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A B S T R A C T

Integrating reduced graphene oxide (rGO) onto nanostructured Metal-organic frameworks (MOFs) offers a 
transformative strategy to amplify light harvesting in photocatalysis, suppressing charge carrier recombination 
and thus enhancing degradation processes. In this work, we develop a hybrid material (PUC-8@rGO) by 
incorporating rGO sheets onto Zn-MOF (PUC-8). The crystals of PUC-8 were prepared using the solvothermal 
method, and the nanocomposite material was synthesized using the wet-impregnation procedure. To measure the 
photocatalytic activity, prepared samples were utilized to degrade the methylene blue (MB) dye on exposure to 
visible light. Several factors affecting photocatalytic activity were examined, including pH, amount of dye, 
catalyst dosage and irradiation time to optimize photocatalysis. Remarkably, PUC-8@rGO exhibits an unprec
edented 7 to 8-fold rate increase constant compared to PUC-8 and rGO, credited to its augmented BET surface 
area and a narrow band gap, which effectively prolongs electron-hole (e-/h+) recombination. Degradation 
pathway and intermediate product analysis were done using the LC-MS technique. The BOD (biological oxygen 
demand) and COD (chemical oxygen demand) levels in the water significantly reduced following treatment with 
PUC-8@rGO, falling within permissible limits for environmentally safe discharge. Furthermore, seed germination 
assays attest to low phytotoxicity, endorsing treated water for crop irrigation. Encouragingly, PUC-8@rGO 
displays potent cytotoxicity (IC50 = 0.125 mg/mL) against the human ovarian cancer cell line, SKOV3 as 
compared to HaCat (non-tumerous) cells (IC50 = 0.25 mg/mL), holding promising biomedical implications.

1. Introduction

The scarcity of safe drinking water is a critical global issue, intensi
fied by pollutants like heavy metals, pesticides, antibiotics, and indus
trial dyes [1,2]. Dyes are extensively used in textiles, cosmetics, and 
pharmaceuticals, presenting unique challenges due to their persistence, 
toxicity, and bioaccumulation tendency [3,4]. Regulatory standards set 
limits for dye concentrations below 1 ppm, with acceptable biochemical 
oxygen demand (BOD) and chemical oxygen demand (COD) levels 
capped at 30 mg/L and 50 mg/L, respectively [5–7]. Textile production 
alone releases substantial dye effluents, estimated to reach approxi
mately 100 tonnes annually [8]. Among these dyes, Methylene Blue 
(MB) is particularly harmful, as it blocks sunlight and oxygen in aquatic 

environments [9], threatening ecosystem health due to its toxicity and 
resistance to biodegradation [10,11]. Traditional dye removal tech
niques, such as adsorption [12], coagulation [13], ultrafiltration [14], 
face limitations in dealing with MB’s stability, highlighting the need for 
more advanced remediation approaches like photocatalysis. [15] Pho
tocatalysis has emerged as a promising technology for pollutant degra
dation, utilizing light energy to activate semiconductor photocatalysts 
[16–19]. Metal oxide/sulfide nanoparticles and metal-coordinated 
polymer frameworks have potential, but optimization is still necessary 
to improve degradation efficiency [20–22]. Metal-organic frameworks 
(MOFs) have gained attention as photocatalysts due to their large sur
face area, customizable pores, and catalytically active sites, which aid in 
dye adsorption and breakdown [23–25]. However, MOFs face 
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challenges such as high electron-hole recombination rates, limited 
charge transfer, poor recyclability, and limited light absorption, often 
requiring harmful UV light due to their large band gaps [26,27]. 
Addressing these issues calls for developing nanostructured materials or 
incorporating heterogeneous cocatalysts to enhance efficiency [28–30]. 
Nanostructured photocatalysts improve photon absorption, electron- 
hole generation, and reaction kinetics due to an increased surface area 
and more redox-active sites [31,32]. Reduced graphene oxide (rGO) has 
emerged as an effective cocatalyst known for its outstanding photo
electrical, thermal, and mechanical properties [33,34]. By providing 
robust support for MOFs, rGO enhances photocatalytic activity, im
proves recyclability, and provides superhydrophobic characteristics. In 
photocatalysis, rGO aids dye adsorption, facilitates active species 
movement, and captures excited electrons, thus reducing charge 
recombination [35–38]. Additionally, rGO improves interfacial charge 
transfer and prolongs electron-hole pair lifetimes by effectively sepa
rating photoinduced charges [28,39]. For example, Aadil et al. synthe
sized graphene-based composites like ZnO nanochips on graphene, 
achieving efficient degradation of Rhodamine-B and Methylene Blue 
under visible light [40–42]. Various graphene-MOF hybrids have been 
developed for photocatalytic applications, such as rGO/NH2-MIL-125 
(Ti) [43], ZIF-9@CA-Fe3O4/rGO/cellulose [44], and MOF-5@rGO, 
which leverage the electrostatic interactions between metal ions in 
MOFs and oxygen functional groups on rGO to reduce electron-hole 
recombination [33]. Furthermore, a heterogeneous PMS activator, Zn/ 
Co-MOF@rGO-600, derived from a bimetallic MOF, was synthesized 
to degrade tetracycline (TC) [45]. In addition to MOFs, rGO-based 
composites like Cu-doped NiO/rGO have been developed, showing su
perior photocatalytic performance in Methylene Blue degradation 
compared to pristine NiO, underscoring rGO’s importance in enhancing 
photocatalytic efficiency [46–48].

