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ABSTRACT 

 

The sustainable strategies/methods for degradation of colouring materials, particularly 

for the organic dyes, are the prime concern worldwide because the discharge of such dye 

containing effluents into water bodies makes them polluted to such an extent that aquatic lives 

are in danger due to decrease oxygen contents. Organic pollutants, for instance, methylene blue 

(MB), rhodamine-B (RB), congo red (CR) and 4-nitrophenol (4-NP) are the main contaminates 

in the effluents of textile and some other industries. They have been recognized as toxic, 

carcinogenic and mutagenic along with a very minimal biodegradability in ecosystems. Prior to 

discharge of these organic pollutants into water bodies, the adequate removal of pollutants must 

be ensured. Various methods have been employed for the waste water treatment such as 

physio-chemical and biological methods but they are inefficient. 

In last few decades, much efforts have been dedicated for degradation of dyes by using 

novel metal nanoparticles (Au, Ag and Pt etc.,) and semiconducting nanomaterials such as 

ZnO, SnO2, Fe2O3, and TiO2 having small band gap and chemical stability but there are the 

drawback of fast recombination rate of electron (e
-
) and hole (h

+
), and agglomeration of NPs 

reduces their efficiency which can be partially solved by their immobilization. Several efforts 

have been made to immobilize them by encapsulation into porous materials such as zeolite. 

Recently, core@shell nanoparticles or composites, involving metal organic frameworks as 

shell/host, have been reported to reduce the recombination rate of e
-
 and h

+
, thereby, enhancing 

their photocatalytic efficiency. 

Metal organic frameworks (MOFs) have emerged as a hybrid inorganic-organic 

materials which are constructed through covalent bonding of metal ions with organic linker 

molecules. These materials have high porosity, tunable shapes and pore sizes, high surface 

area, and a wide range of applications such as heterogeneous catalysts, gas storage and 

chemical sensing. Besides, MOFs are very useful in drug release application on account of their 

fascinating hydrophilic-hydrophobic internal microenvironments. Zeolitic imidazole 

frameworks (ZIFs) are a kind of metal organic frameworks which consist of mainly transition 

metal ions (e.g. Co and Zn) and imidazole or its derivatives as linkers. In ZIFs, the metal 

centers are tetrahedrally coordinated with N-atom of imidazole ring. The topology of ZIFs 

resemble zeolite as metal-imidazole-metal (M-Im-M) bond angles are retained to be 145° as 

aluminosilicate zeolite (Si-O-Si bond angle =145°).  Myriad numbers of ZIFs have been 

reported on account of their constitutional unit and porosity. Among them, ZIF-8 was found to 

be more chemically and thermally stable. ZIF-8 has larger pores 11.6 Å connected with small 
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apertures 3.4 Å. Owing to its highly porous, chemical and thermal stability, ZIF-8 is considered 

to be very useful for various applications such as gas storage, adsorbent, drug delivery and host 

of catalyst in heterogeneous catalysis. Fabrication of ZIFs with metal oxides, novel metal 

nanoparticles and molecules has been an emerging challenge. And so, ZIF-8 has been selected 

for fabrication of metal oxides and novel metal nanoparticles. The present study describes the 

synthesis of metal oxides (MOx) and novel metal nanoparticles (MNPs) encapsulated within 

ZIFs. Further, MOx@ZIFs and MNPs@ZIFs have been used as photocatalysts for the waste 

water treatment and biomedical applications which are described in the successive six chapters.  

First Chapter presents a brief literature on ZIF-8 and its composites with novel metal 

nanoparticles (Au, Ag, Pd and Pt), metal oxides (ZnO, TiO2, SnO2 and Fe3O4) and molecules. 

The synthetic methods and probable applications of some important reported composites have 

also been presented. 

Second Chapter describes the make and purity of chemicals used in the present study. 

This chapter also highlights the specifications of various sophisticated instruments and details 

of procedures/methods used in all the chapters. 

Third Chapter includes the synthesis of multi-core-shell TiO2NPs@ZIF-8 composites 

by in situ encapsulation of different amounts of TiO2NPs i.e. 150, 300 and 500 µL suspension 

of TiO2NPs in methanol within ZIF-8 at ambient temperature. Encapsulation of TiO2NPs in 

ZIF-8 was confirmed by transmission electron microscopy and X-ray photoelectron 

spectroscopy. ZIF-8 and its core-shell composites have identical crystal structure and 

morphology as confirmed by powder X-ray diffraction analysis and scanning electron 

microscopy. The detailed photocatalytic degradation and adsorption studies of MB and RB 

were investigated by analyzing various factors, viz., loading amount of TiO2NPs in ZIF-8, 

amount of photocatalyst, pH and initial concentration of the dye. At higher pH (11.5−12.6), 

TiO2NPs@ZIF-8 composite exhibited higher (ca. 8 times) photocatalytic activity as compared 

to TiO2NPs and the optimum amount of TiO2NPs@ZIF-8 composite was 10 mg for the 

maximum photodegradation of 3.19 mg L
-1

 (93%) and 2.4 mg L
-1

 (57%) of MB and RB, 

respectively. After the degradation of both dyes (MB and RB), the degraded by-products were 

analyzed by GC-MS and the degradation path has also been proposed.  

Chapter four describes the synthesis of multi-functional and thermally stable 

SnO2NPs@ZIF-8 composites (NC1, NC2 and NC3) by a facile and sustainable approach 

involving in situ encapsulation of SnO2NPs (150, 300 and 500 μL suspension in methanol) 

within zeolitic imidazole framework at ambient temperature. The morphology and crystallinity 

of ZIF-8 remained unchanged upon the proper encapsulation of SnO2NPs in its matrix. Herein, 
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for the first time, the antiviral potential of ZIF-8 and SnO2NPs@ZIF-8 composite was explored 

against chikungunya virus by investigating their cytotoxicity against Vero cell line employing 

MTT ((3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)) assay. The maximum 

non-toxic dose was found to be 0.04 mg mL
–1

 for ZIF-8 and SnO2NPs@ZIF-8, and 0.1 mg mL
–

1
 for SnO2NPs. Further, NC1 exhibited (based on plaque assay) reduction in viral load/titers up 

to >80% during post-treatment and >50% during pre-treatment, greater than that of ZIF-8 and 

SnO2NPs due to synergistic effect. Further, NC1 (10 mg) exhibited enhanced photocatalytic 

efficiency (≥96%) for degradation of MB (0.5×10
-5

 M) at pH ˃7.0. The probable mechanism 

for their anti-viral activity and photocatalytic activity has been discussed.  

Chapter five contains two sections. Section-A consists of synthesis of novel multi-

core-shell AgNPs@ZIF-11 (AZ1, AZ2 and AZ3) composites by in situ encapsulation of Ag 

nanoparticles (150, 300 and 500 μL suspension in methanol) in ZIF-11 (Zeolitic Imidazole 

Framework) at ambient temperature using binary solvent mixture (methanol and toluene). The 

lowering of band gap of ZIF-11 from 4.36 to 4.21 eV indicates the micro-environment of 

AgNPs within ZIF-11 framework. Particle size of encapsulated AgNPs within the matrix of 

ZIF-11 was found to be 11.76 ± 2.3 nm. ZIF-11 and AgNPs@ZIF-11 composites are highly 

thermally stable up to 500 °C under both air and nitrogen environments. Application of 

AgNPs@ZIF-11 (AZ1, AZ2 and AZ3) composites towards photodegradation of MB dye has 

been investigated by varying the amount of catalyst (5, 10 and 15 mg) and dye concentration 

(1.6, 3.19 and 6.38 mg L
-1

). AZ1 (10 mg) exhibits excellent photocatalytic activity; degrades 

100% MB (1.6 mgL
-1

) at pH ≥ 7. AZ1 also exhibits potential efficiency (86%) for the 

conversion of 4-nitrophenol into 4-aminophenol. Further, AZ1 can be reutilized up to three 

cycles with 100% efficiency while under fourth and fifth cycle it can degrade 92.12% and 

72.75% MB, respectively. The degraded by-products of MB dye have also been analyzed by 

GC-MS followed by the brief discussion of the mechanism. 

Section-B describes an auspicious approach towards the heterogeneous photocatalytic 

degradation of MB and CR using AgNPs@ZIF-8 composites. The facile synthesis of AgNPs 

encapsulated ZIF-8 via in situ synthesis of AgNPs and ZIF-8 has been demonstrated. 

AgNPs@ZIF-8 composite has been synthesized by incorporation of pre-synthesized ZIF-8 in 

situ synthesis of AgNPs and named as SZ while pre-synthesized AgNPs have been 

encapsulated within ZIF-8 in different amounts such as 150, 300 and 500 µL methanol 

suspensions in situ synthesis of ZIF-8 and named as SZ1 SZ2 and SZ3, respectively. All four 

synthesized SZ, SZ1 SZ2 and SZ3 composites have been characterized by various 

spectroscopic techniques. Owing to highly porous and unique properties of AgNPs@ZIF-8 
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composites, they exhibit remarkable photocatalytic activity for the degradation of MB and CR 

as compared to ZIF-8. Further, the degradation mechanism and degradation path way of both 

the dyes have been discussed. 

Chapter six comprises of two sections. Section-A describes the synthesis of ZnO-SnO2 

nanocomposites in the various molar ratio i.e.1:1, 2:8, 4:6, 6:4 and 8:2 of Zn and Sn using sol-

gel (ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82) and grinding (ZS-A, ZS-B, ZS-C, ZS-D and ZS-

E) method and detailed characterization using various instrumental techniques. The synthesized 

ZnONPs looks like flower structure while SnO2NPs and ZnO-SnO2 nanocomposites have 

spherical morphology confirmed by SEM analysis. In addition, the formation ZnO-SnO2 was 

investigated by HR-TEM analysis. Further, the elemental composition and the close fitting of 

Zn 2p, Sn 3d, and O 1s of ZnO-SnO2 have been ensured by XPS analysis. In order to explore 

photocatalytic application, adsorption and photodegradation efficiency have been examined 

using a model dye, for instance, MB. It has been found that ZS-E (8:2 molar ratio of Zn:Sn 

synthesized by grinding method) nanocomposite exhibits maximum photodegradation 

efficiency which can degrade off 58.68% [MB] = 1.6 mg L
-1

 dye solution. Further, ZS-E 

nanocomposite has been optimized for its encapsulation within ZIF-8 due to its maximum 

photocatalytic response at pH ≥ 7 which is described in Section-B.  

In Section-B, ZnO-SnO2 nanocomposite (ZS-E) has been anchored (ZS@Z) and 

encapsulated (ZS@Z1;150 µL/ZS@Z2;300 µL/ZS@Z3;500 µL) within ZIF-8 framework 

successfully by employing solvothermal and bench method, respectively. The synthesized 

composites were also exploited as photocatalysts for the removal of MB. Further, it has been 

found that ZnO-SnO2 nanocomposite anchored on ZIF-8 composite  (ZS@Z) exhibits 100% 

degradation of [MB] = 1.6 mg L
-1

 dye solution at pH ≥ 7 while ZS@Z1, ZS@Z2 and ZS@Z3 

composites can degrade off 93.43, 97.43 and 91.93%, respectively. The possible mechanism 

has also been described. 

Chapter seven highlights the conclusions and future prospect of synthesized 

composites.  
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Fig. 4.15. (a, b) TGA analysis of SnO2NPs, ZIF-8 and NC1 composite in air and N2 

atmosphere, respectively. 

Fig. 4.16. Cell viability versus Concentration plots of SnO2NPs, ZIF-8 and composites NC1, 

NC2 and NC3. 

Fig. 4.17. The wells plate image of plaque assay result for composite NC1. 

Fig. 4.18. (a, b) Plaque reduction assays with SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3 during pre-treatment, co-treatment and post-treatment without light and under photo-

irradiation, respectively. 

Fig. 4.19. TEM images of NC1 composite after post-treatment. 



 

xiii 
 

Fig. 4.20. Effect of encapsulated amount of SnO2NPs in ZIF-8 for adsorption and 

photodegradation of [MB] = 1.64 mg L
-1

; pH = 8.55; photocatalyst’s amount = 10 mg (0.5 g L
-

1
). 

Fig. 4.21.   The effect of photocatalyst’s amount for adsorption and photodegradation of [MB] 

= 1.6 mg L
-1

 at pH 8.55. 

Fig. 4.22. The effect of pH for adsorption and photodegradation of [MB] = 1.6 mg L
-1

 at pH (a) 

3.1, (b) 8.5 and (c) 11.5; photocatalyst’s amount 10 mg (0.5 g L
-1

).   

Fig. 4.23. Zeta potential of SnO2NPs, ZIF-8 and composite NC1 at pH = 3.06; 7.76; 11.16. 

Fig. 4.24. The effect of initial dye concentration for adsorption and photodegradation of [MB] 

(a) 3.1 mg L
-1

 ; (b) 6.3 mg L
-1

 at pH 11.5; photocatalyst’s amount 10 mg (0.5 g L
-1

). 

Fig. 4.25. Fluorescence spectral changes (excitation at 315 nm; under dark) of terephthalic acid 

(0.5 mM; NaOH 2 mM), (a) without any photocatalyst; (b) in presence of ZIF-8 (10 mg); (c) in 

presence of composite NC1 (10 mg); (d) in presence of SnO2NPs (equivalent amount present in 

150 µL suspension). 

Fig. 4.26. Fluorescence spectral changes (excitation at 315 nm; under UV-visible light) of 

terephthalic acid (0.5 mM; NaOH 2 mM), (a) without any photocatalyst; (b) in presence of ZIF-

8 (10 mg); (c) in presence of composite NC1 (10 mg); (d) in presence of SnO2NPs (equivalent 

amount present in 150 µL Suspension).  

Fig. 4.27. Effect of scavengers (BQ, p-benzoquinone; t-BuOH, t-butanol; EDTA, 

ethylenediaminetetraacetic acid) on photocatalytic degradation of MB in the presence of 

composite NC1 under UV-visible irradiation. 

Fig. 4.28. Mechanism for photocatalytic degradation of MB by SnO2NPs@ZIF-8 composite 

(NC1). The solid lines indicate VB and CB of SnO2NPs and Eg represents band gap of 

SnO2NPs while the dashed lines indicate VB’ and CB’ of encapsulated SnO2NPs whereas E’g 

represents decreased band gap of SnO2NPs after encapsulation.  

Fig. 4.29. The GC-MS spectra of identified intermediates structures (a-e) after the degradation 

of MB is shown above, respectively. 

Fig. 5A.1. PXRD pattern of ZIF-11 as synthesized various conditions. 

Fig. 5A.2. (a) PXRD patterns of ZIF-11 and its composites AZ1, AZ2 AZ3; (b) PXRD 

pattern of AgNPs; (c) PXRD patterns of ZIF-11 and its composites AZ1, AZ2 AZ3 after 

six months; (d) PXRD patterns of used ZIF-11 and AZ1 composite. 

Fig. 5A.3. FT-IR spectra of ZIF-11 and its composites AZ1, AZ2 and AZ3. 

Fig. 5A.4. SEM analysis of ZIF-11 as synthesized by various conditions. 
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Fig. 5A.5 (a, b) FE-SEM images of ZIF-11 and AZ1 composite, respectively. Fig. 5A.5(c-e) 

represents the mapping of C, N and Zn elemental composition, respectively, of ZIF-11. 

Fig. 5A.6. (a-e) The EDX spectra of ZIF-11, AZ1, AZ2, AZ3 and AgNPs, respectively. 

Fig. 5A.7. TEM image of (a) AgNPs, (b) ZIF-11, (c, d) AZ1 composite in order of increasing 

magnification, SEAD pattern of (e) AgNPs and (f) AZ1 composite, respectively. 

Fig. 5A.8. (a, b) Particle size distribution plots of AgNPs as synthesized and after 

encapsulation within ZIF-11, respectively. 

Fig. 5A.9. (a, b) Combined DRS spectra of ZIF-11, AZ1, AZ2 and AZ3 composites by 

direct and indirect transition method, respectively, and (c) UV-visible absorbance 

spectra of ZIF-11 and composites AZ1, AZ2 AZ3. Fig. 5A.9(d) UV-visible absorbance 

spectra of synthesized AgNPs suspension.  

Fig. 5A.10. (a-d) BET adsorption-desorption isotherm indexed with pore size distribution plot 

of ZIF-11 and its composite AZ1, AZ2 and AZ3, respectively. 

Fig. 5A.11. (a, b) Survey scan and expanded XPS spectra of Ag 3d of AgNPs. 

Fig. 5A.12. (a-d) Survey scan and expanded XPS spectra of Zn 2p, C 1s and N 1s of ZIF-11 are 

shown as (a), (b), (c) and (d), respectively. 

Fig. 5A.13. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ1 are shown as (a), (b), (c), (d) and (e), respectively. 

Fig. 5A.14. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ2 are shown as (a), (b), (c), (d) and (e), respectively.  

Fig. 5A.15. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ3 are shown as (a), (b), (c), (d) and (e), respectively. 

 Fig. 5A.16. (a, b) TGA analysis of ZIF-11 and AgNPs@ZIF-11 composites (AZ1, AZ2 

and AZ3) under air and N2 atmosphere, respectively. 

Fig. 5A.17. Effect of encapsulation amount of AgNPs suspensions within ZIF-11 

framework for adsorption and photodegradation of [MB] = 1.64 mg L
-1

; pH = 8.35; 

photocatalyst’s amount = 10 mg (0.5 g L
-1

). 

Fig. 5A.18. Effect of photocatalyst’s amount for adosrption and photodegradation of [MB] = 

1.6 mg L
-1

 at pH = 8.35.  

Fig. 5A.19. Effect of  initial dye concentration for adsorption and photodegradation of [MB] (a) 

1.6 mg L
-1

; (b) 3.19 mg L
-1

; (c) 6.38 mg L
-1

 at pH = 8.35; Photocatalyst’s amount = 10 mg. 

Fig. 5A.20. (a, b) UV-visible absorbance spectra under UV-visible irradiation of MB 

with AZ1 and pictorial graph for its recyclability test are illustrated respectively. 
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Fig. 5A.21. Effect of scavengers (BQ, EDTA, t-BuOH,) on photocatalytic degradation 

of MB using AZ1 composite under UV-visible irradiation. 

Fig. 5A.22. Illustration of proposed mechanism for MB degradation using AgNPs@ZIF-

11 composite under UV-visible light. 

Fig. 5A.23. (a-c) GC-MS spectra of plausible fragments of MB degraded by-products. 

Fig. 5A.24. UV-visible absorbance spectra of 4-NP reduction using ZIF-11 and AZ1. 

Fig. 5B.1. PXRD patterns of synthesized (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3 composites. 

Fig. 5B.2. (a-d) FT-IR spectra of SZ, SZ1, SZ2 and SZ3 composites, respectively. 

Fig. 5B.3. FE-SEM images of synthesized (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3 composites. 

Fig. 5B.4. (a-d) EDX spectra of synthesized composites SZ, SZ1, SZ2 and SZ3, respectively. 

Fig. 5B.5. TEM images of (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3. 

Fig. 5B.6. SEAD patterns of (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3. 

Fig. 5B.7. (a-d) Particle size distribution plots of AgNPs within SZ, SZ1, SZ2, and SZ3 

composites, respectively. 

Fig. 5B.8. (a, b) Tauc plots of SZ, SZ1, SZ2 and SZ3 composites by direct and indirect 

method, respectively. (c) The absorbance spectra of SZ, SZ1, SZ2 and SZ3 composites. 

Fig. 5B.9. (a-d) BET adsorption isotherm of SZ, SZ1, SZ2 and SZ3 composites, 

respectively. 

Fig. 5B.10. (a-d) The pore size distribution plots of SZ, SZ1, SZ2 and SZ3 composites, 

respectively. 

Fig. 5B.11. (a-e) Survey scans of SZ and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and N 

1s, respectively. 

Fig. 5B.12. (a-e) Survey scan of SZ1 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and N 

1s represented, respectively. 

Fig. 5B.13. (a-e) Survey scan of SZ2 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and N 

1s represented, respectively. 

Fig. 5B.14. (a-e) Survey scan of SZ3 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and N 

1s represented, respectively. 

Fig. 5B.15. (a, b) Thermal gravimetric plots of SZ, SZ1, SZ2 and SZ3 under air and N2 

atmosphere, respectively. 

Fig. 5B.16. (a, b) Concentration (C/C0) vs time plots of MB and CR employing AgNPs@ZIF-8 

composites SZ, SZ1, SZ2, SZ3 and ZIF-8, respectively. 

Fig. 5B.17. Illustration of proposed mechanism for MB and CR dye degradation using 

AgNPs@ZIF-8 composite under UV-visible light. 
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Fig. 5B.18. (a-c) GC-MS spectra of plausible fragments of MB degraded by-products. 

