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A B S T R A C T   

A 3D supramolecular metal organic framework of dysprosium has been fabricated through a facile 
hydrothermal procedure with the ligand, 2,6-naphthalene disulphonic acid and the co-ligand, 
4,4′-bipyridine. The MOF has been characterized as [C60H81DyN8O30S4] by routine analytical 
procedures. SXRD studies of the MOF show the existence of a hydrogen-bonded 3D supramo-
lecular structure with high porosity. It crystallizes in monoclinic space group P21/n with unit cell 
parameters, a = 16.5424(6) Å, b = 37.0052(14) Å, c = 24.4361(9) Å, β = 100.7410◦, α = γ = 90◦. 
The Dy-MOF has eight coordinated water molecules around the metal centre and exhibits square 
anti-prismatic geometry. The band gap is 3.11 eV. The degradation experiments under visible 
light confirmed that Dy-MOF can act as a photocatalyst. Addition of hydrogen peroxide 
remarkably increases the degradation efficiency of the MOF through an advanced oxidation 
process. The newly synthesized MOF produced sharp emission peaks characteristic of dysprosium 
ion.   

1. Introduction 

Photocatalysis is an efficient way of environment-friendly transformation of renewable energy. The photocatalytic activity by MOF 
is a challenging field in which a plethora of research is still going on to develop suitable catalysts to attain the goals of sustainable 
development. Key factors such as favourable band gap, porosity, available adsorption sites and thermal as well as chemical stability 
made the selected MOFs highly adaptable in photocatalysis [1–17]. 

One of the adverse effects of industrialization is fresh water contamination by toxic chemicals, dyes, and other effluents. In this 
scenario, the emergence of MOF as a visible-light catalyst for dye degradation is more relevant. Recently, dye degradation efficiency of 
a number of MOFs has been studied in water [17–23]. 

Lanthanide based metal organic frameworks (Ln-MOF) have desirable emission properties like high quantum yield and sharp line 
emissions characteristic of the metal ion. The luminescence intensity is responsive to the coordination environment making them 
suitable for sensor applications. Combination of the special properties of lanthanides and the advantages of MOFs make Ln-MOFs 
promising for specific applications. 

Thus we have synthesized the MOF of the lanthanide, dysprosium, with a view to investigate its single crystal structure, its pho-
tocatalytic efficiency in the removal of methylene blue, and its stability and reusability. Sodium salt of 2,6-naphthalenedisulfonic acid 
(2,6-NDS) was used as the ligand and 4,4′-bpy was used as the co-ligand. Hydrogen peroxide increases the catalytic activity by the 
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advanced oxidation process (AOP). Six oxygen atoms on the sulfonate groups of the ligand act as H-bonding acceptor, which facilitate 
the formation of 3D supramolecular architectures [24–26]. 

2. Experimental section 

2.1. Materials and Techniques 

A.R grade chemicals purchased were utilized as such without further treatment. The same instruments as reported [27] have been 
used for the synthesis, FT-IR analysis, TGA, Powder X-ray diffraction studies, and for fluorescence spectral studies. 

2.2. Synthesis of Dy-MOF  

1 mmol Dy(NO3)3.6H2O, 2 mmol sodium salt of 2,6-NDS and 2.1 mmol 4,4′-bipyridine (bpy) were mixed with 10 mL double distilled 
water [19,27]. It is then taken in an autoclave and heated at 180 ◦ under autogenous pressure for three days. It was cooled, filtered, 
and dried in air. 

2.3. SXRD studies 

The SXRD data were collected using monochromatic Mo Kα radiation (λ = 0.71073 Å) at 293 K on a Brucker AXS Kappa APEX ll 
CCD detector. The structures were solved by direct method and refined by full matrix least squares method on Ϝ2 using SHELXS 2014 
and SHELXL 2014 programmes. The CCDC number is 1817702 (Dy-MOF). Structures showing the packing were collected using 
Diamond software. Mercury software was used to generate structures showing the H-bonds and π-π interactions. 

2.4. Dye degradation experiments 

A beaker containing 5 mg of MOF and 50 ml of 10 ppm of dye, was kept at 10 cm from the light source, 100 MW xenon lamp. It was 
stirred in the dark for 1 h to attain adsorption-desorption equilibrium, before light irradiation. The mixture was irradiated with 
photons of energy higher than the band gap of MOF [17,18,27,28]. Stirring was maintained throughout the experiment. UV–Visible 
spectra were taken with samples collected at regular intervals, at λ = 664 nm, wavelength of maximum absorption of the dye. 
Investigation was also carried out with a mixture of 5 mg MOF, 3.9 %, 300 μL H2O2 and 50 ml of 10 ppm MB solution. The UV–visible 
spectra were taken at different time intervals at 664 nm. 