Although the literature extensively explores degradation pathways 
for MB, the reuse potential of treated water post-decomposition remains 
underexamined. Effective dye degradation offers environmental benefits 
if treated water can be repurposed for agriculture or other uses. For 
instance, Sonu et al. [49] developed a photocatalyst, TiO2-TMAOH, for 
MB degradation, demonstrating the use of treated water in Vigna radiata 
seed germination to assess its suitability for irrigation. Such germination 
tests provide valuable insights into water quality after treatment, as 
organic contaminants in dye-laden wastewater can hinder plant growth 
and accumulate, impacting environmental health [50]. This study ex
plores the synergistic potential of rGO-based nanocomposites, aiming to 
develop an efficient photocatalytic process for MB degradation and 
assess the feasibility of reusing treated water in environmental and 
agricultural applications.

This work develops a novel light-based degradation system (PUC- 
8@rGO) by incorporating reduced graphene oxide (rGO) sheets onto Zn- 
MOF (PUC-8) using wet-impregnation to break down methylene blue 
(MB). rGO was synthesized via a modified Hummers method, and the 
novel mixed ligand Zn-MOF (PUC-8) using 2,5-thiophene dicarboxylic 
acid and 1-(3-aminopropyl)imidazole linkers. The samples were char
acterized by SCXRD, FTIR, TGA, XPS, zeta potential, and BET, with 
surface morphology analyzed by HR-TEM and FE-SEM. PXRD analysis 
confirmed bulk phase purity. rGO incorporation turned partially hy
drophilic PUC-8 into hydrophobic PUC-8@rGO, suitable for water 
treatment. PUC-8@rGO degraded 98.6 % of MB in 60 min under light 
irradiation, compared to 40 % by PUC-8 and rGO separately. This is due 
to rGO increasing the surface area and hydrophobicity, slowing photo
generated electron-hole pair recombination. Key photocatalysis pa
rameters such as pH, catalyst amount, dye concentration, and exposure 
time were optimized. LC-MS examined degradation intermediates. The 
material showed significant anti-cancer activity against SKOV3 cells and 
was tested for seed germination to confirm treated water recyclability in 
agriculture.

2. Experimental section

2.1. Material and physical measurements

2,5-thiophene dicarboxylic acid (TDA), Zn(NO3)2⋅6H2O and 1-(3- 
aminopropyl)Imidazole were procured from Sigma Aldrich. FTIR 
spectra were determined using a Perkin Elmer FTIR 2000 spectrometer. 
The thermogravimetric analysis (TGA) data were implanted under the 
N2 atmosphere using the SDT Q600 (V20.9 Build 20) instrument 
(Artisan Technology Group, Champaign, IL). PXRD experiments were 
conducted utilizing a PANalyticalX’PertPRO X-ray diffractometer 
equipped with Cu Kα radiation (λ = 1.54059 Å). The X-ray diffraction 
data (XRD) for the single crystal of PUC-8 (mounted on Hampton 
cryoloop) was collected using a Super-Nova (Mo) X-ray diffractometer 
comprising a micro-focus sealed X-ray tube with HyPix3000 detector 
and Mo-Kα (λ = 0.71073 Å) as a source of x-rays. The Olex2 and ShelXL 
softwares were used for data-solving and refinement. The electronic 
spectra of the samples were recorded using a Hitachi 330 spectropho
tometer. The surface characteristics were analyzed utilizing a Hitachi 
SU8010 field emission scanning electron microscope (FESEM). Addi
tionally, the morphology and structure of the samples were investigated 
through Transmission Electron Microscopy (TEM) with high resolution 
(HR) using a Tecnai F-20 instrument. X-ray Photoelectron Spectroscopy 
(XPS) studies of PUC7 were conducted employing a PHI 5000 Versa 
Probe III instrument.

2.2. Synthesis of PUC-8

A simple and cost-effective solvothermal method was employed to 
successfully synthesize PUC-8 as depicted in scheme 1. Firstly, 2,5-thio
phene dicarboxylic acid (0.1 g, 0.58 mmol) and Zn(NO3)2⋅6H2O (0.17 g, 
0.58 mmol) were mixed in 20 mL of DMA:MeOH (4:1, v/v) solution. The 
solution was agitated for 10 min while adding 1-(3-aminopropyl)imid
azole dropwise (69.2 µL, 0.58 mmol). Subsequently, it was transferred 
into 5 mL glass vials and heated in an oven at 100 ◦C for 3 days, then 
gradually cooling to room temperature. The colourless block-shaped 
crystals of PUC-8 were then collected through filtration and rinsed 
multiple times with MeOH. [Yield = 81 %, based on TDA]. FTIR (cm− 1): 
3455(w), 3256 (M), 3146 (M), 1612 (S), 1532 (S), 1352 (S), 1103 (M), 
1033 (W), 814 (M), 764 (W), 525 (M).

2.3. Synthesis of PUC-8@rGO

The well-known Modified-hummers process was used for the syn
thesis of GO from graphite flakes. The reduction of GO in rGO was 
attained by using NaBH4 as a reducing agent, as discussed in the sup
plementary file. Further, PUC-8@rGO nanocomposites with various rGO 
contents were produced using a simple ultrasonic-assisted wet impreg
nation process as depicted in scheme 1. In a typical procedure, 100 mg of 
fine-grinded PUC-8 in 30 mL water and a suitable amount of rGO (5, 10 
and 15 wt%) in 10 mL water were sonicated separately for 2 h to obtain 
the well-dispersed solutions of both. The resulting suspension of PUC-8 
was moved to a round bottom flask, and then the rGO solution of the 
relevant ratio was added gradually to the solution of PUC-8 with 
continuous stirring. After 2 h of stirring, grey coloured colloidal sus
pension of PUC-8@rGO was found. Further, it underwent filtration and 
washing with water, followed by acetone. Following this, the material 
was dried in an oven at 100 ◦C for a duration of 6 h.