Fig. 5B.19. (a-c) GC-MS spectra of plausible fragments of CR degraded by-products. 

Fig. 6A.1. PXRD pattern of ZnONPs, SnO2NPs and their ZnO-SnO2 nanocomposites. 

Fig. 6A.2. FT-IR spectra of synthesized ZnO-SnO2 nanocomposites using (a) sol-gel and (b) 

grinding method. 

Fig. 6A.3. (a-l) SEM images of ZnONPs, SnO2NPs, ZS-11, ZS-28, ZS-46, ZS-64, ZS-82, ZS-

A, ZS-B, ZS-C, ZS-D and ZS-E nanocomposites, respectively. 

Fig. 6A.4. TEM images and their corresponding SEAD patters of (a, b) ZS-11, (c, d) ZS-28, (e, 

f) ZS-46, (g, h) ZS-64 and (i, j) ZS-82 nanocomposites. 

Fig. 6A.5. (a-e) HR-TEM images of ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82 nanocomposites, 

respectively, showing interplanar spacings. 

Fig. 6A.6. TEM images and their corresponding SEAD patterns of (a, b) ZS-A, (c, d) ZS-B, (e, 

f) ZS-C, (g, h) ZS-D and (i, j) ZS-E nanocomposites. 

Fig. 6A.7. (a-e) HR-TEM analysis of ZS-A, ZS-B, ZS-C, ZS-D and ZS-E nanocomposites, 

respectively, showing interplanar spacings. 

Fig. 6A.8. (a-e) Particle size distribution plots of ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82 

nanocomposites, respectively. 

Fig. 6A.9. (a-e) Particle size distribution plots of ZS-A, ZS-B, ZS-C, ZS-D and ZS-E 

nanocomposites, respectively. 

Fig. 6A.10. Typical Tauc plots of ZnO-SnO2 nanocomposites by direct and indirect method 

synthesized by using sol-gel (a, b) and grinding method (c, d), respectively.  

Fig. 6A.11. (a-e) BET adsorption-desorption isotherms of ZS-11, ZS-28, ZS-46, ZS-64 and ZS-

82 nanocomposites, respectively. 

Fig. 6A.12. (a-e) BET adsorption-desorption isotherms of ZS-A, ZS-B, ZS-C, ZS-D and ZS-E 

nanocomposites, respectively. 

Fig. 6A.13. (a, b) The survey scan of ZS-11 and ZS-A, respectively. Their expanded XPS 

spectra for Zn 2p and Sn 3d are shown in (c) and (d), respectively, and the deconvoluted O 1s 

XPS spectra of ZS-11 and ZS-A, are shown in (e) and (f), respectively. 

Fig.6A. 14. MB Adsorption and photodegradation with ZnO-SnO2 nanocomposites. 

Fig.6A. 15. General mechanism of photocatalytic activity of ZnO-SnO2 nanocomposite.  

Fig. 6B.1 (a-d) PXRD analysis of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, 

respectively. 

Fig. 6B.2. FT-IR spectra of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, respectively. 
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Fig.  6B.3. (a-d) SEM analysis of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, 

respectively.  

Fig.6B.4. (a-d) EDX spectra of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, respectively. 

Fig. 6B.5. TEM images of (a, b) ZS@Z composite and (d, e) ZS@Z3 composite in order of 

increasing magnification, and (c, f) their SEAD pattern, respectively.  

Fig. 6B.7. Particle size distribution plots of ZnO-SnO2 nanocomposite (a) anchored (ZS@Z) 

and (b) encapsulated (ZS@Z3) within ZIF-8.  

Fig. 6B.8. (a, b) Typical Tauc plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites are 

illustrated by direct transition and indirect transitions, respectively, while (c) exhibits 

absorbance spectra of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites. 

Fig. 6B.9. (a-d) BET adsorption-desorption isotherm plots of ZS@Z, ZS@Z1, ZS@Z2 and 

ZS@Z3 composites, respectively.  

Fig. 6B.10. (a-d) BET pore size distribution plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 

composites, respectively. 

Fig. 6B.11. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 1s 

of ZS@Z are shown as (a), (b), (c), (d), (e) and (f), respectively.  

Fig. 6B.12. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 1s 

of ZS@Z1 are shown as (a), (b), (c), (d), (e) and (f), respectively.  

Fig. 6B.13. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 1s 

of ZS@Z2 are shown as (a), (b), (c), (d), (e) and (f), respectively.  

Fig. 6B.14. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 1s 

of ZS@Z3 are shown as (a), (b), (c), (d), (e) and (f), respectively.  

Fig. 6B.15. (a, b) TGA plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites under air and 

N2 atmosphere, respectively. 

Fig. 6B.16. Concentration (C/C0) vs time plot of MB employing ZS@Z, ZS@Z1, ZS@Z2 and 

ZS@Z3 composites. 

Fig. 6B.17. Plausible mechanism for MB degradation using ZS@Z composite under 

UV-visible light. 
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1.1. INTRODUCTION 

To design and develop an easily executable heterogeneous photocatalytic method or 

material employed for the degradation of organic industrial effluents has been the most 

challenging concern. Organic pollutants in the wastewater effluents are specifically referred to 

organic dyes which are used as coloring materials, for instance, methylene blue (MB), 

rhodamine-B (RB), congo red (CR), and 4-nitrophenol (4-NP). They have been recognized as 

toxic, carcinogenic and mutagenic along with a very minimal biodegradability in ecosystems 

[1]. Additionally, the excessive discharge of these dye-enriched effluents into the water bodies 

may disturb the aquatic ecosystem by preventing the penetration of sunlight through them, 

which in turn may adversely affect the dissolved oxygen content [2]. The adequate removal of 

organic pollutants must be ensured prior to the discharge of waste effluents into the water 

bodies. Commonly employed physio-chemical and biological methods are seemed to appear 

inefficient as they are considerably slow and unable to destroy the pollutants completely, and 

sometimes may trigger off production of harmful secondary pollutants as by-products [2]. In 

order to improve the methodology for the mineralization of organic pollutants, advanced 

oxidation process (AOPs) has been employed. In AOPs, organic pollutants undergo 

mineralization due to oxidation in situ generation of reactive oxidizing species (ROS) such 
•
OH 

and O2
•- 

under photo-irradiation of suitable photocatalyst. In spite of that, AOPs contains 

chemical oxidation, photochemical oxidation and heterogeneous photocatalysis but among 

them, photocatalysis is an efficient and excellent process for the degradation of organic 

pollutants without using any harmful chemicals. The heterogeneous photocatalysis is illustrated 

in Scheme 1.1 which describes the degradation of organic pollutants followed by generation of 

electron (e
-
) and hole (h

+
). In the first step, the semiconducting (SC) materials (TiO2, ZnO, 

WO3 and SnO2) become activated by absorbing a photon with equivalent energy of their band 

gap. As a consequence, electron (e
-
) and hole (h

+
) are generated by promotion of e

- 
from 

valence band to conduction band [3]. Photo-induced e
-
 and h

+
 react with O2 and H2O molecules 

to produce ROS according to the following equations. 

 

SC + hν → SC (e
-
 and h

+
)                                   (1.1) 

h
+
 + H2O → 

•
OH + H

+
                                        (1.2) 

h
+
 + OH

− 
→ 

•
OH                                                 (1.3)               

e
-
 + O2

 
→ O2

•- 
                                                     (1.4)          

O2
• 
+ H2O

 
→ HO2

• 
+ OH

−
                                    (1.5) 
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HO2
• 
+ H2O

 
→ 

•
OH + H2O2                                     (1.6)   

H2O2
 
→ 2

•
OH                                                           (1.7) 

    

 

Scheme 1.1. Schematic illustration of heterogeneous photocatalysis of organic 

pollutants/dye (Wherein VB and CB refer valence band and conduction band, 

respectively, of a photocatalyst material). 

 

There are several semiconductors such as TiO2, ZnO, CdS, MoS2, WO3 and SnO2 used for 

waste water treatment. Among them, TiO2 nanoparticles are found to be the promising 

photocatalyst. TiO2 exhibits three crystalline phases i.e. anatase, rutile and brookite as shown in 

Fig.1.1 [4]. Interestingly, anatase phase is non-toxic, crystalline and the most active phase 

associated with a broad band gap ca. 3.35 eV, and has been utilized as heterogeneous 

photocatalyst in waste water treatment [5]. Similarly, SnO2 nanoparticles are chemically stable,  

less toxic, and exhibit a suitable band gap (ca. 3.62 eV) which accounts for their wide 

applications as an anode in the lithium ion batteries, sensors, and photocatalyst for the 

degradation of MB dye [6, 7].  Additionally, SnO2 is an n-type semiconductor which is mostly 

used as electron acceptor in mixed metal oxides such as SnO2-TiO2, SnO2-ZnO and SnO2-ZnO-

TiO2 nanocomposites. SnO2 exists predominantly into rutile phase which can be invariably 

transformed into another one upon increasing pressure according to the following sequence; 

rutile, CaCl2-type, α-PbO2-type, pyrite, ZrO2-type, cotunnite and fluorite [8]. Moreover, 

polymorphic SnO2 has been reported to transform sequentially into rutile→CaCl2-type→α-

PbO2-type→fluorite at increasing pressure of 11.35, 14.69 and 58.22 GPa, respectively, as 
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depicted in Fig.1.2 [9]. ZnO nanoparticles, a unique class of semiconducting materials, 

generally adopt either a hexagonal wurtzite or cubic zinc blende structure (Fig. 1.3) [10]. ZnO 

nanoparticles possess a wide band gap ca. 3.37 eV and have been exploited in the various fields 

such as biomedical science, optoelectronics, sensors, transducer and photocatalysis [11].   

 

 

Fig. 1.1. Crystal structures of (a) anatase, (b) rutile and (c) brookite phase of TiO2 [4]. 

 

 

Fig. 1.2. Crystal structures of (a) rutile (b) CaCl2-type (c) α-PbO2-type and (d) fluorite 

phases of SnO2 [9]. 
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Fig. 1.3. ZnO nanocrystal structures of (1) wurtzite (hexagonal) (2) zinc blende (cubic) 

phase [10]. 

In the last few decades, much efforts have been dedicated for degradation of dyes and 

deposition of toxic heavy metals by using novel metal nanoparticles (Au, Ag and Pt), bimetallic 

and semiconducting nanomaterials such as ZnO, SnO2, Fe2O3, and TiO2 [12-16] having small 

band gap and chemical stability but there are some drawbacks, which are mentioned in 

following points. 

1) Fast recombination rate of e
- 
and h

+
 pairs. 

2) Agglomeration of nanoparticles. 

3) Stability of nanoparticles. 

4) Recyclability or reusability 

For consideration of above points, several efforts have been made to immobilize nanoparticles 

for enhancing their efficiency by their encapsulation into different substrates or porous 

materials such as zeolite, clay and carbon nanotubes [17]. Recently, core@shell composites, 

involving metal organic frameworks as shell/host, have been reported to reduce the 

agglomeration of bare nanoparticles and recombination rate of e
-
 and h

+ 
pairs, thereby, 

enhancing their photocatalytic efficiency [18]. Further, shell materials provided the stability to 

core materials and can be utilized for several cycles. 

 

1.1.1. About MOFs 

Metal organic frameworks (MOFs) are constituted by metal ions or metal cluster ions 

occupy at nodal positions held by bi/or multipodal organic linkers [19] as shown in Scheme 

1.2. The crystal structure defines empty spaces in the range of nanometre scales [20]. After 

detailed discussion of world famous scientist related to material science on the coordination 

polymer and metal organic framework terminology in IUPAC (International Union of Pure and 
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Applied Chemistry) forum, it has been suggested that “Metal Organic Framework (MOF) is a 

coordination network with organic ligands containing potential voids” [21].   

 

 

Scheme 1.2. General representation of MOFs structure. 

 

Metal organic frameworks have emerged as an extensive class of crystalline materials 

with ultra-porosity (up to 90% free volume) and enormous internal surface area. Zeolites and 

activated carbon exhibit maximum surface area ca. 1000 m
2
/g and 3500 m

2
/g, respectively, 

while MOFs exhibit 10000 m
2
/g which is outmost apparent surface area and porosity are 

reported so far [22, 23]. Other important features of MOFs are their chemical composition such 

as the diversity of transition metal ions and variety of organic linkers. Owing to high surface 

area, tunable shape and size and diversity of chemical compositions, MOFs can be used in the 

various applications such as gas storage, gas sensing, catalysis, CO2 capturing, drug delivery 

and imaging [24-38]. 

 

1.1.2. Synthesis of MOFs 

Various methods have been reported for the synthesis of MOFs as illustrated in Scheme 

1.3. Liquid-phase synthesis methods are exclusively preferred wherein a metal salt and ligand 

solutions are mixed together in a narrow reaction vial without disturbing the liquid-liquid 

interface. In the liquid-phase synthesis, solvents play an important role for determining the 

different aspects such as reactivity, solubility, redox potential, thermodynamics of reaction, 

activation energy and stability constant etc. Apart from this, solid-phase synthesis methods 

have been utilized, which are easier and rapid but have some drawbacks, for instance, 

development of a single crystal. Further, there are broad categories of synthesis methods such 

as solvothermal, hydrothermal, microwave assisted synthesis, sonochemical synthesis, slow 
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evaporation, mechanochemical synthesis and electrochemical synthesis methods have been 

employed to synthesize MOFs. 

 

 

Scheme 1.3. Methods of synthesis of MOFs. 

 

1.1.2.1. Solvothermal Method  

In this method, the reactions are carried out in closed vessels under autogenous pressure 

above the boiling point of non-aqueous solvent for e.g. dimethylformamide, acetonitrile, 

acetone, ethanol, methanol, etc. To avoid the solubility problems of different starting materials, 

a mixture of solvents is preferred. Temperature is also one of the important parameters for the 

synthesis of hybrid materials. This method permits the modification in controlling shape, size 

and crystallinity of the materials [39]. ZIF-8 has been synthesized by this method [40] using 

ZnCl2, 2-methyleimidazole and NaHCO2 in 1:2:2 molar ratios in methanol. The resultant 

solution was placed in a sealed glass tube under homogeneous heating at 130 °C for 4 h in a 

conventional oven. The rhombic dodecahedral crystal of ZIF-8 has been obtained as shown in 

Fig. 1.4.   

 

1.1.2.2. Hydrothermal Method   

Hydrothermal synthesis method is similar to solvothermal method but there is a 

principal difference of solvent, and materials can be crystallized from aqueous solution at high 

vapour pressure in closed vessels. In 1995, Cu metal based 3D MOF has been synthesized by 

using a mixture of copper nitrate pentahydrate (0.74 mmol), 4,4-bipyridine (1.11 mmol) and 

1,3,5-triazine (0.49 mmol) in 15 mL deionized water (DI H2O) which was placed in 
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programmable furnace at 140 °C for 12 h. A rectangular orange crystal of Cu(4,4-

bpy)1.5.NO3(H2O)1.25 has been obtained [41]. 

 

 

Fig. 1.4. SEM image of ZIF-8 crystal synthesized by solvothermal method [40]. 

 

1.1.2.3. Microwave-Assisted Synthesis 

It provides a rapid synthesis of MOFs. A mixture of metal and ligand solution is 

allowed to react in a microwave reactor for an hour to produce nano-sized crystals. This 

method provides uniformity in the quality of crystals of MOFs as compared to solvothermal 

method [42]. Isoreticular metal organic framework (IRMOF) has been synthesized by 

employing this method. The clear solution of Zn(NO3)2.6H2O (0.67 mmol) and 1,4-

benzenedicarboxylic acid (0.50 mmol) in 10 mL of N,N-diethylformamide (DEF) was placed in 

a 4 mL Pyrex sample vial for microwave heating at 150 W. Finally, cubic crystals of IRMOF-1 

(shown in Fig. 1.5) having average particle size 4 ± 1 µm have been obtained [43]. 

 

1.1.2.4. Sonochemical Synthesis 

Sonochemistry is a phenomenon in which molecules undergo chemical change owing to 

intense ultrasonic radiation (20-10 kHz). In this method, a cavitation process involves the 

formation, growth and instant collapse of bubbles in liquid due to chemical and physical 

changes which create local hot spots of a short lifetime at high temperature and pressure [44]. 

By employing this method, MOF-5 has been synthesized using Zn(NO3)2.6H2O and 

terephthalic acid as organic linker. The mixture of reactants were dissolved in 40 mL of NMP 

(1-methyl-2-pyrrolidone) and transferred into 50 mL tube reactor and allowed to 

ultrasonication for 10-75 min at 20 kHz. MOF-5 has also been synthesized by convective 
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heating at 129-164 °C by using same reactants and compared the crystalline texture and 

morphology as illustrated in Fig. 1.6, which indicates that both have similar cubic morphology 

[45]. 

 

 

Fig. 1.5. SEM image of IRMOF-1 synthesized by microwave-assisted synthesis method 

[43]. 

 

1.1.2.5. Slow Evaporation Synthesis 

It is conventional method for the synthesis of MOFs and co-ordination polymers 

without involving any additional energy. According to this method, solution of a mixture of 

starting material undergoes slow evaporation at ambient temperature; sometimes a mixture of 

solvents is used to increase the evaporation process. This method is slow and requires longer 

time period as compared to other methods [46]. A flexible building of co-ordination polymer 

[Cu(pya)2(H2O)2]n has been synthesized by using this method; a methanol solution of 4-

pyridylacetic acid was placed in a straight glass tube and maintained pH ca. 6 using aqueous 

solution of 0.1M KOH, followed by the addition of methanol solution of Cu(ClO4)2.6H2O and 

the reaction mixture was allowed for slow evaporation for several days. Blue prism crystal of 

[Cu(pya)2(H2O)2]n co-ordination polymer has been obtained [46].   

 

1.1.2.6. Mechanochemical Synthesis 

This is a solvent free synthesis method in which a chemical reaction takes place by 

employing the mechanical force. Recently, Beldon et al. have synthesized MOFs using ligand-

assisted grinding method [47]. This synthetic route was also applied for the synthesis of zeolitic 

imidazole frameworks. The reaction was carried out by grinding of 1:2 molar ratio of ZnO and 
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imidazole into 10 mL stainless steel jar along with 7 mm diameter stainless steel balls for 5-60 

min continuously at ambient temperature [47]. Friscic et al. have investigated the effect of 

mixture of solvent in ligand-assisted grinding method and isolated successfully one-

dimensional, two-dimensional and three dimensional co-ordination polymers from same 

reaction mixture [48]. 

 

 

Fig. 1.6. SEM images of MOF-5 synthesized by (1) sonochemical method and (2) 

convective heating [45]. 

 

1.1.2.7. Electrochemical Method 

Electrochemical method has been reported for the first time by BASF (Badische Anilin 

and Soda Fabrik) research group in 2005 [49]. The prime objective of this method was 

exclusion of anions, such as nitrate, perchlorate, or chloride during the reaction to produce the 

MOFs at large-scale. During synthesis of MOFs, metal ions instead of metal salts are 

introduced through anodic dissolution into the reaction medium which contains the dissolved 

organic linker molecules and a conducting salt. The depositions of metal ions are avoided by 

using protic solvents [50]. Several MOFs having various topology viz., HKUST-1(HKUST = 

Hong Kong University of Science and Technology), ZIF-8 (ZIF-8 = Zeolitic imidazole 

framework-8), MIL-100(Al) (MIL = Material of Institute Lavoisier), MIL-53(Al) and NH2-

MIL-53(Al) have been synthesized by this method. Among them, for the first time HKUST-1 

metal organic framework has been synthesized by electrochemical method. A clear solution of 

1,3,5-benzenetricarboxylic acid (15 mmol) and tributylmethylammonium methyl sulfate 

(MTBS, 33 mmol) in 100 mL ethanol were prepared [50]. The resultant solution was heated up 

to 40 °C in the electrochemical cell with two copper electrodes and passed 50 mA current 
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through the system for 1 h. Finally, HKUST-1 was electrochemically deposited on copper 

electrode as shown in Fig. 1.7. 

  

 

Fig. 1.7. SEM micrograph of HKUST-1 layered deposition on copper electrode [50]. 

 

1.1.3. Applications of MOFs 

The combination of high porosity with tunable chemistry from metal ions and ligand 

functional groups leads to potential applications of MOFs in gas sorption, gas separation, drug 

delivery and catalysis [51] as illustrated in Scheme 1.4. Recently, main group IIA metal based 

MOFs are reported to exhibit lighter weight as compared to transition metal based MOFs, for 

instance, [mmen-Mg2(dobpdc)] (mmen = N,N’-dimethylethylenediamine and dobpdc
4-

 = 4,4’-

dioxido-3,3’-biphenyldicarboxylate) and it display an exceptional capacity for CO2 adsorption 

at low pressure [52]. Undoubtedly, hydrogen has been using an alternative fuel because of its 

high energy content (120 MJ/Kg to 44 MJ/Kg for gasoline) and clean exhaust products (water 

vapor without CO2 or NOx). Eventually, eco-friendly hydrogen driven car were envisioned. In 

this regard, the hydrogen storage capacity of copper metal based MOFs named HKUST-1 was 

evaluated and the study revealed that this material can store 0.47 %wt of H2 at 303K and 35 bar 

[53]. There are useful active sites within MOFs which are capable of binding molecules or ions. 

