excitation source
higher than the band gap of the material), results in photon
absorption, causing the excitation of an electron (e−) from the
HOMO to LUMO while leaving a hole (h+) in the HOMO.1–15

The photo-electrons (e−) and holes (h+) are strong reductants

Scheme 3 Schematic illustrations of the photocatalytic degradation of CIP, using 1-Tb, under different conditions: (a) D-CIP, (b) CH3-N-CIP, and (c)
CH3COO-CIP. Black dots represent H-bonding interactions between CIP and 1-Tb via (I) an F atom; (II) a COO-H atom; (III) an N (quinolone ring)
atom, and (IV) an N–H (piperazinyl ring) atom (for details, see the text). (d) Plots of ln(Ct/C0) versus time representing the first-order kinetics for the
degradation of CIP under different conditions using 1-Tb. The photodegradation of CIP was studied in each case for 150 minutes in order to evaluate
the kinetics, although, in each case, complete degradation was accomplished in ca. 4 hours.
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and oxidants, respectively. Such species can migrate to the
surface of the photocatalyst and rapidly react with the surface-
adsorbed molecules and/or ions to form the reactive radical
species (ROS). The hydroxyl radical (•OH), one of the most
powerful but nonselective oxidizing radicals, can be formed by
the oxidation of both OH− and surface-adsorbed water mole-
cules by h+ (eqn (1) and (2)).13–15

OH� þ hHOMO
þ ! •OH ½E°ð•OH=OH�Þ ¼ 1:89 V� ð1Þ

H2Oþ hHOMO
þ ! •OHþHþ ½E°ð•OH=H2OÞ ¼ 2:65 V� ð2Þ

The O2 molecule can trap the photo-electron to form a
superoxide radical (•O2

−), which is a mild oxidant (eqn (3)). A
superoxide radical can combine with a hole (h+) to produce
singlet oxygen (1O2, eqn (4)).13–15

O2 þ eLUMO
� ! •O2

� ½E°ðO2=
•O2

�Þ ¼ �0:33 V� ð3Þ
•O2

� þ hHOMO
þ ! 1O2 ð4Þ

Eventually, such ROS (•OH, •O2
− and 1O2), produced by a

series of photocatalytic reactions, could lead to the chemical
breakdown of a drug molecule into simpler products.1–18

In order to ascertain whether the present Ln-MOFs support
free radical-based reactions, activation energy (Ea) was calcu-
lated. Typically, heterolytic reactions exhibit high values of Ea,
whereas low Ea signifies free-radical-based reactions.135,136

Thus, photocatalytic reactions were performed at different

temperatures (°C): 10, 20, 25, 30, and 40 to determine the Ea
for the degradation of CIP (Fig. S48, SI). Ea, as calculated using
the Arrhenius equation, was found to be 23.89 kJ mol−1

(Fig. 7a). A relatively smaller value of Ea suggests that the
photodegradation of CIP is likely to be a free radical-based
reaction.136,52a

To support such a fact and to prove the involvement of
various ROS, a few radical quenchers were employed during
the photodegradation of CIP.13–15 Notably, the use of benzo-
quinone (BQ; 27%; 0.0023 min−1) and isopropyl alcohol (IPA;
56%; 0.0046 min−1) significantly slowed the degradation of
CIP, thus emphasizing the role of •O2

− and •OH, respectively
(Fig. 7b, c and Fig. S49a, b, SI). However, the use of NaN3

(64%, 0.0064 min−1) and (Na)2EDTA (65%, 0.0081 min−1) as
the scavengers for 1O2 and h+, respectively, led to a modest
drop in the degradation activity (Fig. 7b, c and Fig. S49c, d, SI).
Collectively, these experiments imply that while •OH
and •O2

− are the major ROS, both h+ and 1O2 are not the sig-
nificant species for the photodegradation of CIP (Fig. 7d and
Fig. S50, SI).