2.4. Photocatalytic degradation experiments

The catalytic efficiency of PUC-8 and its composites with 5, 10 and 
15 % (w/w) rGO was assessed by photocatalytic breakdown of MB. The 
electronic spectra of MB showed absorbance in the visible region (at 664 
nm), This is accountable for the dye’s blue coloration. Hence, the vari
ation in absorbance at 664 nm was used to explain the findings of every 
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experiment. Firstly, some critical parameters such as time, catalyst 
dosage and pH were optimized to monitor the photocatalytic process. 
After optimization, 20 mg of PUC-8@rGO was dispersed in 20 mL (10 
ppm) of MB and stirred for 40 min in the dark to attain the adsorp
tion–desorption equilibrium. In the next step, the solution was trans
ferred to a chamber containing a 100 W bulb as a visible light source to 
provide the reaction’s photon energy.

Further, during the 60 min stirring process in light conditions, 3 mL 
aliquots of the solution were removed at a fixed interval of 10 min and 
centrifuged to remove any remaining particles of PUC-8@rGO. The 
remaining dye concentration in the supernatant was determined by 
UV–vis spectrophotometer. The percentage degradation efficacy of the 
catalyst was measured using Eq. (1) [51]. 

DegradationEfficiency(%) =
C0 − Ct

C0
× 100 (1) 

In the abovementioned equation, Co represents the initial dye concen
tration, and Ct represents the amount of dye remaining in the solution 
after irradiating for t min. Ct is calculated with the help of absorbance 
calibration curve of pure MB at different concentrations as shown in 
Fig. S1 and S2. To find out the degradation rate of MB over PUC-8@rGO, 
the experimental data was fitted in first-order kinetic equation as shown 
below [51]. 

ln
(

C0

Ct

)

= Kt (2) 

Where, t denotes the exposure time and K denots the first-order rate 
constant value. C0 denotes the initial dye concentration, while Ct in
dicates the dye concentration remaining in the solution after t minutes of 
irradiation. The degradation mechanism was explored by treating the 

photocatalytic reaction suspension with different reagents known as 
radical scavengers with concentration of 1 mM, for instance benzoqui
none (BQ), sodium iodide (NaI), isopropyl alcohol (IPA), and silver ni
trate (SN) for scavenging •O2

¡, •OH, h+ and e- respectively. The 
reusability of PUC-8@rGO was checked by collecting the catalyst after 
completing the process via filtration, washing it with ethanol and 
deionized water, and further reusing it for the same photocatalytic 
process. It was repeated five times with the same procedure to prove the 
high regeneration capability of the catalyst.

The experimental section, including cytotoxicity analysis, seed 
germination experiments and BOD/COD calculations, is summarised in 
the supplementary file.

3. Result and Discussion

3.1. Structural Description of PUC-8

The structural analysis of a mixed-ligand 2D metal–organic frame
work, PUC-8, was conducted using single-crystal X-ray diffraction 
(SCXRD). This MOF is based on 2,5-thiophene dicarboxylic acid (TDA) 
and 1-(3-aminopropyl)Imidazole linkers and was produced through a 
solvothermal method. The crystallographic investigations confirmed 
that PUC-8 adopts a monoclinic crystal system with the P21/c space 
group. In the PUC-8 structure, the fundamental unit consists of two 
central Zn2+ metal atoms coordinated by two imidazole units and three 
TDA molecules, as depicted in Fig. 1a and b. Each Zn2+ ion exhibits a 
distorted tetrahedral arrangement, coordinated by one nitrogen atom 
from an imidazole linker and three oxygen atoms from separate TDA 
linkers (Fig. 1c). These Zn2+ nodes are interlinked by TDA connectors, 
employing a μ2-η1η1 bridging mode. This arrangement forms a mono
nuclear secondary building block extending within the bc plane. Another 

Scheme 1. Synthetic scheme of PUC-8 and PUC-8@rGO.
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linker attached to the Zn2+ centre via terminal imidazole nitrogen atom, 
creating a 2D network plane, as presented in Fig. 1d. Notably, the 1◦

amine group of the imidazole ligand does not participate in zinc binding 
and remains unbound within the network.

The bonds between Zn-O and Zn-N exhibit bond lengths ranging 
from 1.942 to 1.985 Å and 1.988 to 1.992 Å, respectively. Analysis of the 
structure reveals two distinct cavity types. The first is a larger square- 
shaped cavity, while the second is a smaller dumbbell-shaped cavity 
(Fig. 1e). Using PLATON software, the estimated solvent-accessible void 
volume was calculated as 1571 Å3, equivalent to about 28.5 % of the 
total crystal volume. Using the ToposPro program, the network topology 
of PUC-8 showed a 3-connected net and was represented by the point 
symbol {63} with a hcb topology. Additional crystallographic refinement 
parameters and specific bond angles/lengths for PUC-8 are provided in 
Table S1.

3.2. FT-IR, PXRD and TGA analysis of PUC-8 and PUC-8@rGO

The FT-IR analysis confirmed the coordination of elements in the 
synthesized materials with rGO. Characteristic bands of primary amine 
in the imidazole ligand were observed at 3430 and 3256 cm− 1 for 

asymmetric and symmetric N–H bond stretches, respectively. No 
changes in these vibrations indicated no coordination of NH2 with Zn- 
metal. PUC-8 exhibited a peak at 3146 cm− 1 for C–H stretching vibra
tions, and the absence of peaks around 1700 cm− 1 suggested carboxylate 
deprotonation. Peaks at 1612 and 1352 cm− 1 corresponded to asym
metric and symmetric carbonyl group stretching vibrations (C = O), 
with a strong peak at 1532 cm− 1 for C = N stretching in the imidazole 
ring. Peaks at 1033 and 1103 cm− 1 represented νC-N stretching and 
imidazole bending, respectively, while a sharp peak at 814 cm− 1 

confirmed C-S bond stretching in the thiophene ring [52]. Peaks be
tween 500 and 800 cm− 1 indicated successful coordination of Zn metal 
with N-atom of imidazole linker (Zn-N, 764 cm− 1) and O-atom of 
carboxylate containing ligand (Zn-O, 525 cm− 1) [53]. FT-IR spectra of 
rGO showed peaks at 1628 and 3547 cm− 1 for aromatic C = C and OH 
stretching vibrations, respectively [54,55]. The presence of character
istic peaks of PUC-8 and rGO (νC=C) in PUC-8@rGO at their respective 
positions confirmed the successful incorporation of rGO in MOF crystals 
[56]. Interaction between the NH2 group and different functional groups 
on rGO was suggested by merging the NH stretching peaks of PUC-8 into 
a broad peak, along with the presence of rGO’s OH stretching vibration 
between 3500–3600 cm− 1 in the composite.