Recently, [Fe2(dobdc)] (dobdc
4-

 = 2,5-dioxido-1,4-benzenedicarboxylate) metal organic 

framework has been reported to feature channels lined with very high concentration of Fe
2+

 

cation sites and found to exhibit excellent performance characteristics for the separation of 

ethylene/ethane and propylene/propane mixture at 318 K [54]. In 2015, researcher at CSIRO 

(Commonwealth scientific and industrial research organisation) proved that biomolecules such 

as protein, enzyme and nucleic acid can be encapsulated within MOFs during the crystallization 

process and encapsulated enzymes have been found to be stable and active even after being 

treated rigorously in harsh conditions [55]. ZIF-8, MIL-88A, HKUST-1 and several 
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luminescent MOFs comprising of lanthanide metals have been utilized for the biomimetic 

mineralization process [55].  Regarding their use as heterogeneous catalysts, MOFs offer at 

least three different possibilities derived from their porous structure. The most widely explored 

strategy has been the exchange of the coordination number among the metal ions that will act 

as active sites. Recently, the importance of structural defects around the metal nodes and their 

implication in catalysis has been revealed [56]. The second methodology is based on the use of 

the ligands as active sites [57]. The third approach that derives from the large pore volume 

available in MOFs includes the incorporation of guest species in the internal void space that 

will act as a catalytic site [58]. 

 

 

Scheme 1.4. Applications of MOFs in various fields [51]. 

 

 

1.2. LITERATURE REVIEW  

 The available literature of the last one decade pertaining to the synthesis, 

characterization and applications of ZIF-8 has been compiled in the following subsections. 

Metal oxides (MOx), metal nanoparticles (MNPs) and molecules encapsulated ZIF-8 

(MOx@ZIF-8, MNPs@ZIFs and molecules@ZIF-8) and their probable applications have also 

been incorporated. 
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1.2.1. Zeolitic Imidazole Frameworks (ZIFs) 

Zeolitic imidazole frameworks (ZIFs) are a kind of metal organic framework which 

consists of mainly transition metal ions (i.e. Co and Zn) and imidazole or its derivatives as 

linkers. In ZIFs, metal centers are tetrahedrally-coordinated with N-atom of imidazole ring. The 

topology of ZIFs are identical to zeolite because metal-imidazole-metal (M-Im-M) bond angle 

is retained 145° (Scheme 1.5) as mentioned in aluminosilicate zeolite (Si-O-Si bond angle 

=145°).  

 

 

Scheme 1.5. The similar bond angle of M-Im-M and Si-O-Si are found to be 145
°
 [59]. 

 

Yaghi et al. have reported numerous ZIFs associated with various interesting topology 

[59] which are tabulated in Table 1.1 and their single crystal structures are illustrated in 

Scheme 1.6. Among them, ZIF-8 and ZIF-11 are chemically and thermally stable. ZIF-8 and 

ZIF-11 have large pores 11.6 Å and 14.6 Å connected with small apertures 3.4 Å, and 3.0 Å, 

respectively [59]. ZIF-8 has been synthesized by solvothermal method. A mixture of 

Zn(NO3)2.4H2O (0.803 mmol) and 2-methylimidazole (0.731 mmol) was dissolved in 

dimethylformamide (DMF) and placed in 20 mL stainless steel vial. The capped vial was 

heated at 140 °C with increasing rate of 5 °C per min for 24 h and then cooled it at 4 °C per 

min to room temperature. After that colourless polyhedral crystals of ZIF-8 has been obtained. 

Sorption analysis and apparent surface area of ZIF-8 (1810 m
2
 g

-1
 for Langmuir model and 

1630 m
2
 g

-1
 for Brunauer-Emmett-Teller model) surpass the highest value for zeolite and 

mesoporous materials [60-62]. Owing to their enormous porosity and tremendous chemical and 

thermal stability, they have been utilized preferentially in many applications like gas storage, 

adsorbent, drug delivery and host of catalyst in heterogeneous catalysis.  
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Table 1.1. Composition, structure and textural properties of ZIFs [59]. 

ZIFs Compositions Net Zeolite T/V (nm
-3

) d(Å) N 

ZIF-1 Zn(Im)2 crb BCT 3.64 6.94 12 

ZIF-2 Zn(Im)2 crb BCT 2.80 6.00 12 

ZIF-3 Zn(Im)2 dft DFT 2.66 8.02 16 

ZIF-4 Zn(Im)2 cag - 3.68 2.04 20 

ZIF-5 In2Zn3(Im)12 gar - 3.80 3.03 20 

ZIF-6 Zn(Im)2 gis GIS 2.31 8.80 20 

ZIF-7 Zn(PhIm)2 sod SOD 2.50 4.31 24 

ZIF-8 Zn(MeIm)2 sod SOD 2.47 11.60 24 

ZIF-9 Co(PhIm)2 sod SOD 2.51 4.31 24 

ZIF-10 Zn(Im)2 mer MER 2.25 12.12 24 

ZIF-11 Zn(PhIm)2 rho RHO 2.01 14.64 48 

ZIF-12 Co(PhIm)2 rho RHO 2.01 14.64 48 

* Im = Imidazole, MeIm = 2-methyleimidazole, PhIm = benzimidazole, T/V = density of metal atom per unit 

volume and N = number of vertices of largest cage. Net and zeolite topology of three letters abbreviation come 

from reticular chemistry structure source [59]. 

 

 

Scheme 1.6. The single crystal X-ray structure and largest cage in each ZIFs [59]. 
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Yaghi et al. have evaluated the CO2 capturing efficiency of various ZIFs [63]. In order 

to optimize the synthetic conditions and extend the applications of ZIF-8, Carreon et al. have 

synthesized ZIF-8 membranes (ca. 5-9 µm thickness) by employing “secondary seeded 

growth” on tubular α-Al2O3 porous support and exploited them for the separation of CO2/CH4 

[64]. Additionally, a silicon substrate was employed to obtain ZIF-8 film which was utilized as 

a selective sensor for the chemical vapors and gases [65].  

Wang et al. have reported the “contra-diffusion” synthesis of ZIF-8 film on a polymer 

substrate such as nylon [66]. Contra-diffusion is a facile synthesis method wherein ZIF-8 can 

be grown conveniently on a flexible polymer substrate as illustrated in Scheme 1.7. Similar 

method has been adopted for the in situ synthesis of thin membrane of ZIF-8 for the separation 

of propylene and propane hydrocarbons [67]. In continuation, ZIF-8 membranes have been 

developed on a porous α-alumina disc via “hydrothermal seeded growth” method [68] and 

utilized for the effective separation of a mixture of hydrocarbons such as ethane/propane, 

ethylene/propylene and ethylene/propane, etc.    

 

 

Scheme 1.7. (a) Diffusion cell and (b) schematic representation of ZIF-8 film formation on 

both sides of nylon support [66]. 

 

Hump et al. reported ZIF-8 opening into zeolitic imidazole framework (ZIF) material of 

SOD topology having primarily unsubstituted imidazole linker by “Solvent Assistant Linker 

Exchange” method (SALE) [69] which is illustrated in Scheme 1.8. It has been reported that 

ZIF materials exhibit the Bronsted base catalysis which cannot be accomplished by ZIF-8.  

Yamauchi et al. have synthesized nanoporous carbon particles by employing a simple 

“carbonization” method of mono-dispersed ZIF-8 crystal which is confirmed by quartz crystal 

micro-balance studies (QCMB). The small sized nanoporous carbon particles were utilized as 

good adsorbent and fast sensor for the detection of toluene molecule [70]. 
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Scheme 1.8. ZIF-8 exchange into ZIF having primarily unsubstituted imidazole linker by 

SALE method [69]. 

 

Wang et al. have reported “slow evaporation” method for the synthesis of ZIF-8 and 

exploited ZIF-8 as a photocatalyst for photocatalytic degradation of methylene blue (MB) 

under UV light irradiation. The plausible mechanism and degradation path of MB have also 

been discussed [71].  

The synthesis of multi-facets hollow oxide composites using ZIF-8 was reported by 

Chen et al. [72] (Scheme 1.9). The hollow oxide composites ZnO/SiO2 and ZnO/TiO2 were 

synthesized using ZIF-8 by employing sol-gel coating of metal oxide precursor of SiO2 and 

TiO2 nanoparticles, respectively.   

 

 

Scheme 1.9. Schematic illustration of synthesis of hollow oxide composites using ZIF-8 

[72]. 
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1.2.2. Metal Nanoparticles (MNPs) Encapsulated Zeolitic Imidazole Framework-8: 

MNPs@ZIF-8 

 Fabrication of ZIFs with metal oxide, novel metal nanoparticle and drug molecule has 

been an emerging challenge among the scientific community. So far, only a few publications 

pertaining to the metal nanoparticles encapsulated ZIF-8 have been reported which are 

compiled in Table 1.2. 

Xu et al. have reported the hydrogen generation from hydrolysis of ammonia borane by 

employing Ni nanoparticle encapsulated composite (Ni@ZIF-8) synthesized by the “chemical 

deposition” method [73]. The highly dispersed Ni NPs were successfully immobilized within 

ZIF-8 matrix yielding water stable composite which exhibits the excellent catalytic activity for 

the hydrolysis of ammonia borane.  

Iridium nanoparticles were stabilized and immobilized within ZIF-8 [74]. IrNPs@ZIF-8 

composite was synthesized by sublimation of gas phase loading of Ir(COD)(MeCp) into 

activated ZIF-8 followed by the hydrolysis of Ir(COD)(MeCp)@ZIF-8 compound at 300 °C 

(COD = 1,5-cyclooctadiene and MeCp = methylcyclopentadienyl). IrNPs@ZIF-8 composite 

was utilized for the hydrogenation of cyclohexene and phenylacetylene under very mild 

conditions as shown in Scheme 1.10. Further, the stability, selectivity, and reusability of 

IrNPs@ZIF-8 composite have also been analyzed. 

 

 

Scheme 1.10. (a) Hydrogenation of cyclohexene and (b) phenylacetylene using 

IrNPs@ZIF-8 composite [74]. 

 

Various metal nanoparticles associated with different particle sizes and modified with 

polyvinylpyrrolidone (PVP) were encapsulated within ZIF-8 as illustrated in Scheme 1.11 [75]. 

The controlled synthesis method was adopted to yield Pt@ZIF-8, Fe3O4/ZIF-8, NaYF4/ZIF-8 

and CdTe/ZIF-8 and their catalytic, magnetic and photoluminescence properties have been 

studied.  Pt@ZIF-8 composite has been applied for the size selective hydrogenation of n-

hexene and cis-cyclooctene and field dependent magnetization curve of Fe3O4/ZIF-8 composite 

exhibits the supermagnetic behavior while NaYF4/ZIF-8 and CdTe/ZIF-8 were used as 

luminescent material. 
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Scheme 1.11. Schematic illustration of nanoparticle distribution within MOFs (i) in the 

central area (ii) off the central area (iii) mixture of various sizes of nanoparticle in the 

central area (iv) and bigger nanoparticle in the central while smaller particle shown off 

the central area [75] (T0 represents the encapsulation of nanoparticle at the beginning of 

reaction while T represents the encapsulation of nanoparticle at certain time during the 

synthesis of MOF). 

 

Duan et al. have reported the synthesis of single and multi-core shell structure of Au 

encapsulated Au@ZIF-8 composite and utilized it as a catalyst [76]. The polyvinylpyrrolidone 

(PVP) modified Au NPs were encapsulated in situ synthesis of ZIF-8 by incubation at 50 °C for 

2 h (Scheme 1.12). As a consequence, single and multi-core shell AuNPs@ZIF-8 composites 

have been obtained. Due to synergic effect of Au NPs and ZIF-8, AuNPs@ZIF-8 composite 

has been exploited as a good catalyst for the oxidation of benzyl alcohol. Subsequently, the 

bimetallic nanoparticles were also encapsulated within ZIF-8. The PVP modified Pd/Au 

nanoparticles were encapsulated during the synthesis of ZIF-8 and resulting Pd/Au@ZIF-8 

composite has also been used as catalyst for the liquid phase aerobic alcohol oxidation [77].  
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Scheme 1.12. Schematic illustration of Au NPs encapsulation and synthesis of single or 

multi-core-shell AuNPs@ZIF-8 composite [76]. 

 

Yeung et al. have reported the hierarchically core-shell structure of Pd decorated 

mesoporous silica sphere (MSS) and ZIF-8 [78]. Pd/MSS@ZIF-8 composite has been 

synthesized in two steps as shown in Scheme 1.13. In the first step, Pd nanoparticles were 

decorated on the uniform sized mesoporous silica spheres (MSS) and subsequently ZIF-8 was 

grown on the surface of Pd/MSS. Further, the synthesized Pd/MSS@ZIF-8 composite was used 

for the hydrogenation of 1-hexene and cyclohexene. For the first time, Pt decorated ZIF-8 was 

loaded within TiO2 nanotubes which have been utilized for the degradation of phenol [79]. The 

specific architecture of composite material was developed by fabrication of Pt, ZIF-8 and TiO2 

nanotubes. The Pt/ZIF-8 loaded TiO2 nanotubes degraded off 18.6% phenol under visible light 

irradiation. The path way for the photocatalytic degradation of phenol is vividly shown in 

Scheme 1.14. 
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Scheme 1.13. Synthesis of core-shell Pd/MSS@ZIF-8 composite [78]. 

 

 

Scheme 1.14. The degradation path way of phenol using Pt/ZIF-8 loaded TiO2 nanotube 

[79]. 

 

ZIF-8 was grown on Ag nanowires to synthesize Ag@ZIF-8 heterostructure nanowires 

for the biological application [80]. The pre-synthesized Ag nanowires were sonicated with 

imidazole ligand and stirred with zinc metal salt for 2 h at room temperature. Ag@ZIF-8 

heterostructure was investigated for antibacterial activity against Gram-positive (Bacillus 

subtilis) and Gram negative (Escherichia coli BL21) bacteria which exhibits 100% inhibition of 

B. subtilis bacteria with 200 µg/mL after 8 h incubation while 300 µg/mL concentration was 

used for E. coli. 

Tsung et al. have reported the synthesis of yolk-shell nanocrystal@ZIF-8 nanostructures 

using CuO2 as sacrificial template [81]. New strategy has been adopted for the synthesis of Pd 

nanocrystal@ZIF-8 composite wherein yolk-shell nanostructure possess core (Pd), microporous 

shell (ZIF-8) and a cavity in between core-shell which is shown in Fig. 1.8. Nanocrystal@ZIF-

8 nanostructures have been applied as catalysts for the hydrogenation of alkene. Interestingly, 

core (Pd nanocrystal), shell (microporous ZIF-8) and cavity between them provide new 

strategy/tool for efficient and selective heterogeneous catalysis [81]. Fe-ZIF-8 composite has 

been synthesized by doping of Fe(II) in situ synthesis of ZIF-8 and utilized as a sunlight driven 

photocatalyst for the degradation of remadazole deep black (RDB) [82].  

For the first time, Wang et al. [83] have synthesized Ag/AgCl@ZIF-8 composite using 

pre-synthesized ZIF-8 and AgNO3. ZIF-8 (0.1 g) was dispersed into 7 mL of AgNO3 solution 
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(1:6 volume ratio of water and ethanol) and stirred at room temperature. The resultant 

suspension was injected drop wise into 49 mL NaCl solution (10.48 mmol in to 1:6 volume 

ratio of water and ethanol) yielding Ag/AgCl@ZIF-8 composite (Scheme 1.15) which is 

utilized as photocatalyst for the degradation of rhodamine-B under visible light irradiation.  

 

 

Fig. 1.8. (a) SEM and (b, c) TEM images indicate the formation of yolk-shell 

nanocrystal@ZIF-8 nanostructures. (d) schematic illustration of yolk-shell nanostrucutre 

[81]. 

 

 

Scheme 1.15. Schematic illustration of synthesis of Ag/AgCl@ZIF-8 composite [83]. 
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Similarly, Ag/AgCl/ZIF-8 composites have been synthesized and exploited as 

photocatalyst for the degradation of rhodamine-B [84] and acetaminophen [85]. Further, 

Ag@AgCl nanofilm was grown on the ZIF-8 surface [86]. 0.1 g ZIF-8 was dispersed into 

AgNO3 solution and kept on constant stirring and the suspension was irradiated with UV-

visible light for 30 min resulting Ag@AgCl nanofilm/ZIF-8 composite. Ag@AgCl 

nanofilm/ZIF-8 composite was employed as visible light driven photocatalyst for the 

degradation of methylene blue. 

 

Table 1.2. Metal nanoparticles encapsulated ZIF-8 and their applications [73-86]. 

S.N. Materials Encapsulated 

Nanoparticle 

Application Ref. 

1 Ni@ZIF-8 Ni Nanoparticle Hydrolysis of Ammonia borane 73 

2. IrNPs@ZIF-8 IrNPs Hydrogenation of Cyclohexene  74 

3 Au@ZIF-8, 

Pt@ZIF-8,  

T-Pt@ZIF-8,  

Fe3O4/ZIF-8, 

NaYF4/ZIF-8 and 

CdTe/ZIF-8 

Au, Pt, Fe3O4,  

NaYF4 and CdTe 

Catalytic, Magnetic and 

Photoluminescence Studies 

75 

4 Au@ZIF-8 Au  Oxidation of benzyl alcohol 76 

5 Pd/Au@ZIF-8 Pd and Au Liquid Phase Aerobic Alcohol 

Oxidation 

77 

6. Pd/MSS@ZIF-8 Pd/MSS Hydrogenation of Alkenes 78 

7 Pt/ZIF-8/TiO2 Pt and TiO2 Photodegradation of Phenol 79 

8. Ag@ZIF-8 Ag nanowire Anti-bacterial Activity 80 

9.  Nanocrystal@ZIF-8 Pd Hydrogenation of Alkene 81 

10 Fe-ZIF-8 Fe Photodegradation of remadazole 

deep black (RDB) 

82 

11 Ag/AgCl/ZIF-8 Ag/AgCl Photodegradation of rhodamine-

B (RB) and acetaminophen 

83-85 

 

12 Ag@AgCl 

nanofilm/ZIF-8 

Ag@AgCl nanofilm Photodegradation of methylene 

blue (MB) 

86 
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1.2.3. Metal Oxides Nanoparticles Encapsulated Zeolitic Imidazole Framework-8: 

MOxNPs@ZIF-8 

Some metal oxides viz., ZnO, Fe3O4, SnO2, and TiO2 have also been encapsulated 

within zeolitic imidazole framework for various applications as compiled in Table 1.3. For the 

first time, Quantum confined ZnO nanoparticles were stabilized within ZIF-8 [87]. ZnO@ZIF-

8 was synthesized using “chemical vapor deposition infiltration” method followed by 

oxidative annealing, and the composite was utilized for the CO2 adsorption. In addition, ZIF-8 

has been grown on the surface of ZnO nanorod and obtained the core-shell ZnO@ZIF-8 

heterostructures wherein ZnO nanorod acts as core material and ZIF-8 acts as shell material 

[88]. ZnO@ZIF-8 heterostructure has been synthesized by hydrothermal synthesis method 

wherein ZnO used as template also provides Zn
2+

 ion for the synthesis of ZIF-8 as illustrated in 

Scheme 1.16. The synthesized ZnO@ZIF-8 heterostructure has been analyzed for photocurrent 

response toward H2O2 in the presence of serous buffer.  

 

 

Scheme 1.16. Synthesis of core-shell ZnO@ZIF-8 heterostructure [88]. 

 

Wee et al. have reported the synthesis of ZnO nanorod@ZIF-8 composite which is used 

as a photocatalyst for the photocatalytic degradation of methylene blue under UV light 

irradiation [89]. Similarly, core-shell ZnO@ZIF-8 nanospheres were synthesized by using ZnO 

as self-template and utilized for the photocatalytic degradation of methylene blue under UV 

light irradiation [90].   

Wang et al. have reported the rapid construction of ZnO@ZIF-8 heterostructures [91]. 

ZnO colloidal spheres were employed as template and Zn
2+

 source for the synthesis of ZIF-8, 
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and ZnO@ZIF-8 heterostructures were utilized for size selective reduction of Cr(VI) and 

methylene blue as shown in Scheme 1.17.   