2.5. Leaching experiments 

Here, the variation of stability was investigated with pH of the solution, using a mixture of the same quantity of the MOF and dye as 
used in 2.4, with stirring for 30 min. The change in color with pH was monitored [29–31]. 

2.6. Trapping experiments 

This is employed for finding the radicals producing the degradation of the dye and thus the mechanism involved. This is done by 
adding tertiary butyl alcohol (TBA), benzoquinone (BQ), and ammonium oxalate (AO). They are the scavengers for hydroxyl radicals, 
superoxide radicals, and for leaving holes respectively [21,23,32]. 

2.7. Recycling experiments 

The reusability of the compound was assessed using recycling experiments. The residue was washed with ethanol, water and 
utilized in the next cycle [33]. 

3. Results and discussion 

3.1. FT-IR spectral analysis 

FT-IR spectrum of 2,6-NDS shows the peaks as reported [27] (Fig. S1). The ⱱas and ⱱs of the SO3
− groups are at 1260-1183 (ⱱas) and 

1100-1034 (ⱱs) cm− 1, respectively, in the MOF (Fig. S2). The small shift shows the absence of direct interaction of metal to the ligand 
as depicted by SXRD. There exists weak H-bond & pi-pi interaction in the crystal structure. The broad band around 3500-3100 cm− 1 

confirms coordinated water molecules in the MOF, as also evidenced by SXRD. 

3.2. Energy Dispersive X ray spectral studies 

The purity and compositions of the Dy-MOF was confirmed by EDS analysis. The EDS displays the main elemental peaks of Dy, S 
and O (Fig. S3, Table S1). 
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3.3. SXRD of Dy-MOF 

The stoichiometry of the newly synthesized Dy-MOF was obtained as C60 H81Dy N8 O30 S4 [Dy(H2O)8](4,4′bpy)4(2,6-NDS)(2,6- 
NDSH)] from SXRD. The MOF was crystallised in the monoclinic space group P21/n. Each unit was associated with ten lattice water 
molecules. Eight such units are grouped to form the unit cell, with a = 16.5424(6) Å, b = 37.0052(14) Å, c = 24.4361(9) Å, β =
100.7410◦, α = γ = 90◦ (Tables S2, S3, S4 & S5). The SXRD studies revealed the porous 3D supramolecular structure. 

The M − O bonds of length ranging from 2.347 to 2.463 Å around the Dy(III) centres suggest that there are eight coordinated water 
molecules. The O-Dy-O bond angle suggests a square antiprism geometry around the metal centre, with a coordination environment as 
shown in Fig. 1. 

Absence of Dy–N bonds in the crystal data rule out the direct interaction between the metal centre and the bipyridyl nitrogen. The 
coordinated water molecules are orienting in such a way as to make strong hydrogen bonds with lattice water, nearest bipyridyl 
nitrogen and naphthalene disulphonic acid units. 

The naphthalene-2,6-disulphonate molecules are aligned parallel and interlink [Dy(H2O)8]3+ polyhedra via H-bonding at both 
sulphonic acid groupings [Fig. S4]. Such assembly is further tailored strongly via H-bonding involving lattice water. The bipyridyl 
molecules are aligned in planes almost perpendicular to the plane of NDS. The bipyridyl molecules interlink the [Dy(H2O)8]3+ units by 
H-bonding between the nitrogen on both rings and coordinated water molecules. Fig. S5 shows the H-bonding interaction between [Dy 
(H2O)8]3+ and bipyridine. This kind of extensive H-bonding involving the coordination polyhedra [Dy (H2O)8]3+, 4,4′-bipyridine and 
2,6-napthalene disulphonic acid and lattice water molecules make a highly porous three dimensional supramolecular architecture 
(Fig. 2). Packing along different axes is shown in Figs. S6 and S7 respectively. 

3.4. Powder XRD studies 

Powder XRD experiments were performed for confirming the phase purity of Dy-MOF. Sharp peaks show that the MOF is crystalline 
[Fig. 3]. The formation of nano crystals was confirmed by the crystallite size 67 nm obtained from Scherrer equation. 

3.5. BET surface area of Dy-MOF 

Nitrogen adsorption-desorption experiments were done at − 195 ◦C and the curve [Fig. S8] shows a Type lV adsorption with a 
hysteresis loop [34,35]. The average pore diameter is 18.70 nm which corresponds to mesopore type. BET surface area is 2.2960 m2/g. 
At very low relative pressure the adsorption isotherm shows a plateau and a very slow stepping up at 0.62p/p0 indicating the filling of 
nitrogen [36]. The isotherm goes up steeply after 0.82p/p0 and reaches a maximum adsorption of 10 cm3/g. This is an indication of 
adsorption of more nitrogen & some mesopore is formed by powder interspace of the dehydrated material. The adsorption curve 
coincides with the desorption curve at 0.5 p/p0 showing that the framework is very stable. 