Fig. 1. Synthetic scheme of PUC-8 (a), Asymmetric unit of PUC-8 (b), distorted tetrahedral geometry of central metal ion, Zn2+ (c), 2D network plane of PUC-8 
framework (d), Spacefill structure of PUC-8 representing two different types of cavities (e), Topology analysis of PUC-8 (f).
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The experimental PXRD pattern of the synthesized material is 
completely matched with the simulated one (taken from SCXRD data), 
proving the purity of PUC-8 in the bulk phase (Fig. 2b). Moreover, the 
typical peaks at 2θ = 6.9

◦

, 9.7
◦

, 11.4
◦

, 15.0
◦

, 16.9
◦

, 19.5
◦

and 22.9
◦

are 
closely related to the (020), (002), (031), (200), (042), 004) and (062) 
reflections of PUC-8 respectively, verifying the successful synthesis of 
PUC-8 (Fig. S3). The characteristic peak of rGO is also present in 
nanocomposite PUC-8@rGO, confirming the effective coupling of rGO 
with PUC-8. Using diffraction data, valuable physical parameters such as 
the percentage of crystallinity and grain size were determined using the 
Scherrer equation [57]. 

D =
Kλ

βcosθ
(3) 

K stands for Scherrer constant, D is the crystallite size, λ stands for the 
wavelength of incident X-ray, β indicates the FWHM value of the 
respective peak, and θ denotes the diffraction angle. FWHM is the width 
of a peak measured between points on the curve where the function 
reaches half of its maximum value. 

%Crystallinity =
Areaundercrystallinepeaks

Totalarea
× 100 (4) 

The full width at half maximum (FWHM), denoted as β, for both PUC-8 
and PUC-8@rGO nanomaterials, was determined by analyzing their 
most intense and single peaks [57,58]. Utilizing the peak position and 

associated broadening, the crystallite size was computed using the 
Scherrer equation [59,60]. The average crystallite size of PUC-8 and 
PUC-8@rGO was measured as 43.8 nm and 21.5 nm, respectively. The 
results revealed % crystallinity values of 76 % for PUC-8 and 71 % for 
PUC-8@rGO. A summary of all significant crystallographic features is 
presented in Table 1.

The thermal stability of PUC-8 before and after adding rGO into the 
framework was investigated via the TGA (Thermogravimetric analysis) 
approach, carried out under the N2 atmosphere. PUC-8 showed high 
thermal stability because a slight % weight loss of 20 % was observed till 
275 ◦C due to the removal of solvent molecules in the framework cavity. 
Further, on increasing the temperature to 390 ◦C a mass loss of 47 % was 
observed owing to partial collapse of the framework. Finally, the weight 
loss above 390 ◦C indicated the complete decomposition of PUC-8 into 
ZnO. As illustrated in Fig. S4a, the thermal stability of PUC-8 was 
enhanced by incorporating rGO sheets, making it a material of great 
interest for water remediation over its components. Moreover, the 
Raman spectra of PUC-8@rGO and rGO are shown in Fig. S4b, where 
two firm peaks are observed. Vibrational modes connected to graphene 
defects and edge structures are related to the D band at 1343.6 cm− 1 for 
rGO and 1341 cm− 1 for PUC-8@rGO. In the graphene lattice, the 
stretching vibrations of sp2 hybridized carbon atoms are represented by 
the G band, which is situated at 1584 cm− 1 for rGO and 1584.4 cm− 1 for 
PUC-8@rGO [61]. The D and G bands’ intensity ratio (ID/IG) signifi
cantly increased from 1.004 to 1.017. This increase indicates two crucial 
things: first, graphene’s sp2 hybridized carbon network becomes more 

Fig. 2. (a) FTIR and (b) PXRD spectra of PUC-8 and its composites with 5, 10 and 15% (w/w) of rGO composition, N2 sorption isotherms of PUC-8@rGO (c) and 
PUC-8 (d), inset: pore size distribution of PUC-8 and PUC-8@rGO based on adsorption isotherm measurements.
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disordered when PUC-8 is incorporated into rGO nanosheets [62]. The 
second effect of this disorder is the formation of defects, which can 
operate as photocatalytic reaction sites. These results imply that there 
are more active sites in the PUC-8@rGO composites, which probably 
helps them perform better in photocatalytic degradation [63].

The pore diameter or surface area of PUC-8 and PUC-8@rGO were 
measured using BET analysis, and adsorption features were estimated 
via nitrogen adsorption–desorption isotherm. The plotted isotherm of 
both the materials favoured type IV curve with H3 hysteresis loop 
(Fig. 2c and d). A remarkable rise in the surface area of PUC-8 (6.38 m2/ 
g) was noticed on the incorporation of rGO (16.47 m2/g), exhibiting the 
nanostructural properties of the composite. In contrast, the average pore 
diameter of PUC-8 was decreased after composite formation owing to 
the insertion of rGO. The pore diameter value lies between 2–50 nm, 
suggesting the microporous nature of synthesized materials (inset image 
of Fig. 2c and d).