Subsequently, the concentrations of the dominant ROS,
•OH and •O2

−, were estimated quantitatively. Coumarin is
known to selectively react with •OH to produce an emissive
7-hydroxycoumarin.13 By monitoring a gradual increase in the
emission intensity at 448 nm, for the generation of 7-hydroxy-
coumarin, under the visible light irradiation in the case of 1-
Tb, the concentration of hydroxyl radicals was calculated to be

Fig. 7 (a) Arrhenius plot of ln(k) versus 1/T. (b) Photocatalytic activity of 1-Tb for the degradation of CIP in the presence of different scavengers. (c)
Plot of ln(Ct/C0) versus time representing the first-order kinetics for the degradation of CIP with 1-Tb in the presence of different scavengers. (d)
Contribution of ROS in the reduction of the photoactivity of 1-Tb for the photodegradation of CIP. (e) Emission spectrum for the generation of
7-hydroxycoumarin from coumarin during a photocatalysis experiment in the presence of 1-Tb under visible-light irradiation at different times
(0–100 min at an interval of 10 min) (inset: digital photographs of a coumarin solution at different times). (f ) Absorption spectrum for the production
of NBT-MF during a photocatalysis experiment of NBT in the presence of 1-Tb under visible-light irradiation at different times (0–40 min at an inter-
val of 5 min) (inset: digital photographs of 1-Tb + NBT solution at different times).
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3.15 μM (Fig. 7e). Similarly, the nitro blue tetrazolium (NBT)
assay was used to confirm the concentration of •O2

− radicals.13

Depending on the O2 saturation level, NBT preferentially reacts
with •O2

− to form purple coloured monoformazan and difor-
mazan. When a DMSO solution containing 1-Tb and NBT was
exposed to visible light, a peak at 530 nm, corresponding to
monoformazan, was observed. Time-dependent monitoring
enabled the calculation of the concentration of the superoxide
radicals to be 5.28 μM (Fig. 7f). These results correlate well
with the rate constants for the degradation of CIP in the pres-
ence of the respective scavengers.

Mechanistic insights

The generation of various ROS is driven by the redox potentials
of the species involved. To investigate whether the present Ln-
MOFs favour the formation of ROS (•OH and •O2

−), their band
gap structures need to be critically analyzed (Scheme 4). The
generation of superoxide radicals (•O2

−) is energetically viable
since the LUMO potential for both 1-Tb and 1-Eu is more nega-
tive than that of the O2/

•O2
− couple. The HOMO potential,

however, is considerably less favourable to cause oxidation of
hydroxide ions or surface water molecules to produce the
hydroxyl radicals (eqn (5)). The ROS scavenger experiments,
however, suggested otherwise (eqn (5), vide infra). Therefore, it
became essential to identify the source of hydroxyl radicals
(•OH).

OH� þ hHOMO
þ ! •OH ½Not feasible� ð5Þ

In fact, hydroxyl radicals can also be generated by a chain
of reactions wherein a superoxide radical first combines with
protons and electrons to form H2O2 (eqn (6)), which is then
reduced by an electron to form •OH (eqn (7)).112

•O2
� þ 2Hþ þ 2e� ! H2O2 ½E°ð•O2

�=H2O2Þ ¼ 1:73 V� ð6Þ

H2O2 þ e� ! •OHþ OH� ½E°ðH2O2=
•OHÞ ¼ 0:88 V� ð7Þ

In order to confirm the generation of hydroxyl radicals via
this pathway, CIP degradation was carried out under a N2

atmosphere to eliminate the generation of superoxide radicals
from dissolved O2. Furthermore, the addition of p-BQ to such
a reaction mixture largely prevented the generation of any
•O2

−. Consequently, CIP degradation declined from 98% under
air-equilibrated conditions to ca. 10% under a N2 environment
(k = 0.0006 min−1) (Fig. 7b, c and Fig. S49e, SI). This experi-
ment validated the significance of •O2

− for the generation of
•OH.13–18 Energetically as well, both 1-Tb and 1-Eu favoured
the formation of •OH via this pathway.13–15 These studies thus
confirm that holes cannot initiate the formation of hydroxyl
radicals, which mainly originate from •O2

−.
To further confirm the generation of ROS, electron para-

magnetic resonance (EPR) spectra were recorded. A blank line
under darkness indicates that the generation of free radicals is
a light-mediated process. On visible light irradiation of an
aqueous solution containing 1-Tb, a sharp EPR signal was
detected at g = 2.00, characteristic of a free-radical species
(•O2