3.6. Thermogravimetric analysis 

The stability of Dy-MOF, {[Dy(H2O)8] (NDS)(NDSH)(bpy)4}.10H2O was analyzed by performing TG and DTG [Fig. S9]. The first 
stage of its decomposition was from 80 ◦ to 140 ◦ C and the observed weight loss is 4.0 %. This is due to the removal of four lattice H2O 
(among the ten water molecules) for which the estimated weight loss was 4.27 %. The six lattice water molecules remain stable due to 
hydrogen bonding with 2,6-NDS and 4,4′-bpy in the framework. The decomposition of water continued in the next stage till 230 ◦ C. 
The weight loss, corresponding to this change was 15.08 %, which agreed with the calculated weight loss of 14.95 % due to 14 water 

Fig. 1. Octa coordinated Dy3+.  
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Fig. 2. 3 D view of the MOF.  

Fig. 3. Pxrd of Dy-MOF.  

Fig. 4. The Emission spectrum of Dy-MOF.  
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molecules; 6 lattice and 8 coordinated water molecules. The anhydrous system thus formed, decomposed gradually from 230 ◦ C to 
545◦ C, amounting to a loss of 37.0 %, which can be due to the removal of four bipyridines and it matches well with the calculated 
weight loss of 37.03 %. The final decomposition was from 545 ◦ C to 650 ◦ C. This may be due to the complete loss of two naphthalene 
disulphonic acids and the residue left behind was Dy2O3. The weight of the residue was 15 % which agrees with 14.08 %, the calculated 
value. The thermal behaviour of Dy-MOF is in agreement with the SXRD structure. 

3.7. Photoluminescence studies 

Solid-state excitation (Fig. S10) and emission spectra (Fig. 4) of Dy-MOF were collected at room temperature. The excitation 
spectrum of Dy-MOF is monitored at 573 nm around the intense 4F9/2 → 6H13/2 transition of Dy3+ ion. The π-π* transition of the ligand 
is indicated by the broad band in 250–350 nm in the excitation spectrum. A less intense, weak band is also seen in the 350–450 nm 
region. The absence of absorptions corresponding to the transitions between the energy levels of the metal ions shows the efficiency of 
antenna effect in MOFs. 

When excited at 330 nm, Dy-MOF shows three characteristic emission bands centered at 491 nm, 572 nm and 632 nm, due to the 
emissions 4F9/2→ 6HJ (J = 15/2, 13/2 and 11/2) of Dy3+ ion. The most intense peak is at 572 nm of 4F9/2 → 6H13/2 [36] with a quantum 
yield 1.47 and CIE coordinate (0.37147, 0.56311) (Fig. S11). The peaks due to the ligands are absent in the spectrum, which may be 
due to the antenna effect [37,38]. 

3.8. UV-Diffuse Reflectance spectral studies 

UV-DRS spectrum of Dy-MOF is depicted in Fig. S12. The band gap was (Fig. 5) calculated from Tauc’s plot and is found to be 3.11 
eV, which suggests that the Dy-MOF is a suitable candidate for photocatalytic applications [39]. 

3.9. Photocatalytic activity of Dy-MOF 

The degradation experiments were performed under visible light in an aqueous solution in the absence [Fig. S13] and presence of 
hydrogen peroxide [Fig. S14] as explained in 2.4. The photo degradation was negligible in the absence of Dy-MOF. 

The photo degradation of MB is quantified in Fig. 6. From the graph it is clear that 58 % of MB was degraded within 50 min without 
hydrogen peroxide. And almost 93 % of the dye was degraded within 25 min using hydrogen peroxide. 

The mechanism of photo catalysis without H2O2 is different from that in the presence of H2O2. When Dy-MOF was exposed to 
photons with energy greater than 3.11eV, electrons get excited from the valence band (VB), thus holes were formed [40,41]. The holes 
in the excited state act as strong oxidants and oxidises the dye, resulting in 58 % of degradation in 50 min. However, in presence of 
H2O2 the degradation rate is very high, due to the advanced oxidation process (AOP) [41–43], owing to the high activity of hydroxyl 
radical obtained from H2O2 [40,41]. Moreover, H2O2 suppresses the electron-hole pair recombination, acting as an electron acceptor. 
Hence, the Dy-MOF is a better photo catalyst with H2O2. 

The kinetics of the photo degradation was investigated by fitting the experimental data in a first order model using the Langmuir- 
Hinshelwood equation [Tables S6 and S7]. Fig. S15 shows a linear relationship between ln(C/C0) and the time of degradation (t) of MB, 
as in ln C/C0=− kt, where C0 and C are the initial concentration and concentration at time t and k is the rate constant. The value of k is 4 ˟ 10-2 in presence of H2O2 and k has 

a value of 1.06 ˟ 10-3 without H2O2 [Figs. S15 and S16] [31,42–45]. 