Recently, Luo et al. have reported the synthesis of ZnO/ZIF-8 hybrid material using 

AgNO3 [92]. The synthesized ZnO/ZIF-8 hybrid material has been employed as catalyst for the 

degradation of rhodamine-B under UV light (300 Watt UV lamp at λ = 400 nm). ZnO nano rod 

was recently induced by AgNO3 and embedded on the ZIF-8 surface. Further, synthesized 

ZnO@ZIF-8 material has been evaluated as antimicrobial catheters [93]. 

 

 

Scheme 1.17. Schematic illustration of synthesis and photocatalysis of ZnO@ZIF-8 [91].  

 

PSS (Poly styrenesulfonate sodium sulphate) modified Fe3O4 microsphere has been 

encapsulated successfully within ZIF-8 matrix by stirring of starting materials (Fe3O4 

microsphere, 2-methyleimidazole and zinc nitrate hexahydrate) at 323 K for 3 h [94] while Gei 

et al. reported the aqueous synthesis of Fe3O4@ZIF-8 composite at ambient temperature [95] 

which was exploited for the Knoevenagel condensation reaction. Fe3O4@ZIF-8 composite can 

be separated very easily and reused for several cycles on account of its magnetic behaviour. 

Further, core-shell Fe3O4@ZIF-8 heterostructure was synthesized by encapsulation of Fe3O4 

without any modification and was utilized as an efficient adsorbent for the methylene blue [96], 

selective separation of UO2
2+

/Ln
3+

 [97] and As(III) removal from water [98]. 

For the first time, Tang et al. have synthesized SnO2 quantum dot@ZIF-8 and explored 

its electrochemical performance [99]. The specific capacitance (SC) of synthesized SnO2 
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quantum dot@ZIF-8 composite has been examined and compared with ZIF-8 and bare SnO2 

quantum dot. The SnO2 quantum dot@ZIF-8 composite was observed to exhibit higher SC 

value i.e. 931 F g
-1

 while ZIF-8 and SnO2 quantum dot exhibited 99 and 241 F g
-1

 at 5 mV scan 

rate.  

Lei et al. have reported the synthesis of a novel catalyst NiO-PTA/ZIF-8 using NiO, 

phosphotunastic acid (PTA) and ZIF-8 by impregnation method which is shown in Scheme 

1.18 [100]. The synthesized NiO-PTA/ZIF-8 catalyst was observed to exhibit the selectivity of 

C15-C18 hydrocarbon ca. 67.31% for hydrocracking of Jatropha oil, and was also compared 

with NiO-PTA/Al2O3 catalyst, it has been observed that the efficiency of NiO-PTA/ZIF-8 

catalyst was found to be 10 times better as compared to NiO-PTA/Al2O3 due to its huge surface 

area [100]. 

 

 

Scheme 1.18. Synthesis of NiO-PTA/ZIF-8 catalyst by impregnation method [100]. 

 

ZIF-8 was successfully decorated on TiO2 nanofibers without any surfactant (Scheme 

1.19) using sonochemical method [101] and TiO2/ZIF-8 nanofibers were exploited for the 

photocatalytic application which was found to be better photocatalyst for the degradation of 

Rhodamine-B as compared to commercial P25. Additionally, TiO2/ZIF-8 hybrid material has 

been synthesized by deposition on the surface of mesoporous TiO2 nanobeads of ZIF-8 nano 

sized material [102]. Further, TiO2/ZIF-8 hybrid has been used for the photocatalytic reduction 
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of Cr(VI) and it was found to exhibit an enhanced photocatalytic activity as compared to 

pristine TiO2 bead. Very recently, ZIF-8 has been decorated hollow TiO2 nanosphere and 

synthesized double–shell TiO2@ZIF-8 nanospheres by using “sonocrystallization” method 

which has been utilized for the hydrogen evaluation [103]. 

 

 

Scheme 1.19. Synthesis of TiO2/ZIF-8 nanofibers via sonochemical method [101]. 

 

Li et al. have reported the sol-gel synthesis of TiO2@ZIF-8 composite [104]. Pre-

synthesized ZIF-8 (10 mg in 5 mL methanol) were dispersed in 4 mL Ti(OBu)4 and obtained 

sol-gel hydrolyzed by acetic acid. Titanium sol-gel/ZIF-8 was aged for 24 h after that the 

resultant powder was calcined at 300 °C for 3 h. Synthesized TiO2@ZIF-8 composite was 

applied for the removal of As(III) toxicity from water. 
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Table 1.3. Metal oxides encapsulated ZIF-8 and their applications [87-104]. 

S.N. Materials Encapsulated 

Materials 

Application Ref. 

1. ZnO@ZIF-8 ZnO nanopaticle CO2 Adsorption  87 

2 ZnO@ZIF-8 ZnO nanorod 

 

Photoelectrochemical 

Response  

88 

3. ZnO nanorod@ZIF-8 ZnO nanorod 

 

Degradation of methylene 

blue  

89 

4 ZnO@ZIF-8 

nanospheres 

ZnO nanospheres  Degradation of methylene 

blue  

90 

5 ZnO@ZIF-8 

heterostructures 

ZnO colliodal Reduction of Cr(VI) and 

methylene blue 

91 

6 ZnO/ZIF-8 hybrid ZnO nanopaticle 

 

Degradation of Rhodamine-

B 

92 

7 ZnO@ZIF-8 ZnO nanorod 

 

Antimicrobial properties 93 

8. Fe3O4@ZIF-8 Fe3O4 Microspheres Knoevenagel condensation 94,9

5  

9 Core-shell 

Fe3O4@ZIF-8 

Fe3O4 nanopaticle 

 

Adsorption of Methylene 

blue 

96 

10. Core-shell 

Fe3O4@ZIF-8  

Fe3O4 nanopaticle 

 

Separation of UO2
2+

/Ln
3+

 

and As(III) removal  

97,9

8  

11. SnO2quantum 

dots@ZIF-8 

SnO2 quantum dots Supercapacitors 99  

12. NiO-PTA/ZIF-8 NiO-PTA  Hydrocracking of Jatropha 

oil. 

100 

13. TiO2@ZIF-8 TiO2 nanofibers Degradation of Rhodamine-

B 

101 

14. TiO2/ZIF-8 TiO2 bead Reduction of Cr(VI) 102 

15. Double-shell 

TiO2@ZIF-8 

TiO2 hallow sphere Hydrogen evaluation 103 

16. TiO2@ZIF-8 TiO2 As(III) removal 104 
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1.2.4. Molecules Encapsulated Zeolitic Imidazole Framework-8: Molecules@ZIF-8 

The molecule or drug encapsulated ZIF-8 composite materials have been scarcely 

reported so far. One step encapsulation of caffeine in situ synthesis of ZIF-8 has been reported 

by Coronas et al. [105]. ZIF-8 has been demonstrated as a good host and loaded ca. 28 wt% of 

caffeine. Further, control release of guest molecule has also been discussed and it has been 

found to be ca. 27 days for 100% release out of caffeine molecule form the host material (ZIF-

8). Tan et al. has reported polymer-MOF nanocomposite [106]. Polyurethane (PU) polymer has 

been fabricated with ZIF-8 for the studies of thermo-mechanical and viscoelastic properties of 

polymer materials.   

ZIF-8 has been demonstrated as good carrier of biomolecules. Recently, carbohydrates 

(CHs) have been encapsulated within ZIF-8 for biomimetic mineralization [107]. The 

functional groups of carbohydrate (COO-) help in encapsulation within ZIF-8 due to coulombic 

attraction of Zn
2+

 and functional groups. CHs@ZIF-8 has been synthesized by addition of 

aqueous solution of carbohydrates into aqueous solution of 2-methyleimidazole (2-mIM; 160 

mM) and zinc acetate (40 mmol) at ambient temperature (Scheme 1.20). Further, 100% control 

encapsulation and release of molecule have been investigated by chelation of fluorescein 

isothiocynate (FITC) tagged carboxymethyl dextran and ethyelendiaminetetraacetic acid 

(EDTA). 

 

 

Scheme 1.20. Schematic illustration of synthesis of CHs@ZIF-8 [107]. 
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Highly biocampatible, biodegradable and natural chemotherapeutic agent, for instance, 

Curcumin has been succesfully loaded within nano-sized ZIF-8 and CCM@ZIF-8 composites 

have been applied for the treatment of cervical cancer against human epithelial carcinoma cell 

(HeLa cells line) [108] as shown in Scheme 1.21. CCM@ZIF-8 composites seem to have a 

very good efficiency (ca. 88.2%), stabilty and rapid drug release at target (tumor cell) in acidic 

environment. Nano-sized ZIF-8 carriers promote the uptake of curcumin as ensured by the 

confocal laser scanning microscopy and cytotoxity experimets. 

 

 

Scheme 1.21. Schematic illustration of synthesis of CCM@ZIF-8 and its application in 

vitro bioimaging and in vivo anticancer therapy [108]. 

 

Das et al. have reported the encapsulation of polyoxometalate (POM) within zeolitic 

imidazole framework matrix [109]. A keggin type of POM such as K6[CoW12O40] has been 

encapsulated within ZIF-8 and applied for the water oxidation at neatral pH. Efficiency of 

POM@ZIF-8 composite for water oxidation has been determined by O2 evolved in a costant-

current coulometry observation which is found to be 95.7%. Turnover frquency (12.5 s
-1

) has 

also been evaluated which also supports the robust efficiency of POM@ZIF-8 composite for 

water oxidation. 

 



Chapter One 

Introduction 

 

29 
 

Table 1.4. Molecules encapsulated ZIF-8 and their probable applications [105-109]. 

S.N. Materials Encapsulated molecule Application Ref. 

1 Caffeine@ZIF-8 Caffeine Drug delivery 105 

2. Polymer-MOF 

nanocomposite 

Polyurethane (PU) Thermo-mechanical and 

viscoelastic properties  

106 

3. CHs@ZIF-8 Carbohydrates (CHs)  Biomimetic mineralization 107 

4. CCM@ZIF-8 Curcumin (CCM) Treatment for cervical cancer 108 

5. POM@ZIF-8 Polyoxometalate  (POM) Water oxidation  109 

 

1.3. FORMULATION OF PROBLEM 

A careful inspection of the available literature survey implies that following imperative 

points need to be discussed.  

 

 TiO2 nanoparticles or nanowires have been fabricated successfully within ZIF-8 and 

applied for various applications such as Cr(VI) reduction, removal of As(III), hydrogen 

evaluation and photocatalytic degradation of rhodamine-B but not explored for 

degradation of other dyes. 

 SnO2 quantum dots have been encapsulated within ZIF-8 (SnO2quantum dots@ZIF-8) 

and employed for the electrochemical performance but SnO2 nanoparticles were not 

encapsulated within ZIF-8 matrix so far. Further, the application of SnO2@ZIF-8 as 

photocatalyst has not been reported. Moreover, SnO2quantum dots@ZIF-8 or 

SnO2NPs@ZIF-8 may be anticipated role as anti-viral, anti-bacterial, anti-fungal and 

photocatalysts, etc. 

 Metal nanoparticles and metal oxides nanoparticles have been fabricated within ZIF-8 

via sophisticated and high energy involving synthesis methods but the easily 

executable/sustainable methods are not reported though out the literature review. 

 Ag/AgCl/ZIF-8 nanocomposite and Ag@AgCl/Ag nanofilm/ZIF-8 have been employed 

for the photocatalytic degradation of rhodamine-B, acetaminophen and methylene blue, 

respectively, but bare Ag nanoparticles (NPs) encapsulated ZIFs composites have not 

been reported for the photocatalytic degradation of organic dyes. AgNPs allows the 

extension of light absorption of wide band gap ZIFs due to Surface Plasmon Resonance 

and enhanced the photo conversion yield. 
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 Metal oxides (MOx) nanoparticles encapsulated ZIF-8 (MOx@ZIF-8) composites have 

not been explored for the biological applications such as anti-bacterial, anti-viral and 

anti-fungal activity so far.  

 Mixed metal oxides nanoparticles such as ZnO-SnO2, ZnO-TiO2, ZnO-Fe3O4, TiO-

SnO2 and TiO2-Fe3O4 nanocomposite encapsulated ZIF-8 composite materials have not 

been synthesized so far. 

 

1.4. ORGANIZATION OF WORK 

 The present work is organized in order to achieve the desired objectives which are 

incorporated in the following chapters of thesis.  

 

 Multi-core-shell TiO2NPs@ZIF-8 composites have been synthesized by in situ 

encapsulation of TiO2NPs within ZIF-8 matrix at room temperature and studied the 

adsorption and photodegradation of methylene blue and rhodamine-B by considering 

the various factors such as dosing amount of TiO2NPs, amount of catalysts, pH and 

concentration of dye solutions. 

 SnO2NPs, ZIF-8 and multi-core-shell SnO2NPs@ZIF-8 composites have been 

synthesized by sustainable method at room temperature and utilized as photocatalyst for 

the photodegradation of methylene blue. Further, SnO2NPs, ZIF-8 and SnO2NPs@ZIF-

8 composites were analyzed for anti-viral activity against Chikungunya virus. 

 Novel metal nanoparticles, for instance, AgNPs have been synthesized and 

encapsulated within ZIF-11 through different reaction conditions and optimized the best 

reaction condition. The photodegradation of methylene blue and reduction of 4-

nitrophenol were studied using AgNPs@ZIF-11 composite. Similarly, AgNPs@ZIF-8 

has also been synthesized by a sustainable method and used as photocatalyst for the 

photodegradation of methylene blue and congo red. 

 Mixed metal oxides such as ZnO-SnO2 nanocomposites have been synthesized using 

different molar ratio of Zn and Sn (1:1, 2:8, 4:6, 6:4 and 8:2) by employing sol-gel and 

grinding method. The synthesized ZnO-SnO2 nanocomposites were optimized as an 

efficient photocatalyst for degradation of methylene blue. For the first time, ZnO-SnO2 

nanocomposite has been encapsulated within ZIF-8 and resulting ZnO-SnO2@ZIF-8 

composites exhibit enhanced photocatalytic activity. 

 



Chapter One 

Introduction 

 

31 
 

1.5.  REFERENCES 

(1) (a) Martínez-Huitle, C. A.; Brillas, E. Decontamination of Wastewaters Containing 

Synthetic Organic Dyes by Electrochemical Methods: A General Review. Appl. Catal. 

B: Environ. 2009, 87 (3-4), 105-145. (b) Xie, Y.; Chen, F.; He, J.; Zhao, J.; Wang, H. 

Photoassisted Degradation of Dyes in the Presence of Fe
3+

 and H2O2 Under Visible 

Irradiation. J. Photochem. Photobiol. A-Chem. 2000, 136 (3), 235-240. 

(2)  (a) Chen, K. C.; Wu, J. Y.; Liou, D. J.; Hwang, S. C. J. Decolorization of the Textile 

Dyes by Newly Isolated Bacterial Strains. J. Biotechnol. 2003, 101 (1), 57-68. (b) 

Stock, N. L.; Peller, J.; Vinodgopal, K.; Kamat, P. V. Combinative Sonolysis and 

Photocatalysis for Textile Dye Degradation. Environ.  Sci. Technol. 2000, 34 (9), 1747-

1750. 

(3)  Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Environmental 

Applications of Semiconductor Photocatalysis. Chem. Rev. 1995, 95, 69-96. 

(4) Dambournet, D.; Belharouak, I.; Amine, K. Tailored Preparation Methods of TiO2 

Anatase, Rutile, Brookite: Mechanism of Formation and Electrochemical Properties. 

Chem. Mater. 2010, 22, 1173-1179. 

(5) Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.; Horiuchi, Y.; Anpo, M.; 

Bahnemann, D. W. Understanding TiO2 Photocatalysis: Mechanisms and Materials. 

Chem. Rev. 2014, 114, 9919-9986. 

(6) Shi, L.; Lin, H. Preparation of Band Gap Tunable SnO2 Nanotubes and Their Ethanol 

Sensing Properties. Langmuir 2011, 27, 3977-3981. 

(7)  Kim, S. P.; Choi, M. Y.; Choi, H. C. Photocatalytic Activity of SnO2 Nanoparticles in 

Methylene Blue Degradation. Mater. Res. Bull. 2016, 74, 85-89. 

(8) Erdem, I.; Kart, H. H.; Cagin, T. High Pressure Phase Transitions in SnO2 Polymorphs 

by First-principles Calculations. J. Alloys Comp. 2014, 587, 638-645. 

(9) Das, P. K.; Chowdhury, A.; Mandal, N.; Arya, A. First-principles Characterization of 

the Pressure-dependent Elastic Anisotropy of SnO2 Polymorphs. Philos. Mag. 2016, 96 

(18), 1861-1882. 

(10) Fu, Y. Q.; Luo, J. K.; Du, X. Y.; Flewitt, A. J.: Li, Y.; Markx, G. H.; Walton, A. J.;  

Milne, W. I. Recent Developments on ZnO Films for Acoustic Wave Based Bio-

Sensing and Microfluidic Applications: A Review. Sens. Actuator B 2010, 143, 606-

619. 



Chapter One 

Introduction 

 

32 
 

(11) Ma, H.; Williams, P. L.; Diamond, S. A. Ecotoxicity of Manufactured ZnO 

Nanoparticles-A Review. Environ. Pollut. 2013, 172, 76-85. 

(12) Raj, S.; Kumar, S.; Srivastava, S. K.; Kar, P.; Roy, P. Deposition of Tin Oxide Thin 

Films by Successive Ionic Layer Adsorption Reaction Method and Its Characterization. 

J. Nanosci. Nanotechnol. 2018, 18, 2569-2575. 

(13) Shankar, R.; Singla, N.; Asija, M.; Kociok-Köhn, G.; Molloy, K. C. Synthesis and 
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2.1. MATERIALS 

2.1.1. Metal Salts  

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, 98% Merck), zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O, 98% Merck), anhydrous zinc chloride (ZnCl2, 98% Merck), tin tetrachloride 

pentahydrate (SnCl4.5H2O, 98% Sigma), silver nitrate (AgNO3, Extra pure  Merck) and 

potassium chloride (KCl, Rankem) were used without further purification.  

 

2.1.2. Ligands  

2-Methylimidazole (C4H6N2, 99% Sigma Aldrich) and benzimidazole (C7H6N2, 98% 

Sigma Aldrich) were used as ligands for the synthesis of zeolitic imidazole frameworks. 

 

2.1.3. Solvents and other Chemicals 

The organic solvents of AR grade viz., methanol (CH3OH, Rankem), acetone 

((CH₃)₂CO, Merck), toluene (C7H8, Merck), chloroform (CHCl3, Qualigens), 

dichloromethane (CH2Cl2, Merck) and ethanol (C2H5OH, Emsure Merck) were used as 

received. Ammonia solution (NH4OH, 25% Merck), potassium hydroxide (KOH, Rankem), 

sodium hydroxide (NaOH, Rankem), trisodium citrate dihydrate 

(HOC(COONa)(CH2COONa)2.2H2O, 99% Hi-Media), methylene blue (C16H18ClN3S.xH2O, 

Sigma Aldrich), rhodamine-B (C28H31ClN2O3, Sigma Aldrich), congo red (C32H22N6Na2O6S2, 

Merck),  terephthalic acid (C8H6O4, 98% Himedia), 4-nitrophenol (C6H5NO3, Sigma Aldrich), 

sodium borohydride (NaBH4, Merck), barium sulphate (BaSO4, Himedia) 

ethylenediaminetetraacetic acid (EDTA) (C10H16N2O8, Merck), p-benzoquinone (BQ) 

(C6H4O2, 98% LOBA Chem) and t-butyl alcohol (t-BuOH) ((CH₃)₃COH, 99.5% Merck) were 

also used as received. 

 

2.2. TECHNIQUES 

Zeolitic Imidazole Frameworks (ZIFs), nanoparticles (NPs) and their NPs@ZIFs 

composites were characterized by employing various sophisticated instrumental techniques, 

viz., Powder X-ray Diffraction (PXRD), X-ray Photoelectron Spectroscopy (XPS), Field 

Emission Scanning Electron Microscopy (FE-SEM), High Resolution Transmission Electron 

Microscopy (HR-TEM) and Thermal Gravimetric Analysis (TGA) available at Institute 

Instrumentation Center (IIC), Indian Institute of Technology (IIT) Roorkee, India, and 

others (Fourier Transform Infra-red spectroscopy (FT-IR), Ultra-violet Diffuse Reflectance 
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Spectroscopy (UV-DRS), Gas Chromatograph equipped with Mass Spectroscopy (GC-MS), 

Brunauer-Emmett-Teller (BET) surface area analyzer, Zeta Potential, Fluorescence and UV-

visible absorbance Spectroscopy) available at the Department of Chemistry, IIT Roorkee, 

India, as described below. 