−/•OH), whose intensity increased significantly with an
increase in the photo-irradiation (Fig. S49f, SI).13–15

As previously discussed, the pH of the reaction medium sig-
nificantly influences the photodegradation of CIP, favouring
its decay at neutral to alkaline pH while inhibiting it at acidic
pH. It is well-acknowledged that the formation of ROS is also
pH-dependent.3,15,18 At low pH, •O2

− exists in its protonated
form, perhydroxyl radical (HO2

•), with a pKa (HO2
•/•O2

−) of 4.8
(eqn (8)).137–139 The formation of HO2

• was encouraged by a
favourable redox potential for both 1-Tb and 1-Eu. The anion
radical •O2

−, having a reducing property, is known to be less
reactive compared to HO2

•, which exhibits an oxidizing prop-
erty even at low concentration at the physiological pH. The

Scheme 4 (a) Schematic illustration depicting various steps for the degradation of antibiotics by Ln-MOFs under visible-light irradiation. (b) Redox
potentials of common reactive species in photocatalysis.
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reactive HO2
• can combine with protons to form •OH (eqn (9)).

At pKa 11.9,
•OH converts to its conjugate base •O−.137–139 The

oxide radical (•O−) is comparatively less reactive, thus account-
ing for a decreased photodegradation of CIP at acidic pH. This
is not relevant at physiological pH, justifying a higher rate of
CIP degradation at pH 7. In contrast, a basic reaction medium
promotes the overall reaction, resulting in the formation of
•OH, justifying the highest rate of degradation at pH 7.5.

•O2
� þHþ ! HO2

• ½E°ð•O2
�=HO2

•Þ ¼ 1:02 V� ð8Þ

2HO2
• þ 2Hþ ! H2O2 þ 2 •OH ð9Þ

Control and reusability experiments

The visible-light-driven photocatalysis of the present hetero-
geneous Ln-MOFs is of great importance for practical appli-
cations. Thus, the recyclability and reusability of Ln-MOFs
were studied, taking 1-Tb as a representative case. After the
photodegradation experiment, 1-Tb was isolated by centrifu-
gation and subjected to the successive cycles of photocatalysis.
Even after five repetitive cycles, the photocatalyst 1-Tb main-
tained its effectiveness, showing up to 95% degradation
efficiency (Fig. S43, SI). Moreover, both stability and robust-
ness of Ln-MOFs were verified by FTIR spectral and PXRD
studies (Fig. S44–S46, SI). Both these studies asserted that
both Ln-MOFs remained stable after the photodegradation
cycles. Furthermore, optical and SEM images of the recovered
samples exhibited no major changes in their morphology, thus
again suggesting a robust nature of Ln-MOFs (Fig. 3f, g and
Fig. S47, SI). It is thus clear that both Ln-MOFs can be
employed as promising heterogeneous photocatalysts for the
treatment of wastewater due to their high stability and excel-
lent photocatalytic efficiency.

Conclusions

This work has described the design and synthesis of two Ln-
MOFs based on an Earth-abundant metal-based light-harvest-
ing metalloligand. Due to the encouraging photoactive merits
of Ln-MOFs, they were used as robust heterogeneous photoca-
talysts for the degradation of selected antibiotics. Both Ln-
MOFs were capable of efficiently photodegrading a variety of
antibiotics belonging to different chemical classes. The photo-
degradation mechanism was systematically studied with the
aid of transient absorption spectroscopy, photoluminescence,
electrochemical, and radical scavenging studies. Along with
excellent photophysical properties, both materials presented
unique H-bonding characteristics, which significantly
enhanced their photodegradation performance. The note-
worthy synchronicity between photodegradation activities and
H-bonding-based substrate encapsulation is unprecedented
and has not been paid sufficient attention in the past. The
present results open up new opportunities for the develop-
ment of light-harvesting metalloligand-based photocatalysts
that also incorporate significant features of MOFs into the

material design. It is expected that such a strategy will help in
the design of next-generation highly efficient photocatalysts.140
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