Fig. 5. Tauc’s plot and Band Gap of Dy-MOF.  
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3.10. Leaching experiments 

Leaching experiments were conducted as in 2.5. The colour was monitored at different pH at regular intervals. There was no colour 
change at low pH and only a slight colour change at high pH. At a fixed pH, after the leaching, there was no colour change even though 
the irradiation was continued. This leaching experiment reveals the effectiveness of the Dy-MOF as a non leaching photocatalyst for the 
dye degradation of methylene blue [Fig S 17] [29–31]. 

3.11. Trapping experiments 

Trapping experiments were performed as in 2.6 [21,23,32]. The degradation was found to be 38 %, 80 % and 35 % respectively, on 
adding 5 mmol of scavengers, TBA, BQ and AO to MB. Since the addition of TBA and AO reduces the rate of degradation, hydroxyl 
radicals and holes are responsible for the degradation of methylene blue [Fig. 7]. Both these radical scavengers have quenched the 
reaction to the same degree [Fig. S18]. 

3.12. Reusability and stability of Dy-MOF as a photocatalyst 

Recyclability is decisive in the applicability of photocatalysts. The reusability of Dy-MOF was assessed through recycling experi-
ments (section 2.7). Even after five cycles, the photocatalytic efficiency decreases from 95 % to only 90 %. There is no loss in the 
activity of MOF in the dye degradation which proves the reusability of Dy-MOF [Fig. S19]. It is evident that the MOF was active even 
after five cycles [22,23,33,44]. 

Phase purity of the compound is indicated by the agreement between major peaks in the PXRD of the as synthesized MOF and of the 
simulated one in SXRD [Fig. 8]. The stability of Dy-MOF was confirmed by the similarity in the peaks observed after degradation 
experiments with that of as synthesized pattern. 

Soaking experiments were also performed to assess the chemical stability of Dy-MOF [22] and PXRD were taken before and after 
the soaking experiments and were compared [Fig. 8]. No remarkable change was noticed. This illustrates the chemical stability of 
Dy-MOF. Stability and reusability are essential for photo catalysts to be used for industrial applications. 

The infrared spectrum of the as synthesized Dy-MOF was compared with that of the MOF obtained after the dye degradation 
experiment [Fig. 9]. IR showed similar peaks, confirming its stability. Thus, the results confirmed the stability and reusability of the 
newly synthesized MOF in the removal of methylene blue dye, a carcinogenic pollutant from wastewater. 

The degradation efficiency of DyMOF was compared with that of similar compounds in the literature and is given in Table 1. The Dy 
MOF is more efficient when compared to others, as an appreciable degradation has been achieved with less quantity of the photo-
catalyst and for a lower time of irradiation. 

4. Conclusion 

3D supramolecular metal organic framework of dysprosium was synthesized using 2,6-NDS and 4,4’ bpy through a facile hydro-
thermal route. The SXRD data confirmed high degree of crystallinity of the MOF. The MOF is present in the nano regime and band gap 
energy is 3.11 eV. The photocatalytic efficiency of the as prepared Dy-MOF has been demonstrated in the degradation of MB. The 
mechanistic steps have been investigated and reusability as well as chemical stability was tested. In the presence of H2O2, the 
degradation proceeds through advanced oxidation process (AOP). Dy-MOF is luminescent due to the Dy3+ ion. The Dy MOF is an 

Fig. 6. Degradation of MB (a) with Dy MOF alone and (b) in presence of Dy MOF and Hydrogen peroxide.  
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efficient photocatalyst, when compared to other lanthanide MOFs in dye degradation in terms of less quantity of the photocatalyst and 
for a lower time of irradiation. 

The X-ray crystallographic data of [Dy(H2O)8(NDS)(NDSH)(bpy)4].10H2O was deposited in CCDC as supplementary data (CCDC 
NO 1817702) and available free of charge via http://www.ccdc.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic 
Data Centre, 12 Union Road, Cambridge CB2 IEZ, UK, Fax: (+44)1223-336-033 or e-mail:deposit@ccdc.cam.ac.uk. In the supple-
mentary information IR Spectra, EDAX and TG & DTA are included. 
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Fig. 7. Effect of radical scavengers (a) MB (b) BQ (c) AO and (d) TBA on MB decolorization in the presence of Dy-MOF.  

Fig. 8. PXRD Patterns of different samples of Dy-MOF - as Synthesized, Simulated, after Degradation and after soaking in water for 10 days.  
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influence the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e21262. 
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