 

2.2.1. Powder X-ray Diffraction (PXRD) Analysis 

PXRD pattern of synthesized materials were recorded on a Bruker D8 Advance with 

Cu-Kα (λmax=1.54056 Å) between 2θ values of 5° and 100° with a typical goniometer speed of 

1° per minute.  

 

2.2.2. Fourier Transform Infra-red Spectroscopy (FT-IR) 

FT-IR spectra were recorded in the range of 400 to 4000 cm
-1

 on a FT-IR Nicolet 6700 

Nexus spectrometer using KBr pellets. The pellets were prepared by mixing of KBr with the 

samples using manual hydraulic press machine. 

 

2.2.3. Field Emission Scanning Electron Microscopy (FE-SEM) 

The samples were prepared by sonicating a very small amount of materials in ethanol 

for 1 h. The prepared suspension of materials was taken (ca. 20 µL) on a well cleaned glass 

slide. The glass slide was dried in vacuum for 30 min at 50°C. The FE-SEM analysis of the thin 

layer coated of the materials was analyzed on FEI-QUANTA 200F (resolution < 2 nm, 

magnification: 12X-1000kX) and Carl Zeiss Ultra Plus (resolution up to 0.8 nm, magnification: 

12- 100,000X (SE); 100-100,000X (BSE)) equipped with energy dispersive X-ray (EDX) 

analysis.  

 

2.2.4. High Resolution Transmission Electron Microscopy (HR-TEM) 

TEM analysis was carried out on a FEI TECNAI G2 electron microscope operating at 

200 kV an acceleration voltage, at the IIC, IIT Roorkee, India, while high resolution TEM 

analysis was accomplished on JEM 3200FS electron microscope equipped with a field emission 

gun of 300 kV accelerating voltage, at the Department of Metallurgical and Materials 

Engineering, IIT Roorkee, India. A very small amount of sample was taken in ethanol and 

sonicated for 30 min for better dispersion. A couple of drops of this suspension are placed on a 

TEM grid, which is a copper grid coated with a layer of amorphous carbon. The grid is dried 

and used for TEM analysis. 
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2.2.5. Brunauer-Emmett-Teller (BET) Surface Area Analyzer 

The BET (Brunauer-Emmett-Teller) surface area of the samples was analyzed by 

“Quantachrome Nova Station A” instrument at 77 K using liquid N2 as the coolant. The BET 

adsorption/desorption isotherms of samples were also used to determine their surface areas. 

 

2.2.6. Ultra-violet Diffuse Reflectance Spectroscopy (UV-DRS) Analysis 

The UV-DRS analysis was performed on a Shimadzu UV-2450 UV-visible 

spectrophotometer in the range of 200-800 nm (λ) with powder samples. The barium sulphate 

(BaSO4) was employed as the reference throughout the UV-DRS analysis of all samples. 

 

2.2.7. X-ray Photoelectron Spectroscopy (XPS) Analysis 

The surface composition of synthesized materials was examined by XPS analysis with 

the help of PHI5000 Versa Probe-III spectrometer (Physical Electronic) using Al Kα radiation 

(1486.6 eV). 

 

2.2.8. Thermal Analysis 

The thermal behavior of synthesized materials was studied on a Perkin Elmer Pyris 

Diamond TGA/DTA 6300 Instrument.
 
The sample ca. 5-10 mg were taken for each analysis 

under air/N2 atmosphere with the flow rate of 200 mL per min, in the temperature range of 10 

°
C to 1000 

°
C with a temperature rate at 10 

°
C per minute.  

 

2.2.9. Zeta Potential Analysis 

 Zeta potential analysis was performed on Malvern Zeta Sizer (Model No. ZEN3690).  

The samples were prepared in deionized water (DI H2O). 1 mg of each sample was dispersed in 

3 mL DI H2O and sonicated for 30 min before the analysis.  

 

2.2.10. UV-visible Absorbance Spectroscopy 

For the adsorption, photocatalytic degradation of dye and scavenger analysis, the 

absorbance spectra were recorded on a Shimadzu 2450 UV-visible spectrophotometer in a 

quartz cell (1 mL) having 1 cm path length, in the range of 200 nm to 800 nm. 
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2.2.11. Gas Chromatograph Equipped with Mass Spectroscopy (GC-MS) 

For the analysis of small fragments of degraded dye or intermediates of dye molecules 

were analyzed on GC-MS Perkin-Elmer instrument (Model Clarus500) equipped with TR-5MS 

capillary column (30 m × 0.25 mm × 0.25 µm) by injecting of 5 µL of samples with the help of 

micro syringe. 

 

2.2.12. Fluorescence Spectrophotometric Analysis 

Fluorescence spectra were recorded in a quartz cell of 1 cm path length on Horiba 

Scientific Fluoromax-4 fluorescence spectrophotometer (200-800 nm) equipped with Xenon 

lamp. 

 

2.3. Adsorption and Photodegradation Studies 

To investigate the adsorption and photodegradation of dye, identical glass capped tubes 

preferably of 50 mL were taken which are transparent to UV-visible ray and having no marks 

on its wall. Four sets of test tubes having following compositions were prepared for the 

adsorption/photodegradation studies. 

1. 20 mL of 0.5 × 10
−5

 M dye solution. 

2. 20 mL of 0.5 × 10
−5

 M dye solution and 10 mg of MOFs materials (ZIF-8/ZIF-11). 

3. 20 mL of 0.5 × 10
−5

 M dye solution and 10 mg of composite materials (TiO2NPs@ZIF-

8/SnO2NPsZIF-8/AgNPs@ZIF-8/AgNPs@ZIF-11/ZnO-SnO2@ZIF-8). 

4. 20 mL of 0.5 × 10
−5

 M dye solution and equivalent amount of nanoparticles 

(TiO2/SnO2/AgNPs/ZnO-SnO2) present in 10 mg of composites materials. 

 

The dye solutions were prepared in de-ionized water (DI H2O). For the adsorption 

study, dye solutions were sonicated for 30 min and kept under dark for 2 h. After the 

centrifugation, the UV-visible absorbance spectra were recorded at certain time interval. 

Further, photo degradation was investigated under UV-visible irradiation as the energy source 

(50 W halogen lamp) for 2 h.  Before exposure to the UV-visible irradiation each solution was 

sonicated under dark for 30 min for maintaining the adsorption-desorption equilibrium. Further, 

UV-visible absorbance spectrum of each solution was recorded in the same time interval.  
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3.1. INTRODUCTION  

In the recent years, several metal oxides nanoparticles (NPs) (e.g., ZnO, Fe2O3, TiO2, 

etc.) have been extensively used for their photocatalytic degradation and among them, TiO2NPs 

were observed to be more efficient and safe because of its low toxicity, remarkable band gap 

(ca. 3.35 eV) and a very low production cost [1-3].
  
Interestingly, the natural efficiency of NPs 

was found to be remarkably enhanced upon their immobilization into porous materials such as 

zeolite.  

Recently, a myriad number of methods including the utilization of TiO2NPs for 

photocatalysis either with coating agents or encapsulation of TiO2NPs within zeolites have 

been extensively tried so far. However, many of them possess certain limitations, e.g. coating 

of TiO2NPs eventually leads to a partial loss of activity ascribed to its inaccessibility to 

dissolved organic dyes, and encapsulation of TiO2NPs in zeolites invariably attain stability 

problems [4-7]. In order to achieve effective inorganic immobilization and encapsulation of 

TiO2NPs into the porous materials, ZIF-8 was chosen to encapsulate TiO2NPs. TiO2NPs having 

less-toxicity and high thermal stability are chosen for encapsulation as core within ZIF-8 cavity 

[8, 4]. Out of three phases (rutile, brookite and anatase), anatase TiO2NPs exhibits good 

photocatalytic activity [9, 10]. Thus, it is envisioned to synthesize a core-shell based composite 

material employing semiconducting TiO2NPs in macromolecular frameworks such as ZIF-8 for 

photodegradation of organic dyes.  

This chapter enumerates the synthesis of ZIF-8 and its respective multi-core-shell 

TiO2NPs@ZIF-8 composites obtained by encapsulation of 150 µL, 300 µL and 500 µL 

suspensions of TiO2NPs in methanol, and detailed characterization by employing various 

spectroscopic and analytical techniques. The detailed study of various parameters on adsorption 

and photocatalytic activity of composites such as pH, initial concentration of dye, loading 

amount of TiO2NPs and the amount of photocatalyst has been included. The proposed plausible 

mechanisms for photodegradation have also been discussed. 

 

3.2. EXPERIMENTAL SECTION 

3.2.1. Synthesis of ZIF-8  

Zeolitic imidazole framework-8 was synthesized by employing bench method. 

Anhydrous ZnCl2 (0.341 g; 2.5 mmol in 20 mL methanol) and 2-methylimidazole (1.642 g; 20 

mmol in 25 mL methanol) solutions were prepared separately and mixed slowly by maintaining 
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the interface undisturbed as much as possible in a small reaction vial at room temperature (ca. 

22 °C), and kept for 24 h. After mixing the both solutions, turbidity persists within 5-30 min 

which continued to increase. After 24 h, reaction mixture was centrifuged and properly washed 

several times with methanol, and the desired product so obtained was vacuum dried at 70
 
°C for 

6 h, and was stored in desiccator for further study. 

 

3.2.2. Synthesis of TiO2NPs@ZIF-8 Composites 

TiO2NPs@ZIF-8 composites were prepared in situ by encapsulation of 150 µL 

suspension of TiO2NPs during the synthesis of ZIF-8 which is vividly illustrated in Scheme 3.1. 

20 mg TiO2NPs were sonicated in 10 mL of methanol for 1 h, and 150 µL of this suspension 

was dropwise added into the reaction mixture of ZIF-8 at certain time intervals in smaller 

volume. The solution became turbid instantly. After keeping the reaction mixture undisturbed 

for 24 h, the solution was centrifuged and washed with methanol several times.  After complete 

washing the composite was kept for vacuum drying at 70 °C
 
for 6 h. At last the composite was 

collected and stored in desiccator for further study. Similar procedure was adopted for the 

encapsulation of different amounts of TiO2NPs using 300 µL and 500 µL suspension of 

TiO2NPs. 

 

 

Scheme 3.1. Schematic representation of synthesis of TiO2NPs@ZIF-8 composite by in 

situ incorporation of TiO2NPs.  

 

3.2.3. Adsorption and Photodegradation Studies 

To study the adsorption and photodegradation of methylene blue/rhodamine-B (20 mL; 

0.5 × 10
-5

 M), 10 mg of ZIF-8 or TiO2NPs@ZIF-8 composite was added to the dye solution 

and first kept in dark for 1 h for adsorption study, then exposed to constant UV-visible 

radiations emitted from a halogen lamp of 50 W under room temperature (after sonication for 

30 min in dark in order to stabilize the adsorption-desorption equilibrium). During 

photodegradation reaction, the stirring was continued to keep the catalyst in suspension. At 
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regular intervals, a small aliquot of solution was analyzed spectrophotometrically. The amount 

of dye remaining in the solution was calculated from the absorbance at 663 and 553 nm for MB 

and RB, respectively. To investigate the effects of various parameters such as encapsulation 

amount of TiO2NPs suspension, photcatalyst’s amount, initial pH, and initial concentration of 

dye, only one parameter was varied at a time in the experiments while keeping others constant. 

%Photodegradation of dye and adsorption capacity (qt)) were calculated using equations (3.1) 

and (3.2), and %dye removal is also calculated using Eq. (3.1).  

 

%Photodegradation = [(Co ‒ Ct) ÷ Co] × 100                     (Eq. 3.1) 

Adsorption Capacity (qt) = [(Co ‒ Ct) × V] ÷ (m × 1000)        (Eq. 3.2) 

 

Where Co and Ct = concentrations of dye (mg L
-1

) at initial and given time ‘t’, V = volume of 

dye solution (mL) and m = weight of photocatalyst (g), qt = amount of adsorption (in mg g
-1

).  

 

3.2.4. Fluorescence Studies 

Hydroxyl radicals (
•
OH) are the crucial active species during photocatalytic process

 
[11] 

and its high generation rate usually results in rapid degradation of dyes in short reaction time. 

Terephthalic acid traps 
•
OH effectively and selectively yielding 2-hydroxy terephthalic acid 

(yield 35%), which emits fluorescence at 425 nm when excited at 315 nm. The yield of 
•
OH 

can be quantified by fluorescence spectroscopic measurements of the generated 2-hydroxy 

terephthalic acid
 
[12].

 
Therefore, 

•
OH mediated by photocatalysts was detected by fluorescence 

method using terephthalic acid as a probe molecule [13].
 
Similar photocatalytic experimental 

procedures were adopted except the aqueous solution of MB or RB was replaced by an aqueous 

solution of 0.5 mM terephthalic acid and 2 mM NaOH. A small aliquot was extracted every 20 

min, and fluorescence spectra were recorded at 315 nm of excitation wavelength. 

 

3.3. RESULTS AND DISCUSSION  

Multi-core-shell composites TiO2NPs@ZIF-8 were synthesized by in situ encapsulation 

of 150, 300 and 500 μL suspension of TiO2NPs in ZIF-8 at room temperature. The yield was 

about 60%. White crystalline solid was stable in air (> 8 months) and chemically also as well. 

All the three composites were characterized by using Powder X-Ray Diffraction (PXRD), Field 

Emission Scanning Electron Microscopy (FE-SEM), High Resolution Transmission Electron 
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Microscopy (HR-TEM), Fourier-Transform Infra-Red Spectroscopy (FT-IR), Zeta potential, 

Ultra-violet Diffuse Reflectance Spectroscopy (UV-DRS) and Spectrofluorometric techniques. 

Since the composite prepared by encapsulating 150 μL suspension of TiO2NPs in ZIF-8 has 

maximum photodegradation efficiency for the studied dyes, therefore, XPS of that composite 

was recorded and described.  

 

3.3.1. PXRD Analysis 

 The crystal structure of the zeolitic imidazole framework (i.e., ZIF-8) and the 

synthesized TiO2NPs@ZIF-8 composites were confirmed by PXRD analysis. Encapsulation of 

TiO2NPs in different amounts in ZIF-8 does not affect PXRD pattern and also the crystalline 

order of ZIF-8 host matrix (Fig. 3.1(a)) ensuring proper encapsulation of TiO2NPs in ZIF-8. 

The characteristic diffractions of TiO2 (Fig. 3.1(b)) are not observed in PXRD of 

TiO2NPs@ZIF-8 composite indicating uniform dispersion of TiO2NPs. Chemical stability of 

ZIF-8 and TiO2NPs@ZIF-8 composite was ensured by PXRD pattern (Fig. 3.1(c)) that’s 

indicates no change in their peak pattern after 8 months. Further, after using ZIF-8 and 

TiO2NPs@ZIF-8 composite for photodegradation of dyes (after 10 cycles), and keeping them 

in aqueous medium for three months, their PXRD patterns remain unchanged with slight 

reduction in intensity of the peaks, which indicate their remarkable chemical stability and 

reusability (Fig. 3.1(d)). 

 

3.3.2 FT-IR Spectroscopic Studies 

FT-IR spectra of ZIF-8 and TiO2NPs@ZIF-8 composite are depicted in Fig. 3.2. Almost 

similar stretching frequencies appear due to characteristics of the imidazole ring [14]. The 

obvious reason of not finding any strong stretching frequencies of Ti−O bond may be because 

of very low concentration of TiO2NPs and its perfect encapsulation without much affect in the 

bonding of ZIF-8 itself. Thus, it did not shift any of the ZIF-8 peaks in notable extent from its 

position. The probable coupling of Ti‒O bond stretching frequency (very weak) with the 

stretching frequencies of ZIF-8 may be assumed to be another important reason behind its non-

existence in the spectrum [15].
 
Further, the bending frequency

 
[16]

 
of Ti‒O bond (very weak) 

at1115 cm
-1

 is clearly observed in TiO2NPs@ZIF-8 composites (1095 cm
-1

) with reduction in 

its intensity as the amount of loading of TiO2NPs is decreased. 
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Fig. 3.1. (a) PXRD pattern of ZIF-8 and TiO2NPs@ZIF-8 composites; (b): PXRD pattern 

of TiO2 NPs Anatase phase; (c) PXRD pattern of ZIF-8 and TiO2NPs@ZIF-8 composite 

after 8 months; (d) PXRD pattern of ZIF-8 (before use and after use) and TiO2NPs@ZIF-

8 composite (used) after photodegradation study.  

 

3.3.3 FE-SEM and HR-TEM Analysis 

A further investigation of the morphology of ZIF-8 and TiO2NPs@ZIF-8 composite 

(prepared by using 150 µL suspensions of TiO2NPs) has been examined by FE-SEM and HR-

TEM. ZIF-8 has hexagonal morphology (Fig. 3.3(a)) and there is no change in morphology of 

ZIF-8 after encapsulation of TiO2NPs as ensured by FE-SEM (Fig. 3.3(b)) and HR-TEM (Fig. 

3.4) images. Encapsulation of TiO2NPs is clearly evidenced as spots in ZIF-8 cages in HR-

TEM images (Fig. 3.4(b-d)) while in the ZIF-8 there is no any such kind of spot. From HR-

TEM images of composite, the size distribution of encapsulated TiO2NPs in ZIF-8 was 

calculated with the help of ImageJ software and the plot of particle size distribution is shown in 
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Fig. 3.5. It has been found that the average particle size of encapsulated TiO2NPs is 9.37 ± 2.35 

nm. The elemental composition of ZIF-8 and three TiO2NPs@ ZIF-8 composites (prepared by 

using 150, 300 and 500 µL suspensions of TiO2NPs) were estimated by using energy dispersive 

X-ray (EDX) analysis. EDX results are given in Table 3.1 and EDX spectrum is shown in Fig. 

3.6. The EDX analysis also ensured the TiO2NPs encapsulation with in ZIF-8 

 

 

Fig. 3.2. FT-IR spectra of TiO2NPs, ZIF-8 and their TiO2NPs@ZIF-8 composites. 

. 

 

Fig. 3.3. FE‒SEM images of (a) ZIF-8 and (b) TiO2NPs@ZIF-8 composite. 
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Table 3.1. Elemental composition of ZIF-8 and its TiO2NPs@ZIF-8 composites. 

S.N. Samples Atomic % 

 C N O Zn Ti 

1. ZIF-8 55.5 37.5 - 6.9 - 

2. TiO2NPs@ZIF-8 (150 µL) 36 17.5 39 5.1 0.04 

3. TiO2NPs@ZIF-8 (300 µL) 43.7 22.4 30 5.0 0.13 

4. TiO2NPs@ZIF-8 (500 µL) 33.2 12.1 49.2 5.2 0.26 

 

 

Fig. 3.4. TEM images of ZIF-8 (a) and TiO2NPs@ZIF-8 composite (b‒d) in increasing 

order of magnification. 
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Fig. 3.5. Particle size distributopn plot of encapsulated TiO2NPs in TiO2NPs@ZIF-8 

composite. 

 

Fig. 3.6. EDX spectrum of TiO2NPs@ZIF-8 composite using 150 µL suspension of 

TiO2NPs. 

 

3.3.4. UV-DRS Studies 

UV-DRS spectra of all three composites prepared by encapsulation of different amounts 

of TiO2NPs in ZIF-8 and that of ZIF-8 and TiO2NPs indicate the flat band structure. The band 
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gaps have been calculated using Tauc method by plotting (αhν)
2
 versus hν and (αhν)

1/2
 versus 

hν for the direct and indirect transitions, respectively [17],
 
and the typical Tauc plots are shown 

in Fig. 3.7. Band gap in all the three synthesized composites is almost similar (3.43-3.44 eV) 

for the direct transitions. Further, the observed band gap (5.16 eV) in ZIF-8 for the direct 

transitions is also in good agreement with the reported value [11].
 
For the direct transitions the 

band gaps of 3.49, 5.25 and 3.43 eV are obtained for TiO2NPs, ZIF-8 and TiO2NPs@ZIF-8 

composite, respectively, while the values of 3.14, 5.14 and 3.09 eV, respectively, are obtained 

for the indirect transitions. This may be attributed to the definite shift in the micro-environment 

of the NPs with in ZIF-8 frameworks. The band gap value in general depends on crystallite 

size, structural parameter, loading amount of NPs, lattice strain and impurities [18].  

  

 

Fig. 3.7. (a, b) Typical Tauc plots of ZIF-8, TiO2NPs and TiO2NPs@ZIF-8 composite by 

direct and indirect method, respectively. (c, d) UV-visible absorbance spectra of ZIF-8, 

TiO2NPs@ZIF-8 composite and TiO2NPs, respectively. 
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3.3.5. BET Surface Area Analysis 

Porosity is unique properties of ZIF-8 and its TiO2NPs@ZIF-8 composite which is 

determined by Brunauer-Emmet-Teller (BET) adsorption studies. It has been observed that a 

lowering of the surface area from ≈ 1357 m
2 

g
‒1

 to 1318 m
2
 g

‒1
 occurs when the nitrogen gas 

adsorption-desorption isotherms of ZIF-8 and TiO2NPs@ZIF-8 composite (prepared by 150 µL 

suspension of TiO2NPs) are compared (Fig. 3.8). This is due to the encapsulation of TiO2NPs 

in ZIF-8 framework which resulted in lowering of accessible voids space for N2 gas adsorption. 