The potential to enhance the surface-active region because of the 
increased surface area of PUC-8@rGO led to more charge transport, 
proving the high degradation rate of PUC-8@rGO compared to PUC-8 
alone. Moreover, the zeta potential measurements of PUC-8 and PUC- 
8@rGO were recorded in triplicate to determine the mean zeta poten
tial value. As depicted in Fig. S5, the potential value of PUC-8 becomes 
more negative on the addition of rGO, indicating the more negative 
surface charge of PUC-8@rGO (− 9.2 mV) as compared to PUC-8 (− 1.7 
mV) due to presence of anionic graphene surface. Hence, PUC-8@rGO 

showed enhanced degradation activity toward cationic MB dye due to 
its more anionic nature.

3.3. FE-SEM and HR-TEM analysis of rGO, PUC-8 and PUC-8@rGO

FE-SEM and HR-TEM techniques analyzed the microscopic mor
phologies and structural features of PUC-8 and nanocomposite. Fig. 3
displays FE-SEM and HR-TEM images of rGO, PUC-8, and PUC-8@rGO. 
At 500 nm magnification, Fig. 3a and b show 2D nanosheet-like rGO and 
bulk crystals of PUC-8, respectively. PUC-8 was grown in situ on 2D rGO 
sheets, forming a sandwich-like structure (Fig. 3c).

HR-TEM revealed smooth, stacked rGO nanosheets with an inter
planar spacing of 0.06 nm (Fig. 3d). PUC-8 crystals dispersed randomly 
on rGO sheets in PUC-8@rGO (Fig. 3e). SAED patterns indicated the 
crystalline structure of rGO and the composite. HR-TEM also depicted 
random dispersion of block-shaped PUC-8 nanoparticles on rGO 
(Fig. S6a). Grinding and sonication produced PUC-8@rGO nanoparticles 
with an average size of 11.9 nm (Fig. S6b). EDS mapping of PUC-8 and 
PUC-8@rGO elements is shown in Fig. S7.

3.4. XPS analysis

XPS was carried out to get valuable information related to the surface 
chemical composition, bonding and oxidation mode of elements in the 
material. Fig. 4a depicts the comprehensive scan survey XPS spectra (0 

Table 1 
Crystallographic features for PUC-8 and PUC-8@rGO.

Reflection number PUC-8 PUC-8@rGO

2θ Miller Indices FWHM (β) Crystallite size (nm 2θ Miller Indices FWHM (β) Crystallite size (nm)

1 6.91 (020) 0.158 50.1889 6.91 (020) 0.32 24.7807
2 9.75 (002) 0.159 49.7833 9.75 (002) 0.36 21.9876
3 14.97 (200) 0.261 30.1785 14.97 (200) 0.42 18.7538
4 19.60 (004) 0.173 45.2506 19.60 (004) 0.38 20.6009
​ Average size = 43.8503 nm Average size = 21.53075 nm

Fig. 3. FESEM images of rGO (a) PUC-8 (b) and PUC-8@rGO (c), HRTEM images of rGO (d) and PUC-8@rGO (e), inset: (selected area electron diffraction) SAED 
pattern of rGO and PUC-8@rGO to check the crystallinity of synthesized materials.
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to 1300 eV) of PUC-8, PUC-8@rGO and PUC-8@rGO after the degra
dation of MB. The binding energies corresponding to all the elements 
(Zn, C, N, O, S) present in PUC-8 are at their respective positions, as 
reported in the literature, confirming the successful synthesis of PUC-8. 
Wherein the XPS spectra of Zn 2p show two individual peaks at 1021.9 
eV and 1044.9 eV, typically attributed to Zn 2p3/2 and Zn 2p½ repre
senting the presence of Zn(II) in the PUC-8 network with bonding of Zn 
atom towards N-atom of imidazole unit and O-atom of carboxylate 
linker (Fig. 4b) [64]. C 1s spectra of PUC-8 having two deconvoluted 
peaks at 284.6 eV and 288 eV exhibited unsaturated bonding of C = C 
and C = N, respectively, and the peak at 286 eV attributed to saturated 
bonds of C (C-N/C–C/C-O) (Fig. 4d) [65]. As depicted in Fig. 4e, the 
presence of imidazolyl N (C-N) and bonding between Zn-N is proved by 
two deconvoluted peaks at 399.3 eV and 400.9 eV in the N 1s spectra of 
PUC-8. The XPS spectra of O 1s and S 2p showed two independent peaks 
for each from 531-532 eV and 163 to 165 eV, which are ascribed to Zn- 
O/C = O bonding and thiophene S, respectively (Fig. 4c and 4f). A 
similar pattern of all the peaks corresponding to their respective ele
ments is present in PUC-8@rGO, with a slight change in intensities due 
to the interaction between rGO sheets and the PUC-8 framework, sug
gesting the successful synthesis of the composite. All the elements of 
PUC-8@rGO remain intact at their respective positions of binding en
ergies even after degradation of MB, indicating high stability of com
posite material, as shown in Fig. S8-S12.

3.5. Selectivity experiments

To check the selectivity of PUC-8@rGO towards the degradation of 
organic dyes, we have selected four cationic and anionic dyes (Rhoda
mine B, Methyl orange, Reactive black-5 and Methylene blue) for 
analysis. 10 ppm of these dyes was treated separately with PUC-8 (1 mg 
in 1 mL) for 60 min. A negligible change in absorbance was noticed in 

RB, whereas a slight decrease could be seen in the case of MO and RB5 
(Fig. S14). The maximum degradation was observed in MB. This could 
be explained based on the cationic charge on MB and its size, which is fit 
for the pore size of the composite. Hence, MB was nominated for further 
experiments to learn about the degradation behaviour of synthesized 
material.

Further, the photocatalytic efficiency of PUC-8@rGO was evaluated 
by comparing its performance in degrading MB dye at different com
positions of reduced graphene oxide (rGO). The study tested three 
different compositions of PUC-8@rGO: 5 %, 10 %, and 15 % (w/w) of 
rGO. The photocatalytic efficiency was determined by comparing the 
percentage degradation of MB dye (at a concentration of 10 ppm) using 
equal amounts of each composite for 1 h. According to the results ob
tained, the composite with a 10 % composition of rGO exhibited the 
highest performance in decomposing MB dye compared to the other two 
compositions, as shown in Fig. S15. Hence, PUC-8@rGO (10 %) was 
selected as the most active photocatalyst.

3.6. Effect of operational parameters on dye degradation

To optimize the sensitivity of PUC-8@rGO to MB, critical parameters 
such as catalyst dosage, pH, and initial dye concentration were inves
tigated. Increasing PUC-8@rGO dosage from 0.2 to 1 g/L (in 10 ppm MB 
solution) resulted in a consistent rise in degradation rate due to more 
active sites on the catalyst’s surface. However, a slight decline was 
observed beyond 1 g/L, attributed to increased turbidity hindering light 
penetration and reducing photoactive radical production [29]. Sec
ondly, The influence of varying initial MB concentrations (10, 20, 30, 
40, and 50 mg) on PUC-8@rGO’s degradation efficacy was assessed. 
Fig. S13 illustrates a decrease in degradation rate with rising initial MB 
concentration. Higher dye concentrations hindered photon energy 
penetration onto the catalyst, reducing active radical generation and 

Fig. 4. High-resolution XPS survey spectrum of PUC-8, PUC-8@rGO and PUC-8@rGO after degradation of MB (a), XPS spectra of different elements present in PUC- 
8@rGO, Zn 2p (b), O 1s (c), C 1s (d), N 1s (e) and S 2p (f).
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slowing down the degradation process.
The impact of pH on dye degradation relies on electrostatic in

teractions between the catalyst and organic compounds, governed by 
their surface charge properties. Generally, cationic dye degradation, like 
MB, is more favourable in alkaline conditions. pH ranging from 3 to 12 
was explored to assess MB photodegradation. Adjustments were made 
using 0.1 M HCl and NaOH solutions. A sharp increase in degradation 
occurred from pH 3 to 8, followed by a slight decrease at pH 12. At low 
pH, electrostatic repulsion between cationic dye molecules and the 
anionic surface of PUC-8@rGO inhibited degradation. Conversely, 
increased surface hydroxylation at high pH promoted OH− oxidation to 
•OH radicals, enhancing MB breakdown. Optimal degradation was 
achieved at pH 8 due to maximal electrostatic adsorption and hydrox
ylation effects. PUC-8@rGO exhibited consistent degradation across a 
broad pH range, indicating its versatile pH adaptability (Fig. 6a).

3.7. Kinetics of photocatalytic degradation

Fig. 5a, b, and c illustrate the time-dependent photocatalytic 
degradation of MB using PUC-8, rGO, and PUC-8@rGO, respectively. 
PUC-8@rGO exhibited the most significant decrease in absorbance at 
664 nm after 60 min of light exposure, achieving a degradation rate of 
98.6 % (Fig. 5f). Comparatively, PUC-8 and rGO individually showed 
around 40 % degradation. The catalytic behaviour of pure precursors 
and their composites with and without light was studied to assess 
adsorption efficiency in darkness and degradation ability in light 
(Figs. 5e and S16).To assess the photolysis of MB, a 10 ppm aqueous 
solution of MB was exposed to light for 60 min under continuous stir
ring. During this period, 3 mL aliquots were collected at 10 min in
tervals, and the remaining dye concentration in the supernatant was 
analyzed using a UV–vis spectrophotometer. The results, presented in 
Fig. S17a, show negligible degradation of MB over the 60 min exposure, 
confirming that the observed MB degradation is attributable solely to the 
photocatalytic action of PUC-8@rGO.

To elucidate the rate-controlling phenomena of MB degradation over 
PUC-8@rGO and its components, time study results underwent pseudo- 
first-order and pseudo-second-order kinetic analyses. The pseudo- 
second-order kinetic plot (Fig. S17b) was ruled out due to its rela
tively low correlation coefficient (R2 = 0.667). Conversely, the pseudo- 
first-order kinetic curve exhibited a better linear relationship with a high 
correlation coefficient (R2 = 0.975), confirming the model’s applica
bility (Fig. 6c). Similar kinetic behavior was observed with pure PUC-8 
and rGO. The rate constant values, derived from the curve slope, 
revealed a rate constant for PUC-8@rGO (0.07 min− 1) approximately 7 
times greater than pure PUC-8 (0.01 min− 1) and nearly 8 times greater 
than bare rGO (0.009 min− 1). These results support the role of rGO in 
enhancing photoexcited electron-hole pair separation and lattice con
ductivity, leading to the composite photocatalyst’s superior degradation 
performance.

3.8. Mechanism of photocatalysis and elucidation of active species

Based on heterojunction photocatalysis (Fig. 7), the degradation 
mechanism involves creating a heterojunction by depositing rGO sheets 
around PUC-8@MOF to enhance photoinduced charge separation 
through strong chemical bonding between semiconductors with similar 
band potentials. Band gap analysis of PUC-8 and its composite with rGO 
using UV–vis diffuse reflectance spectra revealed a smaller band gap 
(2.95 eV) for PUC-8@rGO compared to pure PUC-8 (4.02 eV) (Fig. S18). 
A narrowed band gap reduces the energy required for electron-hole 
transitions between valence and conduction phases. Upon light illumi
nation, electrons (e-s) transfer from the valence band (VB) to the con
duction band (CB) of PUC-8@rGO, forming holes (h+) in the VB and e-s 
in the CB. Recombination of electron-hole pairs is minimized by rGO, 
enabling photoexcited e-s from the CB of PUC-8 to move quickly to rGO 
sheets due to enhanced conjugation and conductivity. Holes in the VB 
react with water molecules to generate •OH via oxidation. At the same 
time, excited e-s in the CB and rGO sheets are trapped by O2 molecules to 

Fig. 5. UV–vis degradation spectra of MB for a time period of 60 min in the presence of rGO (a), PUC-8 (b) and PUC-8@rGO (c), dosage study of PUC-8@rGO (d), 
degradation of MB under dark and light conditions with various synthesized materials (e), comparison of degradation efficiency of rGO, PUC-8 and PUC-8@rGO (f).
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produce superoxide anion radicals (•O2− ). These free radicals initiate 
degradation reactions, converting organic contaminants (MB) into less 
harmful products like H2O and CO2.