 

 

Fig. 3.8. (a-d) BET adsorption-desorption isotherms and pore size distribution of ZIF-8 

and TiO2NPs@ZIF-8 composite, respectively. 
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3.3.6. XPS Analysis 

XPS analysis of TiO2NPs@ZIF-8 composite (prepared by using 150 μL suspensions of 

TiO2 NPs) indicates the presence of electronic states of constituents and their atomic 

percentages. XPS survey scan of TiO2NPs@ZIF-8 composite is shown in Fig. 3.9(a). The 

extended XPS spectra for  Zn 2p; N 1s, C1s, O1s and Ti 2p are shown in  Fig. 3.9(b-f) and 

binding energy of various electronic states are also tabulated in Table 3.2. Ti 2p XPS peak in 

TiO2NPs@ZIF-8 is less intense, broad and has binding energy 458.6 eV attributed to Ti
+4

 state 

while pure TiO2 shows more intense and narrow peak with binding energy 458.7 eV [19].
 
The 

XPS peaks of metal compounds become broad and weakly intense upon their encapsulation 

[20].
 
The XPS peaks of Zn 2p3/2 and Zn 2p1/2 are very intense and narrow, having binding 

energy 1020.78 eV and 1043.95 eV, respectively, whereas Zn 3s and Zn 3d peaks are less 

intense and narrow, having low binding energy 88.08 and 9.62 eV, respectively. The C 1s, N 1s 

and O 1s XPS peaks correspond to binding energy 283.99, 397.62 and 531.24 eV, respectively.
 

 

Table 3.2. XPS data of Ti
+4

, Zn
+2

 ions and 1s state of C, N and O elements. 

S.N. Elements/Ions  Term/State Binding Energy (eV) FWHM (eV) 

1.  

Ti
+4

 

2p 458.44 0.815 

2. 2s 584.75 2.109 

3. 3p 38.32 0.595 

4. 3s 79.32 0.59 

5.  

Zn
+2

 

2p1/2 1043.95 2.38 

6. 2p3/2 1020.78 2.22 

7. 3s 88.08 3.79 

8. 3d 9.62 2.7 

9. C 1s 283.99 2.797 

10. N 1s 397.62 2.785 

11. O 1s 531.24 0.825 
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Fig. 3.9. (a) Survey XPS spectra of TiO2NPs@ZIF-8 composite. (b-f) Expanded XPS 

spectra of Zn 2p, C 1s, N 1s, O 1s and Ti 2p are shown, respectively. 
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3.3.7. Thermal Analysis 

The thermal gravimetric analysis (TGA) plot of ZIF-8 and its TiO2NPs@ZIF-8 

composites are shown in Fig. 3.10(a-b) under air and nitrogen atmosphere, respectively. By 

thermal gravimetric analysis, the ZIF-8 and TiO2NPs@ZIF-8 composites were found to be 

highly stable up to 250 ºC in aerial and N2 atmosphere. Beyond this temperature the framework 

slowly started to decompose and a flat valley was obtained till ca. 670 ºC.   

 

 

Fig. 3.10. (a, b) TGA analysis of TiO2NPs, ZIF-8 their TiO2NPs@ZIF-8 composites in air 

and N2 atmosphere, respectively.  

 

3.3.8. Adsorption and Photodegradation Studies  

3.3.8.1. Effect of Encapsulation Amount of TiO2NPs 

Effect of different amounts of encapsulation of TiO2NPs in ZIF-8 for the 

photodegradation and adsorption of methylene blue (MB) has been investigated 

spectrophotometrically using all three TiO2NPs@ZIF-8 composites (10 mg) prepared by in situ 

encapsulation of 150, 300 and 500 μL suspension of TiO2NPs in ZIF-8 for MB (1.64 mg L
-1

; 

0.5 × 10
-5

 M) at pH 8.5 and the results (qt and %dye removal for time length: 60 min and % 

photodegradation after 120 min) are given in Table 3.3 and plot between concentration (C/Co) 

vs time is shown in Fig. 3.11. There is not major difference in %photodegradation of MB using 

three different composites, which indicates that the amount of loading of TiO2NPs in ZIF-8 has 

negligible effect on its photodegradation. The small decrease (1-2%) in %photodegradation on 

increasing the loading amount of TiO2NPs may be due to the slight increase in agglomeration 
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of TiO2NPs. At higher TiO2 concentration, the collisional deactivation may also decrease 

degradation rate (TiO2
*
 + TiO2 → TiO2

#
 +TiO2, where TiO2

*
 and TiO2

#
 are activated and 

deactivated species, respectively) [5]. Further, qt remains unchanged up to TiO2 loading amount 

of 300 µL but it significantly decreased in the composite prepared by dosing of 500 µL 

suspension which may also be due to the aggregation of TiO2NPs leading to bigger sized TiO2 

particles and thereby reducing the specific surface area [5]. Further detailed studies of varying 

the amount of photocatalysts, pH and concentration of both the dyes were done by using the 

composite prepared by using 150 µL suspensions of TiO2NPs and are discussed in the next 

subsections. 

 

 

Fig. 3.11. The effect of amount of TiO2NPs encapsulated in ZIF-8 for adsorption and 

photodegradation of [MB] = 1.64 mg L
-1

; pH 8.5; photocatalyst amount 10 mg. 

 

Table 3.3. Effect of amount of TiO2NPs encapsulated in ZIF-8 for adsorption (after 60 

min) and photodegradation (after 120 min) of [MB] (1.64 mg L
-1

); pH 8.5; 10 mg of 

composite. 

S.N. Amount of 

TiO2NPs in 

µL 

Adsorption 

capacity (qt) in 

mg/g 

%Dye 

removal 

%Photodegradation 

1. 150 0.70 21.78 89.37 

2. 300 0.70 21.78 88.75 

3. 500 0.42 13.12 87.50 



 

Chapter Three 

Synthesis and Characterization of ZIF-8 and TiO2NPs@ZIF-8 Composite:  

Potential Photocatalysts for MB and RB Degradation 
 

60 
 

3.3.8.2. Effect of Photocatalyst’s Amount 

The results of effect of photocatalyst’s (ZIF-8 and TiO2NPs@ZIF-8 composite) amount 

for adsorption and photodegradation of MB and RB are given in Table 3.4 and plot between 

concentration (C/Co) vs time is shown in Fig. 3.12(a-b). %Photodegradation of MB (1.64 mg L
-

1
; 0.5 × 10

-5
 M) increased significantly with increasing the amount of both the photocatalysts up 

to 10 mg, and then decreased (17.5% decrease in case of ZIF-8 and 11.25% decrease using 

TiO2NPs@ZIF-8 composite). With increasing the amount of photocatalyst, the number of 

active sites and available adsorption sites increases which results in increase of adsorption. But 

the decrease in %photodegradation with further increase in the amount of photocatalyst could 

be attributed to the particle interaction, such as aggregation and sedimentation, which would 

lead to decrease in total surface area, and more pronounced decrease in case of ZIF-8 may be 

due to its microporous structure. For RB (2.40 mg L
-1

; 0.5 × 10
-5

 M), the %photodegradation 

increases with increasing the amount of both the photocatalysts up to 15 mg because the initial 

concentration of RB is approximately twice than that of MB, and % increase of its 

photodegradation is less with 15 mg than that with 10 mg of TiO2NPs@ZIF-8 composite, and it 

remains almost same in case of ZIF-8.  

 

Table 3.4. Effect of photocatalyst’s amount; Experimental conditions: [MB] = 1.64 mg L
-1

 

(0.5 × 10
-5

 M); pH 8.5; [RB] = 2.40 mg L
-1 

(0.5 × 10
-5

 M); pH 8.6; time length: 120 min 

except for adsorption studies of MB time length: 60 min. 

Dye Amount of 

catalysts in 

mg 

Adsorption capacity, qt (mg/g); 

[%dye removal] 

% Photodegradation 

ZIF-8 TiO2NPs@ZIF-8 ZIF-8 TiO2NPs@ZIF-

8 

 

MB 

5 1.20 [18.7] 3.60 [56.2] 76.25 72.50 

10 0.64 [20.0] 0.70 [21.8] 84.37 89.37 

15 0.12 [5.6] 0.45 [21.2] 66.87 78.12 

 

RB 

5 2.27 [23.7] 2.07 [21.6] 30.50 26.48 

10 1.32 [27.5] 1.69 [35.3] 38.91 48.49 

15 1.27 [39.9] 1.43 [44.8] 48.87 61.25 
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The adsorption capacity of TiO2NPs@ZIF-8 composite for MB decreases almost more 

than five times with an increase in its amount up to 10 mg, which is mainly because of the 

partially occupied adsorption sites and its tendency to agglomerate; but it remains almost same 

for further increase in the amount of catalyst due to decrease in the total surface area, an 

equilibrium is achieved, whereas qt of ZIF-8 decreases continuously for MB due to 

agglomeration. The adsorption capacity (qt) of TiO2NPs@ZIF-8 composite and ZIF-8 for RB 

also decreases with an increase in their amount. Therefore, 10 mg of TiO2NPs@ZIF-8 

composite was used for further studies for both the dyes. 

 

 

 

Fig. 3.12. The effect of photocatalyst’s amount for adsorption and photodegradation of 

[MB] = 1.64 mg L
-1

 at pH 8.5 (a); and [RB] = 1.64 mg L
-1 

at pH 8.6 (b). 

 

3.3.8.3. Effect of Initial pH  

The effect of pH was studied over the entire pH range of 3 to 12 for the adsorption and 

photodegradation of both the dyes using ZIF-8, TiO2NPs and TiO2NPs@ZIF-8. The 

photodegradation of same concentration of the dye solution was also studied as control. The 

results are given in Table 3.5 and concentration (C/Co) vs time plots are represented in Fig. 

3.13(a-c) for MB and Fig. 3.13(d-f) for RB. The pH of the dye (pollutant) solution is another 

important parameter which influences the amount of adsorbed pollutant and its photocatalytic 

degradation reactions due to change in surface charge properties of the photocatalyst and size 

of aggregates formed, and also the number of hydroxyl radicals formed. The results indicate 

that increasing the pH of MB and RB solutions leads to increasing adsorption capacity and 
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photodegradation efficiency of all the photocatalysts except TiO2NPs.  This may be due to the 

formation of more 
•
OH in alkaline medium. The removal of MB is mainly due to solubulization 

of unprotonated form of the dye because it has very low pKa value (less than 1). The high 

adsorption capacity of ZIF-8 for MB may be due to the electrostatic attraction between the 

positively charged cationic dye and negative charged ZIF-8 adsorbent surface [11],
 
while the 

pH of the solution was greater than pHpzc (9.52)
 
[21],

 
much higher than pKa. 

 

Table 3.5. Effect of pH; Experimental conditions: 10 mg of ZIF-8 or TiO2NPs@ZIF-8; 

Amount of TiO2NPs equivalent to that present in its 150 µL suspension; [MB] = 1.64 mg 

L
-1

 ; [RB] = 2.40 mg L
-1

; time length: 120 min except for adsorption studies of MB time 

length: 60 min.  

 

pH of 

dye 

Adsorption capacity, qt (mg/g); 

[%dye removal] 

%Photodegradation 

ZIF-8 TiO2NPs TiO2NPs

@ZIF-8 

Pure dye ZIF-8 TiO2NPs TiO2NPs

@ZIF-8 

3.1 

(MB) 

0.32 

[10.0] 

1.20 

[37.5] 

0.16 

[5.0] 

18.1 56.2 41.8 70.6 

8.5 

(MB) 

0.64 

[20.0] 

0.66 

[20.6] 

0.70 

[21.8] 

21.2 84.3 26.8 89.3 

11.5 

(MB) 

0.94 

[29.3] 

1.32 

[41.2] 

0.48 

[15.0] 

32.5 90.0 44.3 89.3 

3.3 

(RB) 

1.12 

[23.5] 

0.24 

[5.0] 

0.80 

[16.7] 

2.2 23.8 5.8 40.6 

8.6 

(RB) 

1.32 

[27.5] 

0.54 

[11.2] 

1.69 

[35.3] 

4.1 38.9 12.5 48.4 

12.6 

(RB) 

1.60 

[33.4] 

0.59 

[12.4] 

1.13 

[23.7] 

11.1 46.0 31.8 56.8 
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Fig. 3.13. The effect of pH for adsorption and photodegradation of [MB] = 1.64 mg L
-1

 at 

pH = 3.1, 8.5 and 11.5, represented as (a), (b) and (c), respectively, and [RB] = 2.4 mg L
-

1
at pH = 3.3, 8.6 and 12.6 represented as (d), (e) and (f), respectively.  



 

Chapter Three 

Synthesis and Characterization of ZIF-8 and TiO2NPs@ZIF-8 Composite:  

Potential Photocatalysts for MB and RB Degradation 
 

64 
 

Further, it is as already reported [11]
 
that the increased OH

–
 concentration may be the 

possible reason for the high photodegradation efficiency for MB as OH
– 

could neutralize the H
+
 

generated by photocatalysts. In addition to this, the adsorption of dye on adsorbent surface may 

influence its photodegradation process as higher adsorption should enhance the 

photodegradation. Further, for UV/TiO2 film system and aqueous TiO2NPs suspension [22, 23],
 

higher dye (MB) colour removal efficiency has been reported at pH 4 which is consistent with 

our observed higher adsorption capacity (%dye removal) and %photodegradation (MB) using 

TiO2NPs at pH 3.1 than that at pH 8.5. The results indicate that TiO2NPs@ZIF-8 composite is 

better photocatalyst than ZIF-8 for RB whereas both the catalysts have comparable degradation 

efficiency for MB in alkaline environment. 

 

3.3.8.4. Effect of Initial Dye Concentration  

The results of the influence of the initial concentration of dye for adsorption and 

photodegradation of MB at pH 11.5 and RB at pH 12.6 are given in Table 3.6 and 

concentration (C/Co) vs time plots are represented in Fig. 3.14(a, b) and Fig. 3.14(c, d), 

respectively. The photodegradation of same concentrations of the dye solution was also studied 

as control. The results indicate that both the adsorption and %photodegradation of MB and RB 

are strongly dependent on their initial concentration. In control (MB/RB), %photodegradation 

decreases with increasing the concentration of dye solution but in presence of photocatalyst, 

%photodegradation increases slightly then decreases for MB, whereas it decreases continuously 

for RB. The reaction in photodegradation of both the dyes involves interaction between 
•
OH 

generated at the active OH
–
 sites and the molecules of the dye solution. At lower concentration, 

the number of available active site is more than the dye molecules, whereas the increase of the 

dye molecules at its higher concentration around the active sites resulted in inhibiting the 

penetration of light to the surface of the photocatalyst. Therefore, the generation of relative 

amount of 
•
OH and 

•
O2

–
 on the surface of the photocatalyst decreased with the intensity of light 

and irradiation times are constant. The slight increase in %photodegradation of MB with 

increase in its concentration may be due to the fact that 10 mg of photocatalyst may have some 

unoccupied or partially occupied active sites, whereas %photodegradation of RB continuously 

decreases for all the photocatalysts because the initial concentration of RB was 2.40 mg L
-1 

for 

the same amount (10 mg) of the photocatalysts. Similar trends in the adsorption of both the 

dyes have been observed for TiO2NPs@ZIF-8 composite and TiO2NPs, but adsorption capacity 
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of ZIF-8 decreases continuously for MB and increases continuously for RB with increase in the 

initial concentration of the dye. The photocatalytic activity of ZIF-8 and TiO2NPs@ZIF-8 

composite for degradation of MB and RB is much better than TiO2NPs. 

 

Table 3.6. Effect of initial concentration of MB; Experimental conditions: 10 mg of ZIF-8 

or TiO2NPs@ZIF-8; Amount of TiO2NPs equivalent to that present in 150 µL 

encapsulated TiO2NPs@ZIF-8 composite; pH 11.5 for MB; pH 12.6 for RB; time length: 

120 min except for adsorption studies of MB time length: 60 min. 

 

Conc. of 

dye 

Adsorption capacity, qt (mg/g); 

[%dye removal] 

%Photodegradation 

ZIF-8 TiO2NPs TiO2NPs

@ZIF-8 

Pure 

dye 

ZIF-8 TiO2NPs TiO2NPs

@ZIF-8 

1.6 

[MB] 

0.94 

[29.3] 

1.32 

[41.2] 

0.48 

[15.0] 

32.5 90.0 44.3 89.3 

3.19 

[MB] 

0.83 

[12.9] 

2.14 

[33.5] 

0.68 

[10.6] 

23.5 91.2 61.1 93.4 

6.38 

[MB] 

0.48 

[3.7] 

1.46 

[11.4] 

0.70 

[5.4] 

11.5 84.4 30.2 90.9 

2.4 

[RB] 

1.60 

[33.4] 

0.59 

[12.4] 

1.14 

[23.7] 

11.1 46.1 31.8 56.8 

4.79 

[RB] 

2.23 

[23.2] 

0.73 

[7.6] 

1.70 

[17.7] 

1.67 18.9 11.3 33.1 

9.58 

[RB] 

0.7 

[3.4] 

0.71 

[3.7] 

2.53 

[13.1] 

1.8 7.7 6.8 16.9 
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Fig. 3.14. The effect of initial concentration of MB and RB for adsorption and 

photodegradation of [MB] = 3.19 mg L
-1 

(a) and [MB] = 6.38 (b), at pH = 11.5; [RB] = 4.79 

(c) and [RB] = 9.58 (d) at pH = 12.6; photocatalyst’s amount 10 mg.  

 

3.3.9. Spectrofluorometric Studies 

The active species responsible for photocatalytic degradation of methylene blue is the 

hydroxyl radicals (
•
OH) [11]

 
and efficiency of photocatalysts for degradation of dyes is mainly 

influenced by the concentration of the generated 
•
OH which can be determined by fluorescence 

intensity measurements. Hence, the fluorescence spectral changes of terephthalic acid (0.5 mM) 

have been recorded at the excitation wavelength of 315 nm in the absence of photocatalysts 

under UV-visible irradiation and dark (Fig. 3.15(a) and Fig. 3.16(a), and in the presence of 

photocatalysts under UV-visible irradiation as well as under dark (Fig. 3.15(b–d) and Fig. 
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3.16(b–d), respectively). It has been clearly observed that TiO2NPs@ZIF-8 composite and ZIF-

8 favor the formation of 
•
OH under UV-visible light irradiation because the fluorescence 

intensity at 425 nm increases sharply with irradiation time, whereas there is almost no 

increment in the fluorescence intensity observed in the systems under dark condition (Fig. 

3.16(b) and Fig. 3.16(c)), except a slight increment in case of TiO2NPs, indicating that no 
•
OH 

has been produced in dark. Further, there is a gradual very small increase in the fluorescence 

intensity is observed with irradiation time in the absence of photocatalysts under UV-visible 

light irradiation (Fig. 3.15(a)), which indicates clearly that 
•
OH can be generated moderately by 

UV-visible light irradiation.  

 

 

Fig. 3.15. Fluorescence spectral changes (excitation at 315 nm; under UV-visible light) of 

terephthalic acid (0.5 mM; NaOH 2 mM)  (a); in presence of ZIF-8 (10 mg) (b); in 

presence of TiO2NPs@ZIF-8 composite (10 mg) (c); in presence of TiO2NPs (equivalent 

amount present in 150 µL encapsulated TiO2NPs@ZIF-8 composite ) (d). 
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The maximum increase in the fluorescence intensity has been seen in TiO2NPs@ZIF-8/UV-

visible system followed by ZIF-8/UV-visible system suggested their greater photocatalytic 

efficiency resulted by synergistic effect of the combination of photocatalysts and UV-visible 

light irradiation. 

 

 

Fig. 3.16. Fluorescence spectral changes (excitation at 315 nm; under dark) of 

terephthalic acid (0.5 mM; NaOH 2 mM)  (a); in presence of ZIF-8 (10 mg) (b); in 

presence of TiO2NPs@ZIF-8 composite (10 mg) (c); in presence of TiO2NPs (equivalent 

amount present in 150 µL suspension) (d). 

 

3.3.10. Plausible Degradation Mechanism 

The basic mechanism of photocatalysis of multi-core–shell TiO2NPs@ZIF-8 composite 

involves the synergetic effect of TiO2 NPs and ZIF-8. The photogenerated e
‒
 and h

+
 pair in the 

conduction band (CB) and valance band (VB) of TiO2NPs can either recombine or undergo an 

interfacial electron transfer processes. However, in visible light, the generation of exciton of 
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TiO2NPs seems to be difficult as the band gap of TiO2NPs is slightly higher than the energy 

provided by visible light. In case of TiO2NPs@ZIF-8 composite material, the band gap is 

slightly reduced. Here, the core (TiO2NPs) acts as a main photocatalyst and shell material (ZIF-

8) could act as a co-catalyst. Further, ZIF-8 helps to reduce the recombination of
 
e

‒
 and h

+
 pair 

and is beneficial to the charge separation as well as narrowing the band gap.
 
The photocatalysis 

of ZIF-8 is due to ligand-to-metal charge transfer mechanism [11]. The photon induced e
‒
 and 

h
+
 pair can easily move to the surface of composite material where they undergo reactions to 

produce hydroxyl radicals [24]. It has been confirmed experimentally that the 
•
OH radicals are 

most effectively generated in the presence of TiO2NPs@ZIF-8 composite under UV-visible 

light, which enhances photo-induced catalytic degradation of organic dyes taken in the present 

study.  Therefore, the ease of excited e
‒
 and h

+
 to react with dissolved oxygen and water to 

generate hydroxyl radicals enhances photo-induced catalytic degradation of organic dyes owing 

to synergic effect of TiO2NPs and ZIF-8. The photodegradation mechanism of dye is shown in 

Fig.3.17. 

 

 

Fig. 3.17. Mechanism of photocatalytic activity of TiO2NPs@ZIF-8 composite. The dashed 

lines indicate VB and CB of TiO2NPs, whereas E’g represents decreased band gap of 

TiO2NPs after encapsulation. The solid lines indicate VB and CB of TiO2NPs@ZIF-8 

composite and Eg represents band gap of TiO2NPs.  
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3.3.11. GC-MS Analysis  

           After the photodegradation process, the degradation by-products were analyzed by GC-

MS and identified their plausible fragment ions in the mass spectra. The possible degradation 

pathway is proposed as shown in scheme 3.2 for MB and in scheme 3.3 for RB based on the 

information provided by GC-MS, which are according to the reactions reported previously for 

the degradation pathways of MB [11, 24] and RB [25]. Mass spectra of fragments of MB and 

RB are given in the Fig. 3.18 and Fig. 3.19, respectively. The molecular ion peaks of various 

intermediates are very small indicating their very small fraction left after photodegradation 

(irradiation period of 120 min.), whereas their fragmented ions/molecules are observed in 

comparatively larger amounts in GC-MS spectra. In case of MB, some hydroxylated 

intermediates have certainly been formed but could not be extracted due to their hydrophilic 

character. Further, the complete mineralization of organic dyes to inorganic ions (CO2, NO3
–
, 

SO4
–
 and NH4

+
 as ultimate end products) could be taken place after a long period of irradiation 

as reported (say 1000 min) [24]. 

 

 

Scheme 3.2. Proposed photocatalytic degradation pathway of MB by using 

TiO2NPs@ZIF-8 composite. 
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Fig. 3.18. The GC-MS spectra of identified intermediates structure (Proposed in Scheme 

3.2) after the degradation of MB are shown (a-c), respectively.  
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Scheme 3.3. Proposed photocatalytic degradation pathway of RB by using 

TiO2NPs@ZIF-8 composite. 
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Continued 
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Fig. 3.19. The GC-MS spectra of identified intermediates structure (Proposed in Scheme 

3.3) after degradation of RB are shown (a-e), respectively.  

 

3.3.12. Chemical Kinetics 

Kinetic studies for photocatalytic degradation of MB and RB have been observed at pH 

= 8.5 for MB and 8.6 for RB and it was found the degradation of dyes follow the first order of 

kinetics. Plot between ln(Co/Ct) vs time (t) has been found linear which is shown in Fig. 3.20. 

The rate constant was calculated by using equation (3.3). 

                      

            ln (Co/Ct)= k × t                                 (Eq. 3.3) 
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Where Co is initial concentration and Ct is concentration at “t” time, “t” represents time and k is 

rate constant. The rate constant value for the degradation of MB and RB dyes were obtained 

from the slope of the straight lines when ln (Co/Ct) is plotted against time “t”. The rate constant 

value and r
2
 for both dyes are tabulated in Table 3.7. 

 

 

Fig. 3.20. (a, b) Kinetic plots of MB and RB dye are shown, respectively.  

 

Table 3.7. Kinetic parameters of studied pollutants (MB and RB). 

S.N. Substrate/Materials r
2
 k (min

-1
) 

1. Pure MB 0.46 0.0015 

2. MB + ZIF-8 0.61 0.0020 

3. MB + TiO2NPs 0.59 0.0020 

4. MB + TiO2NPs@ZIF-8 0.91 0.0023 

5. Pure RB 0.73 0.0020 

6. RB + ZIF-8 0.90 0.0016 

7. RB + TiO2NPs 0.74 0.0015 

8. RB + TiO2NPs@ZIF-8 0.76 0.0028 
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3.4. CONCLUSION  

In nutshell, ZIF-8 and multi-core-shell TiO2NPs@ZIF-8 composite can be considered as 

effective photocatalysts for degradation of methylene blue and rhodamine-B under UV-visible 

light irradiation. The proper encapsulation of TiO2NPs within ZIF-8 framework provided the 

best yet mode of employing TiO2NPs for photocatalytic degradation of industrial dyes as here 

the efficiency for photocatalysis was enhanced as well as the chance to reuse the same core-

shell nanoparticles-metal-organic framework composite for several catalytic cycles was much 

higher. Further, multi-core-shell TiO2NPs@ZIF-8 composite as well as ZIF-8 worked over a 

wide range of pH, and showed high adsorption and degradation efficiency for the industrial 

dyes under strong alkaline medium. The possible mechanism for photocatalytic degradation of 

both the dyes by hydroxyl radicals as confirmed by fluorescence spectral studies has been 

proposed. The plausible pathways involving possible intermediates formed during the 

photodegradation of both the dyes have also been proposed. In comparison to ZIF-8, the multi-

core-shell composite TiO2NPs@ZIF-8 is much superior and effective photocatalyst and has 

reusability after several cycles. 
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4.1. INTRODUCTION 

Metal organic frameworks (MOFs) are very useful in drug release application on 

account of their fascinating hydrophilic-hydrophobic internal microenvironments [1, 2]. In the 

past several years, MOFs have been reported as excellent nanocarriers, for instance, iron metal 

based MOFs used as nanocarrier for the controlled delivery of antitumoral and retroviral drugs 

[3, 4]. Further, zeolitic imidazole framework (ZIF-8) has been exclusively exploited for the 

delivering of drugs, including 5-fluorouracil [5], curcumin [6] and doxorubicin [7]. Moreover, 

due to high surface area, uniform porosity and high thermal stability of ZIF-8, it also has many 

potential applications such as gas storage, gas separation, photocatalysis, selective sensing and 

so on [8-10]. Additionally, multifunctional core-shell composites of ZIF-8 with various metals 

(M@ZIF-8) [11-17], metal oxides (MOx@ZIF-8)
 
[18-25]

 
and molecules (Molecules@ZIF-8) 

[26, 27] have been investigated and successfully employed in various applications viz., 

catalysis, oxidation, reduction, photocatalysis, and electrochemical supercapacitors. However, 

these hybrid materials have not been explored for the biological application such as anti-

bacterial, anti-fungal and anti-viral agents so far, except very recently ZnO@ZIF-8 and 

CdS@ZIF-8 composites have been reported as antimicrobial catheters [28] and anti-bacterial 

agent against GFP-expressing E. coli and S. aureus [29], respectively. In view of this, it is 

envisioned and encouraged to focus on the biological application of ZIF-8 and its hybrid 

nanostructures, especially their anti-viral application. 

The viral infection is a world-wide problem and causing the life-threatening diseases by 

different viruses’ viz., Influenza, Hepatitis, Chickenpox, Herpes keratitis, Human 

Immunodeficiency virus, Viral Encephalitis, Ebola, Norovirus, Dengue, and Chikungunya virus 

(CHIKV). CHIKV is a mosquito-transmitted re-emerging alphavirus which causes intense joint 

pain, swelling and high fever in humans. The main transmittance factors of CHIKV are Aedes 

aegypti and Aedes albopictus. The CHIKV belongs to alphavirus genus which is constructed by 

single standard positive-sense RNA virus [30, 31].
 
The nitrogen containing heterocyclic organic 

molecules have been exploited for design and synthesis of anti-viral drug molecules [32]. 

Recently, interferons, ribavirin and mercaptopurine [32] have been proposed as potent anti-

viral agents against CHIKV. In the last decade CHIKV has caused outbreaks in the America, 

Asia and Indian oceans. However, there are no effective vaccines for the treatment of the 

Chikungunya according to World Health Organization [30]. A large number of semiconducting 

nanomaterials have been reported as photocatalysts, antiviral and antibacterial agents e.g. 

Fe3O4, TiO2, ZnO and SnO2 nanoparticles [33-41]. SnO2 nanoparticles (NPs) have received 



Chapter Four 

Synthesis of SnO2NPs@ZIF-8 Composite:  

Potential Antiviral Agent and Effective Photocatalyst for Waste-water Treatment 

 

81 
 

much attention due to their excellent chemical stability, optical and electrical properties [21]. 

SnO2NPs are also very useful in gas sensing, solar cells, optoelectronic devices, lithium ion 

batteries and catalytic processes like degradation of methyl violet 6B and methylene blue (MB) 

[41, 42]. Interestingly, SnO2 nanowires have been reported as potential antiviral agent [43]. 

Owing to non-toxic, bio-applicability and photocatalytic properties of SnO2NPs and ZIF-8, it is 

worthwhile to synthesize core@shell material wherein SnO2NPs act as core and ZIF-8 as shell 

material. 

This chapter describes the one pot facile synthesis of multi-core-shell SnO2NPs@ZIF-8 

composite which can be utilized as a potential antiviral agent against chikungunya virus and as 

a photocatalyst for the degradation of MB dye for a sustainable environment. 

 

4.2. EXPERIMENTAL SECTION 

4.2.1. Cells and Viruses 

Using standard virus adsorption techniques, an Indian Chikungunya Virus (CHIKV) 

isolate (strain DRDE-07; GenBank: EU372006) was propagated on Vero cell line (The NCCS, 

Pune) monolayer which were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) (Gibco, catalogue # 10270-106) incubated at 

37 
o
C with 5% CO2, and were further titrated for plaque assay. The aliquots of viral stock were 

stored at -80°C until needed. 

 

4.2.2. Synthesis of SnO2NPs 

0.01 M SnCl4.5H2O (3.5 g) and 0.01 M KCl (0.745 g) were ground for 30 min, and after 

that 0.04 M KOH (2.24 g) was added to the reaction mixture and ground for another 30 min at 

room temperature as depicted in Scheme 4.1. The resultant reaction mixture was transferred 

into a round bottom flask (250 mL) with 100 mL de-ionized water and kept on stirring for 3 h. 

The product was washed with de-ionized water and white precipitate was collected by 

centrifugation. The white precipitate was calcined at 200, 400 and 800 °C [44]. 

 

4.2.3. Synthesis of ZIF-8 and SnO2NPs@ZIF-8 Composites 

ZIF-8 was synthesized by the bench method whose details are given in Chapter three 

while
 
SnO2NPs@ZIF-8 composites were synthesized via encapsulation of pre-synthesized 

SnO2NPs using bench method which is described in Scheme 4.2. During the addition of 

anhydrous zinc chloride methanol solution (0.341 g, 2.5 mM in 20 mL methanol) into 2-
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methylimidazole methanol solution (1.642 g, 20 mM in 25 mL methanol) at room temperature, 

150 µL suspension of SnO2NPs (Average particle size ca. 16.23 ± 3.76 nm; 20 mg SnO2NPs 

sonicated in 10 mL of methanol for 1 h) was added to the above reaction mixture at certain 

intervals of time in smaller volume. The reaction mixture was allowed to stand for 24 h without 

disturbing the interface. The solution was centrifuged, washed with methanol several times and 

dried in vacuo at 70 °C for 6 h. White crystalline powder of the composite was collected and 

stored in an airtight container. Similar method has been adopted for the encapsulation of 300 

and 500 µL suspensions of SnO2NPs. Hence, three multi-core-shell SnO2NPs@ZIF-8 

composites have been synthesized by encapsulation of 150, 300 and 500 µL SnO2NPs 

suspension within ZIF-8 and named as NC1, NC2 and NC3, respectively. 

 

 

Scheme 4.1. Schematic presentation of synthesis of SnO2NPs. 

 

 

Scheme 4.2. Schematic presentation of synthesis of multi-core-shell SnO2NPs@ZIF-8 

composites. 
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4.2.4. Cytotoxicity Testing 

Toxicity of SnO2NPs, ZIF-8 and SnO2NPs@ZIF-8 composites (NC1, NC2 and NC3) 

were determined via MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay against Vero cell line. The assay is based on reduction of yellowish MTT reagent (0.5 mg 

mL
–1

) to insoluble and dark blue formazan by metabolically active viable cells after 72 h after 

treatment. For this assay, cells were grown in 96 well plates with different concentration of 

SnO2NPs, ZIF-8 and SnO2NPs@ZIF-8 composites in triplicates for 48 h at 37 °C. Following 

the addition of 20 µL of MTT, the cells were incubated for 4 h at 37 °C. Further, 100 µL 

dimethyl sulphoxide (DMSO) was added and the absorbance was measured at 570 nm using 

multi-mode plate reader cytation 3 (BioTek Instruments, Inc.). All the readings were 

normalized with the control experiment in which Vero cells were grown in DMEM with 10 % 

FBS only without any treatment. 

 

4.2.5. Time of Inhibitor Addition Assay 

Multiplicity of infection (MOI) of 0.1 was selected to infect the Vero cells with CHIKV 

and incubated for 1.5 h at 37 °C and 5% CO2. In addition, 0.04 mg mL
–1

 PBS suspension of 

SnO2NPs, ZIF-8 and SnO2NPs@ZIF-8 composites were added to the cells prior to infection 

(pre), during the infection (co) and after infection (post). Each of these treatment steps 

determines the stage at which virus is inhibited. The supernatant was collected after 24 h of 

post-infection (hpi) to determine the viral titers by employing plaque assay. The viral induced 

cytopathic effect (CPE) was recorded after 48 hpi by using light microscope (Leica, Germany). 

Control cells were only infected with CHIKV but were not given any treatment with SnO2NPs, 

ZIF-8 and SnO2NPs@ZIF-8 composite. In order to observe the effect of light on virus 

inhibition, the samples (SnO2NPs, ZIF-8 and SnO2NPs@ZIF-8 composites) aliquot were 

exposed under UV-visible irradiation (50 W Halogen lamp) for 20 min with gentle mixing of 

every 5 min interval. After incubation under UV-visible irradiation, SnO2NPs, ZIF-8 and 

SnO2NPs@ZIF-8 composites were added in similar way as non-photo-irradiated samples. 

 

4.2.6. Plaque Reduction Assay 

The reductions in virus titers due to addition of inhibitors were determined by using 

plaque assay. The 10-fold serial dilutions of CHIKV supernatant collected at 24 h were added 

to Vero cells for 1.5 h incubation and later carboxy methylcellulose (CMC)(2.5%) mixed with 

MEM (minimum essential media) and 2% FBS were added to the wells after removing viral 
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inoculum. After 3 days of incubation at the 37 °C in 5% CO2, cells were stained with crystal 

violet to count the number of plaques. The assays were performed in triplicates. Virus titer was 

quantified as plaque forming unit per milliliter (PFU mL
–1

). Using the viral titer values, 

percentage inhibition was determined as compared to the control wherein no any treatment was 

added at any time-of-inhibitor addition stage. 

 

4.2.7. Statistical Methods 

Quoted errors bars correspond to samples were calculated by standard deviation for 

plaque assay. 

 

4.2.8. Adsorption and Photodegradation Studies 

Adsorption and photodegradation studies were performed according to previously 

written in Chapter two and Chapter three.   

 

4.3. RESULTS AND DISCUSSION 

4.3.1. PXRD Analysis 

The crystalline nature/structure of synthesized SnO2NPs, ZIF-8 and their composites 

NC1, NC2 and NC3 have been analyzed by employing powder X-ray diffraction (PXRD) 

analysis.  Fig. 4.1(a) shows the PXRD pattern of synthesized SnO2NPs annealed at various 

temperatures viz., 200, 400 and 800 °C. The PXRD pattern of SnO2NPs matches with 

tetragonal rutile (caseterite form of SnO2NPs) structure indexed with JCPDS No. 01-072-1147. 

The average crystallite size (D) of synthesized SnO2NPs has been calculated from more intense 

peak (110) by using the Debye-Scherrer equation (Eq).  

 

𝑫 =
𝟎.𝟖𝟗𝝀

𝜷𝒄𝒐𝒔𝜽
                                  (Eq 4.1)  

 

Where λ is the X-ray wavelength, β is the full width at half maxima corresponding to the most 

intense peak and θ is the Bragg angle. It has been found that on increasing the calcination 

temperature viz., 200, 400 and 800 °C, particle size increases i.e. 3.18, 4.64 and 15.48 nm, 

respectively. SnO2NPs@ZIF-8 composites were synthesized by using SnO2NPs calcined at 800 

°C. PXRD patterns of ZIF-8 and its respective composites NC1, NC2 and NC3 clearly indicate 

that encapsulation of SnO2NPs within ZIF-8 matrix has no effect on the crystallinity of ZIF-8 
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as illustrated in Fig. 4.1(b). Further, the PXRD analysis has been performed with composite 

NC1 after performing the adsorption and photocatalytic studies. It has been observed that the 

PXRD pattern remained unchanged with a slight reduction in peak intensity, indicating their 

remarkable chemical stability which is depicted in Fig. 4.1(c). 

 

 

Fig. 4.1. (a) PXRD patterns of SnO2NPs calcined at various temperatures; (b) PXRD 

patterns of ZIF-8 and its composites NC1, NC2 and NC3; (c) PXRD patterns of used and 

unused composite NC1; (d) IR spectra of SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3. 

 

4.3.2. FT-IR Spectroscopic Studies  

The FT-IR spectra of the synthesized SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3 have been shown in Fig. 4.1(d). The FT-IR spectra of ZIF-8, NC1, NC2 and NC3 appear 

identical displaying characteristics imidazole ring frequencies at 421, 1584, 996 and 1425 cm
-1
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due to ν(Zn-N), ν(C=N),  δ(C-N) and ν(C-N), respectively [45]. In case of pure SnO2NPs, Sn-O 

stretching frequency [46] appears at 618 cm
-1 

while it does not clearly appear in composites 

which may presumably be attributed to a very less amount of SnO2NPs encapsulated within 

ZIF-8/or overlapping with ZIF-8 frequency. 

 

4.3.3. FE-SEM and HR-TEM Analysis 

The morphology of SnO2NPs, ZIF-8 and composites NC1, NC2 and NC3 have been 

examined by field emission scanning electron microscopy (FE-SEM) and high-resolution 

transmission electron microscopy (HR-TEM). The SnO2NPs were found to acquire a spherical 

(Fig. 4.2(a) and (b)) whereas ZIF-8 and NC1 (Fig. 4.2(d)) exhibit a hexagonal morphology
 

which firmly indicates the fact that proper encapsulation of SnO2NPs within ZIF-8 matrix does 

not affect its surface morphology. HR-TEM images of SnO2NPs, ZIF-8 and NC1 are shown in 

Fig. 4.3(a), (b) and (c), respectively. The TEM image of NC1 (Fig. 4.3(c)) reveals that 

SnO2NPs are properly encapsulated within ZIF-8 matrix. The selected area electron diffraction 

(SAED) patterns of SnO2NPs, ZIF-8 and NC1 clearly indicate their polycrystalline nature (Fig. 

4.3(d), (e) and (f), respectively). The SAED pattern of SnO2NPs appears in the composite also 

provide an evidence for its proper encapsulation in ZIF-8 matrix. The average particle size of 

encapsulated SnO2NPs is found to be 16.23 ± 3.76 nm as determined by the particle size 

distribution plot of NC1 (Fig. 4.4) using ImageJ software on HR-TEM images. On increasing 

the dosing amount of SnO2NPs suspension such as 300 and 500 µL, a considerable 

agglomeration of SnO2NPs has been observed in SEM and HR-TEM images as depicted in Fig. 

4.5. Further, energy dispersive X-ray (EDX) analysis has been performed for elemental 

composition of SnO2NPs, ZIF-8 and their composites (Table 4.1; Fig. 4.6) which indicate that 

Sn-atomic percentage increases within ZIF-8 on increasing the dosing amount of SnO2NPs.  
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Fig. 4.2. SEM images of SnO2NPs at (a) 100 Kx; (b) 200 Kx; (c) SEM image of ZIF-8 at 50 

Kx and (d) SEM image of composite NC1 at 100 Kx. 