Both components of PUC-8@rGO play vital roles: PUC-8 prevents 
rGO layer stacking, enhancing the surface area for dye molecule 

adsorption, while rGO acts as an electron acceptor, maximizing free 
radical production. This proposed mechanism aligns with the findings of 
the photocatalytic degradation study [66]. 

PUC − 8@rGO+ hv→h+(VB)+ e− (CB) (5) 

Fig. 6. The pH effect on degradation efficiency of PUC-8@rGO towards MB (a), pseudo-first-order kinetic graph of MB decomposition with different synthesized 
materials (b), linear plots of pseudo-first-order kinetic models applied for MB degradation using different photocatalysts (c), the effect of radical scavenger (BQ, IPA, 
SN and NAI) on degradation efficiency to elucidate the active species (d).

Fig. 7. Proposed mechanism for visible light assisted degradation of MB using PUC-8@rGO photocatalyst.
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H2O/OH− + h+(VB)→OH. +H+ (6) 

O2 + e− (CB)→O− .
2 (7) 

OH./O− .
2 +MBdye→Degradationproducts (8) 

In situ radical trapping tests were performed to elucidate the specific 
roles of different active species involved in the photocatalysis mecha
nism. Various radical scavengers were introduced into the MB solution 
to identify the primary species responsible for breaking down organic 
pollutants. The degradation rate was initially observed to be 98.6 % 
before adding any reducing agent, indicating robust photocatalytic ac
tivity. The addition of radical scavengers such as BQ, IPA, SN, and NaI 
led to varying degrees of degradation inhibition: BQ significantly 
reduced the degradation rate to 18.7 %, suggesting that superoxide 
anion radicals (•O2− ) are the predominant species responsible for the 
degradation process (Fig. 6d). In contrast, IPA and NaI showed moderate 
inhibitory effects (62 % and 70.7 % degradation rates, respectively), 
indicating that hydroxyl radicals (•OH) and holes (h+) play secondary 
roles in the degradation mechanism. The negligible effect of SN further 
confirmed the minimal involvement of electrons (e-s) in the photo
catalytic degradation process. This comprehensive analysis underscores 
the complex interplay of active species in PUC-8@rGO photocatalysis, 
highlighting the pivotal role of superoxide anion radicals in initiating 
and sustaining the efficient degradation of methylene blue and other 
organic pollutants.

3.9. LC-MS studies for product analysis

LC-MS was utilized to identify intermediate products and degrada
tion pathways of MB. Fig. S19 and S20 display the ESI mass spectra of 
MB before and after degradation. Initially, a prominent peak at m/z =
284 was observed in the LC-MS spectra of MB, which nearly disappeared 
after 1 h of degradation, indicating complete dissociation of dye mole
cules and formation of new products. The likely degradation pathway, 
depicted in Fig. 8, involves the generation of •O2− by the reaction of 
excited electrons with O2 molecules, which can react with H+ to form 
H2O2. With the presence of H2O2 and •OH, the central aromatic ring of 
MB may undergo opening, attributed to sulfur oxidation to sulfoxide and 
NH2 group development [67,68]. The N-demethylation of the peripheral 
rings might be because of the aerial oxidation process [69]. The initial 
degradation intermediates with probable functional groups were 
recognized by LC-MS results having m/z at 279, 277, 275 and 251. 
Further oxidation of the obtained products leads to the construction of 
their possible byproducts, and a complete degradation of MB in CO2 and 
H2O molecules is expected at the end of the process.

3.10. Eco-Toxicological analysis: Seed germination

Fig. S21 displays seed germination images over a time period of 5 
days. Organic pollutants like dye hindered seed growth by adhering to 
cell walls and membranes. However, rGO, PUC-8, and PUC-8@rGO 
exhibited effective germination rates due to the presence of zinc, aid
ing redox reactions within plants, as suggested by scientific research 

Fig. 8. Degradation pathway of MB (based on LCMS results) in the presence of PUC-8@rGO under visible light irradiation.
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[70]. However, at a higher concentration of PUC-8@rGO, the germi
nation rate index was increased and much higher than the control. 
Fig. 9b assesses sample phytotoxicity by measuring their impact on root 
length during seed germination. Higher values indicate accelerated 
germination rates. PUC-8@rGO exhibited reduced phytotoxicity 
compared to PUC-8, suggesting partial elimination of phenols and other 
phytotoxic compounds [50].

Distinctive properties of prepared samples significantly influenced 
seed anti-proliferative activity, particularly in Vigor Index values. PUC- 
8@rGO exhibited a higher seeding vigor index than the control group, 
attributed to zinc catalyzing seed growth (Fig. 9c). Seed germination 
ability was assessed by root and shoot length (Fig. 9d), which were 
higher than the control. However, at higher concentrations (100 ppm), 
root length decreased. At 12.5 and 25 ppm of PUC-8@rGO, root and 
shoot lengths increased compared to control and treated water.

Moreover, Physico-chemical properties of dyed wastewater were 
compared before and after treatment, detailed in Table S2. Treatment 
with PUC-8@rGO decreased BOD from 46.13 mg/L to 32 mg/L and COD 
from 292 mg/L to 112 mg/L, meeting safe discharge limits. Additionally, 
treated water exhibited reduced TDS compared to dyed water.

3.11. Cytotoxicity

The MTT test was used to measure the in vitro cytotoxicity of PUC-8, 
rGO, and PUC-8@rGO at four different doses (0.125 mg/mL, 0.25 mg/ 
mL, 0.5 mg/mL, and 1 mg/mL) towards HaCat and SKOV3 after a 24 h 
exposure (Fig. 10). The results showed that PUC-8 exhibited no 

cytotoxic activity in HaCat or SKOV3. The cytotoxicity of rGO was dose- 
dependent, and more cytotoxicity was seen in the case of SKOV3.

PUC-8@rGO was more cytotoxic than rGO at any given concentra
tion. This can be seen by comparing the half maximal inhibitory con
centration (IC50) value for PUC-8@rGO (IC50 = 0.25 mg/mL) and rGO 
(IC50 = 1 mg/mL) in HaCat cells. At lower concentrations (0.125 mg/ 
ml), PUC-8@rGO was non-toxic to HaCat cells compared to SKOV3; 
However, it shows toxicity at higher concentrations. Furhter, the results 
were confirmed using morphological analysis. Cells treated with PUC- 
8@rGO changed the morphological features and became more spher
ical and detached from the surface than control cells. The highest pro
portion of cells exhibiting characteristics of cell death observed under 
the optical microscope occurred at a concentration of 1 mg/mL of PUC- 
8@rGO (Fig. 11e and 12e). The images of HaCat cells (Fig. S22 and S23) 
and SKOV3 cells (Fig. S24 and S25) indicate cell death under a micro
scope subjected to different concentrations of PUC-8 and rGO 
separately.

3.12. Regeneration and stability of PUC-8@rGO

PUC-8@rGO was investigated through five cycles of MB photo
catalytic degradation to ensure chemical stability. After each cycle, it 
was thoroughly rinsed with deionized water and ethanol, filtered, and 
reactivated at 80 ◦C. Results showed a slight decrease in degradation 
efficiency from 98.6 % to 88.1 % (Fig. 13a). Moreover, the XRD patterns 
(Fig. 13b) revealed no significant framework decomposition before or 
after MB degradation, maintaining structural integrity and crystallinity. 

Fig. 9. Germination rate index (a), Phytotoxicity index (b), Seedling vigour index (c) and average shoot length (d) of seed germination at different concentrations 
(varied from 12.5 to 100 ppm) of rGO, PUC-8 and PUC-8@rGO.
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This underscores the recyclability of our adsorbent, which is crucial for 
economic viability in practical applications.

3.13. Statistical analysis

The novel photocatalytic system, PUC-8@rGO, outperforms PUC-8 
and rGO individually in methylene blue (MB) degradation. PUC-8 has 
an average crystallite size of 43.8 nm with 76 % crystallinity, while PUC- 
8@rGO has a smaller size of 21.5 nm with 71 % crystallinity. Whereas, 
the particle size for PUC-8@rGO determined by HRTEM technique was 
11.9 nm. BET results showed that the incorporation of rGO led to a 
significant increase in the surface area of PUC-8, from 6.38 m2/g to 
16.47 m2/g. The PUC-8@rGO achieves a remarkable degradation effi
ciency of 98.6 % in 60 min, with a high rate constant value of 0.07 
min− 1, surpassing PUC-8 and bare rGO by approximately 7 and 8 times, 
respectively. Correlation analysis identifies key parameters influencing 
photocatalytic activity, and PUC-8@rGO performs consistently across a 
wide pH range (3–12). LC-MS analysis elucidates degradation in
termediates, supporting process efficacy. The material also exhibits 
significant anti-cancer activity against SKOV3 cells (IC50 = 0.125 mg/ 
mL), indicating potential biomedical applications. PUC-8@rGO dem
onstrates superior photocatalytic degradation activity for MB dye, as 
shown in Table S3. This table compares various reported photocatalysts 
used for the degradation of MB, highlighting that PUC-8@rGO exhibits 

the best performance.

4. Conclusion

This study successfully synthesized PUC-8 and PUC-8@rGO com
posites using solvothermal and wet impregnation methods, achieving a 
highly efficient photocatalytic material for Methylene Blue (MB) 
degradation under visible light. PUC-8@rGO demonstrated a remark
able 7 to 8-fold increase in photocatalytic rate (98.6 % removal of MB 
dye), attributed to its enhanced BET surface area and reduced band gap, 
which effectively mitigated charge recombination. Key parameters 
influencing photocatalysis, such as pH, dye concentration, catalyst dose, 
and irradiation time, were optimized to maximize degradation effi
ciency. Furthermore, the production of active species (•O2− > •OH > h+) 
upon irradiation acted as potent oxidants, facilitating the efficient 
degradation of dye molecules. Analysis of degradation pathways and 
intermediates confirmed the material’s effectiveness in reducing BOD 
and COD levels to environmentally safe standards. The low phytotox
icity, validated through seed germination assays, further suggests that 
treated water is suitable for agricultural irrigation. Additionally, PUC- 
8@rGO exhibited significant cytotoxicity against human ovarian can
cer cells, indicating its promising biomedical potential. Overall, PUC- 
8@rGO holds substantial promise for both environmental and biomed
ical applications, showcasing a versatile and effective approach to 

Fig. 10. Bar diagram showing cell viability of different concentrations of PUC-8, rGO and PUC-8@rGO (mg/mL) after 24 h of treatment in HaCat and SKOV3 with 
respect to control. Data is presented as mean ± SD. Statistical significance is shown by *p < 0.05 and **p < 0.01 vs control.

Fig. 11. Representative pictures of HaCat cells treated with different concentrations of PUC-8@rGO: Control, 0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL and 1 mg/mL 
(Original magnification X100).
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wastewater treatment and beyond.
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Fig. 13. Recyclability study of PUC-8@rGO up to 5 cycles (a), PXRD spectra of PUC-8@rGO before and after use in degradation process (b).
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