 

 

Fig. 4.3. (a-c) TEM images and (d-f) the SAED patterns of SnO2NPs, ZIF-8 and composite 

NC1, respectively. 
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Fig. 4.4. Particle size distribution plot of encapsulated SnO2NPs within NC1 composite. 

 

 

Fig. 4.5. (a, b) SEM and (c, d) TEM images of NC2 and NC3 composites, respectively. 
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Table 4.1. EDX analysis of SnO2NPs, ZIF-8 and composites NC1, NC2 and NC3. 

S.N. Samples Atomic % 

C N O Zn Sn 

1. SnO2NPs - - 53.04 - 46.96 

2. *ZIF-8 55.51 37.5 - 6.99 - 

3. NC1 46.30 42.89 7.72 3.06 0.02 

4. NC2 54.46 29.99 10.57 4.94 0.03 

5. NC3 54.43 32.0 9.39 4.13 0.05 

* EDX analysis of ZIF-8 is already reported in chapter three. 

 

 

 

Fig. 4.6. (a-e) EDX spectra of SnO2NPs, ZIF-8 and NC1, NC2 and NC3 composites 

respectively. 
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4.3.4. UV-DRS Studies 

The optical properties of SnO2NPs, ZIF-8, NC1, NC2 and NC3 have been studied by 

UV-Visible diffuse reflectance spectroscopy (UV-DRS). The UV-DRS spectra have been 

plotted (αhν)
2
 vs hν and (αhν)

1/2
 vs hν for the direct and indirect transitions, respectively, by 

using Tauc method [47] (Fig. 4.7). In general, the band gap of semiconducting materials 

depends on crystallite size, structural parameter, lattice strain and impurities [48]. ZIF-8 and its 

composites NC1, NC2 and NC3 have similar band gap 5.23 – 5.22 eV while SnO2NPs has 3.58 

eV for direct transition. For indirect transition, flat band gap of composites are observed at 2.49 

– 2.50 eV owing to microenvironment of SnO2NPs within ZIF-8 while the sharp band is 

observed at 5.07 – 5.10 eV due to ZIF-8. 

 

 

Fig. 4.7. (a, b) Combined UV-DRS spectra of SnO2NPs, ZIF-8 and composites NC1, NC2 

and NC3 by direct and indirect method, respectively, and (c) UV-visible absorbance 

spectra of SnO2NPs, ZIF-8 and their composites NC1, NC2 and NC3. 
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4.3.5. BET Surface Area Analysis 

The N2 adsorption-desorption isotherms and the surface area of SnO2NPs, ZIF-8 and 

composites NC1, NC2 and NC3 have been examined by Brunauer-Emmett-Teller (BET) 

analysis. The N2 adsorption-desorption isotherms, pore size distribution and BET surface area 

of ZIF-8 are already reported in the previous Chapter three. A decrease in the surface area from 

≈ 1357 to 987 m
2
g

-1
 has been observed with increasing the dosing amount of SnO2NPs 

suspensions within ZIF-8. This is due to the fact that the voids of ZIF-8 are occupied by 

SnO2NPs. The results are compiled in Table 4.2 and adsorption-desorption isotherm plots of 

composites NC1, NC2, NC3, and SnO2NPs are shown in Fig. 4.8 while the pore size 

distribution plots are illustrated in Fig. 4.9. 

 

 

Fig. 4.8. (a-d) BET analysis of composites NC1, NC2, NC3, and SnO2NPs, respectively. 
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Fig. 4.9. (a-d) Pore size distribution plots of composites NC1, NC2, NC3, and SnO2NPs, 

respectively. 

  

Table 4.2. BET surface area analysis of SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3. 

S.N. Materials SBET (m
2
g

-1
) Pore Vol.  

(ccg
-1

) 

Average Pore 

radius (Å) 

1. SnO2NPs 29 4.898 × 10
-2

 47.30 

2. *ZIF-8 1357 7.643 × 10
-1

 11.26 

3. NC1 1268 6.707 ×10
-1

 36.64 

4. NC2 1235 6.647 ×10
-1

 36.70 

5. NC3 987 5.242 × 10
-1

 36.46 

SBET refers the Brunauer-Emmett-Teller surface area. *BET surface area of ZIF-8 is already reported in Chapter 

three. 
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4.3.6. XPS Analysis 

The full scan X-ray photoelectron spectra (XPS) of SnO2NPs, ZIF-8 and composite 

NC1 are shown in Fig. 4.10(a), (b) and (c), respectively and the expanded XPS spectra of the 

close fitting of the metals with their orbital position are given in Fig. 4.10(d), (e) and (f).  Fig. 

4.10(a) illustrates the presence of Sn and O element and expanded spectrum of close fitting of 

Sn 3d orbital (Fig. 4.10(d)) shows two major peaks with binding energy 485.37 eV and 493.74 

eV which are attributed to 3d5/2 and 3d3/2 implying the Sn(IV) oxidation state [49]. Fig. 4.10(e) 

shows the close fitting of Zn 2p3/2 and 2p1/2 in ZIF-8 which are sharp and more intense peaks 

having binding energy 1021.66 and 1044.79 eV, respectively. However, Sn 3d peak in 

composites are less intense and broad due to encapsulation [50] and the intensity increases on 

increasing the dosing amount of SnO2NPs which are shown in Fig. 4.10(f).  

In the composites, Sn 3d5/2 and 3d3/2 peaks are shifted toward higher binding energy 

495.84 eV and 498.91 eV, respectively, as a result of the weak interaction of Sn(IV)-N between 

incorporated SnO2NPs and N-atom of imidazole ring [51]. The expanded XPS spectra of the 

close fitting with their orbital positions of non-metals such as O 1s of SnO2NPs, C 1s and N 1s 

of ZIF-8 are given in Fig. 4.11(a-c), respectively. Moreover, XPS survey scan and close fitting 

with their orbital positions of metal/non-metals of NC1, NC2 and NC3 composites have been 

illustrated in Fig. 4.12, 4.13 and 4.14, respectively, and the results are given in Table 4.3. 
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Fig. 4.10. Survey XPS spectra of (a) SnO2NPs, (b) ZIF-8 and (c) composite NC1. 

Expanded XPS spectra of (d) Sn 3d of SnO2NPs, (e) Zn 2p of ZIF-8 and (f) combined Sn 

3d of composites NC1, NC2 and NC3. 
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Fig. 4.11. Expanded XPS spectra of close fitting of (a) O 1s of SnO2NPs; (b) C 1s and (c) N 

1s of ZIF-8. 
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Fig. 4.12. Expanded XPS spectra of close fitting of (a) Zn 2p, (b) C 1s, (c) N 1s and (d) O 

1s of composite NC1.   

 

4.3.7. Thermal Analysis 

Thermal stability of SnO2NPs, ZIF-8 and its composite NC1 has been examined by 

TGA (Thermal Gravimetric Analysis) analysis. The TGA plots between weight% vs 

temperature are given in Fig 4.15. The SnO2NPs are highly stable up to 900 °C, approximately 

94.5% (wt.%) remains in aerial atmosphere and 97.6% in N2 atmosphere, while ZIF-8 and NC1 

are stable up to 350 °C. Above this temperature ZIF-8 and NC1 started decompose and remain 

34 and 47% in aerial atmosphere and 32 and 46% in N2 atmosphere, respectively. The 

remaining wt.% of NC1 is slightly higher (ca. 13%) as compared to that in ZIF-8 due to 

presence of micro-environment of SnO2NPs within ZIF-8 matrix. 
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Fig. 4.13. Survey XPS spectra of (a) NC2 and expanded XPS spectra of close fitting of (b) Zn 2p 

(c) C 1s, (d) N 1s and (e) O 1s of composite NC2. 
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Fig. 4.14. Survey XPS spectra of (a) NC3 and expanded XPS spectra of close fitting of (b) Zn 2p 

(c) C 1s, (d) N 1s and (e) O 1s of composite NC3. 
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Table 4.3. XPS analysis of SnO2NPs, ZIF-8 and their composites NC1, NC2 and NC3. 

S.N. Materials  Atom/Element State/Term Binding energy (eV) 

 

1. 

 

SnO2NPs 

Sn 3d3/2 493.74 

3d5/2 485.37 

O 1s 529.37 

 

 

2. 

 

 

ZIF-8 

Zn 2p1/2 1044.79 

2p3/2 1021.66 

C 1s 284.79 

N 1s 398.81 

 

 

 

3. 

 

 

 

NC1 

Zn 2p1/2 1044.91 

2p3/2 1022.02 

Sn 3d3/2 498.91 

3d5/2 495.84 

C 1s 284.38 

N 1s 398.48 

O 1s 531.48 

 

 

 

 

4. 

 

 

 

NC2 

Zn 2p1/2 1044.92 

2p3/2 1021.86 

Sn 3d3/2 498.91 

3d5/2 495.84 

C 1s 285.14 

N 1s 399.19 

O 1s 532.05 

 

 

 

5. 

 

 

 

NC3 

Zn 2p1/2 1044.90 

2p3/2 1021.84 

Sn 3d3/2 498.91 

3d5/2 495.84 

C 1s 284.53 

N 1s 398.64 

O  1s 531.45 
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Fig. 4.15. (a-b) TGA analysis of SnO2NPs, ZIF-8 and composite NC1 in air and N2 

atmosphere, respectively. 

 

4.3.8. Anti-viral Activity on CHIKV using SnO2NPs, ZIF-8 and SnO2NPs@ZIF-8 

Composites 

From MTT assay against Vero cell line, the maximum non-toxic dose (MNTD) has 

been found 0.04 mg mL
–1

 for ZIF-8 and SnO2NPs@ZIF-8 composites (NC1, NC2 and NC3) 

and 0.1 mg mL
–1

 for SnO2NPs. No effect on cell viability is observed up to 0.04 mg mL
–1

 

concentration of SnO2NPs, ZIF-8, and SnO2NPs@ZIF-8 composites as well. The cell viability 

(%) vs concentration plot is illustrated in Fig. 4.16. During the time-of-inhibitor-addition, 0.04 

mg mL
–1

 concentration of SnO2NPs, ZIF-8, and their SnO2NPs@ZIF-8 composites have been 

taken for comparison of their respective antiviral activity on CHIKV. The viral plaques have 

been observed after 48 h of incubation at 37 °C in 5% CO2 and then further stained the plaque 

assay plate with crystal violet to count the number of viral plaques. Reduction in the number of 

plaques has been observed after the serial dilution of the virus concentration for plaque assay. 

The orange coloured square frame denotes the antiviral effect of composite NC1 against 

CHIKV as compared to the control (where no other treatment was added) which is illustrated in 

Fig. 4.17.  
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Fig. 4.16. Cell viability versus Concentration plots of SnO2NPs, ZIF-8 and composites 

NC1, NC2 and NC3. 

 

 

Fig. 4.17. The wells plate image of plaque assay result for composite NC1. 
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Plaque reduction assay confirms the antiviral activity of SnO2NPs, ZIF-8 and 

composites NC1, NC2 and NC3 on CHIKV. The reduction in viral load/titers has been 

observed up to >80% during post-treatment and >50% during pre-treatment for composite NC1 

while NC2 and NC3 composites showed lower level of inhibition on CHIKV during pre-

treatment and post-treatment. SnO2NPs showed very less antiviral activity which is <15% in 

pre-treatment stage and post treatment stage but around 15% during co-treatment stage as 

compared to the control (Table 4.4(a, b)). Thus composite NC1 has been optimised for the 

antiviral activity on CHIKV in vitro and the results are shown in Fig. 4.18(a), as it showes 

reduction in viral load/titers up to >80% during post-treatment and >50% during pre-treatment 

which is greater than that of ZIF-8 and SnO2NPs. The effect of light on antiviral activity of 

ZIF-8, SnO2NPs and SnO2NPs@ZIF-8 composites has also been investigated through plaque 

assay. The results are shown in Fig. 4.18(b). No any significant changes have been observed in 

the antiviral activity of SnO2NPs, ZIF-8, and SnO2NPs@ZIF-8 composites after the photo-

irradiation treatment. 

 

Table 4.4(a) Plaque reduction assays with SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3 without photo-irradiation condition.  

S.N. Treatment 

condition 

% Inhibition 

SnO2NPs ZIF-8 NC1 NC2 NC3 

1. Pre-treatment 11.54 46.08 55.0 22.0 28.26 

2. Co-treatment 15.38 19.61 46.08 18.0 19.57 

3. Post-treatment 9.62 79.41 87.25 60.0 58.7 

 

Table 4.4(b) Plaque reduction assays with SnO2NPs, ZIF-8 and composites NC1, NC2 and 

NC3 under photo-irradiation condition. 

S.N. Treatment 

condition 

% Inhibition 

SnO2NP

s 

ZIF-8 NC1 NC2 NC3 

1. Pre-treatment 0.54 44.08 57.88 23.88 27.67 

2. Co-treatment 6.38 19.11 44.08 18.67 18.57 

3. Post-treatment 0.72 80.41 88.23 60.98 54.7 
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Fig. 4.18. (a, b) Plaque reduction assays with SnO2NPs, ZIF-8 and composites NC1, NC2 

and NC3 during pre-treatment, co-treatment and post-treatment without light and under 

photo-irradiation, respectively. 

 

Composite NC1 has also been analyzed by TEM analysis after post-treatment. HR-TEM 

images indicate that surface of the composite plays an important role for inhibition of CHIKV 

which is illustrated in Fig. 4.19. It has been reported that inhibition of α-viruses occurs due to 

N-terminal domain participate in protein-protein interactions with N-containing organic 

molecule [31].
 
In case of ZIF-8 and SnO2NPs@ZIF-8 composite, imidazole ring may be 

responsible for better inhibition% of CHIKV. 

 

 

Fig. 4.19. TEM images of NC1 composite after post-treatment. 
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4.3.9. Adsorption and Photodegradation Studies of Methylene Blue (MB) by using 

SnO2NPs@ZIF-8 Composites  

4.3.9.1. Effect of Encapsulation Amount of SnO2NPs 

Adsorption and photodegradation of MB has been investigated by employing UV-

visible spectrophotometer using 10 mg of NC1, NC2 and NC3 composites prepared by in situ 

encapsulation of 150, 300 and 500 µL suspension of SnO2NPs. At pH 8.55, 1.64 mg L
–1

 initial 

concentration of MB has been used for the determination of effect of dosing amount and the 

results of adsorption and photodegradation are compiled in Table 4.5 and C/C0 vs time plot is 

shown in Fig. 4.20.  

 

Table 4.5. Effect of encapsulated amount of SnO2NPs  of NC1, NC2 and NC3 for 

adsorption and photodegradation (after 120 min) of [MB] = 1.64 mg L
-1

 at pH 8.55; 

photocatalyst amount = 10 mg (0.5 g L
-1

). 

S.N. Dosing amount of SnO2NPs 

suspension in μL 

Adsorption % (qt) Photodegradation % 

1. 150 (NC1) 30.87 (0.988) 94.12 

2. 300 (NC2) 13.68 (0.438) 92.68 

3. 500 (NC3) 12.68 (0.406) 93.68 

 

 

 

Fig. 4.20. Effect of encapsulated amount of SnO2NPs in ZIF-8 for adsorption and 

photodegradation of [MB] = 1.64 mg L
-1

; pH = 8.55; photocatalyst’s amount = 10 mg (0.5 

g  L
-1

). 
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4.3.9.2. Effect of Photocatalyst’s Amount  

The results of the effect of amount of composite NC1 has been compiled in Table 4.6 

and C/C0 vs time plots are shown in Fig. 4.21. The adsorption capacity and %photodegradation 

of MB is found to  increase up to 10 mg, and then decrease for 15 mg. On increasing the 

amount of photocatalyst, the number of active sites/available adsorption sites increases which 

ultimately results in an increase of the amount of the adsorbed dye molecules up to 10 mg. But 

a decrease on further increase in the amount of photocatalyst could be attributed to particle 

interaction such as aggregation or sedimentation. This would lead to a decrease in total surface 

area. Therefore, 10 mg of SnO2NPs@ZIF-8 composite (NC1) has been used for further studies 

of MB degradation. 

 

Table 4.6. Adsorption and %photodegradation of MB (0.5 × 10
–5

 M) at pH = 8.55, by 

varying the amount of composite NC1. 

S.N.  Amount of Photocatalyst (mg) Adsorption % (qt)       Photodegradation % 

1. 5 20.31 (1.30) 84.0 
2. 10 30.87 (0.988) 94.12 
3. 15 23.56 (0.502) 93.25 

 

 

Fig. 4.21.   The effect of photocatalyst’s amount for adsorption and photodegradation of 

[MB] = 1.6 mg L
-1

 at pH 8.55. 
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4.3.9.3. Effect of pH 

The surface charge of the materials and the pH of dye solution are very important 

parameters for the adsorption and photodegradation study. The results of effect of pH for 

adsorption and photodegradation of MB are compiled in Table 4.7 and C/C0 vs time plots are 

shown in Fig. 4.22.  

 

 

Fig. 4.22. The effect of pH for adsorption and photodegradation of [MB] = 1.6 mg L
-1

 at 

pH (a) 3.1, (b) 8.5 and (c) 11.5; photocatalyst’s amount 10 mg (0.5 g L
-1

).   

 

It is obvious that the adsorption and photodegradation efficiency of SnO2NPs, ZIF-8 and 

composite NC1 increases on increasing the pH of dye solution. SnO2NPs, ZIF-8 and composite 

NC1 are found to carry negative charge on their surface at higher pH as examined by zeta 

potential analyzer (Zeta potential value vs pH plots are shown in Fig. 4.23 and the results are 
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tabulated in Table 4.8) whereas MB is observed to be a cationic dye [52]. So, there is more 

probability for interaction of MB dye with active sites of all materials at higher pH due to 

electrostatic attractions. Further, it has been already reported that the higher concentration of 

•
OH radicals in an alkaline medium are responsible for effective photodegradation of MB 

solution [8].
 

 

Table 4.7. Effect of pH varying on adsorption and % photodegradation of 0.5 × 10
-5

 M 

MB solution. 

pH Adsorption %  (qt) Photodegradation % 

ZIF-8 SnO2NPs@

ZIF-8 

SnO2NPs Pure 

MB 

ZIF-8 SnO2NPs@

ZIF-8 

SnO2NPs 

3.1 16.25 

(0.52) 

14.75 

(0.47) 

21.68 

(0.69) 

4.62 68.2 86.12 29.06 

8.5 26.25 

(0.84) 

30.87 

(0.988) 

23.43 

(0.38) 

12.68 84.37 94.12 28.75 

11.48 40.93 

(1.31) 

45.93 

(1.47) 

32.37 

(1.03) 

44.12 89.75 95.93 49.12 

 

 

 

Fig. 4.23. Zeta potential of SnO2NPs, ZIF-8 and composite NC1 at pH = 3.06; 7.76; 11.16. 

 

Table 4.8. Zeta Potentials of SnO2NPs, ZIF-8 and composite NC1 at various pH. 

S.N.         pH SnO2NPs ZIF-8 NC1 Composite 

1. 3.06 20.1 19.1 23.7 

2. 7.76 -33.1 0.32 6.12 

3. 11.16 -42.9 -67.7 -56.5 
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4.3.9.4. Effect of Initial Dye Concentration 

The effect of initial concentration of MB for the adsorption and photodegradation at pH 

11.48 has been studied by using photocatalysts viz., ZIF-8, SnO2NPs and composite NC1. The 

adsorption and photodegradation of MB are strongly dependent on its initial concentration. The 

results are compiled in Table 4.9 and C/Co vs time plots are shown in Fig. 4.24. The results 

indicate that both adsorption and photo-degradation decrease on increasing the initial 

concentration of MB. This is because of the number of surface active site is more available at 

lower concentration of MB while at its higher concentration, dye molecules inhibit the 

penetration of light through the surface of photocatalysts [53]. Consequently, the generation of 

active species viz. 
•
OH and 

•
O

2–
 decreases on increasing [MB] in the reaction vessels [8].

 

 

Table 4.9. Adsorption and % photodegradation of MB solution by varying the 

concentration at pH = 11.48.  

Conc. 

(mg L
-1

) 

Adsorption%  (qt) Photodegradation % 

ZIF-8 SnO2NPs

@ZIF-8 

SnO2NPs Pure 

MB 

ZIF-8 SnO2NPs

@ZIF-8 

SnO2NPs 

1.6 40.93 

(1.31) 

45.93 

(1.47) 

32.37 

(1.03) 

44.12 89.75 95.93 49.12 

3.1 15.95 

(1.018) 

11.94 

(0.762) 

7.49 

(0.478) 

20.31 81.88 92.13 15.73 

6.3 5.48  

(0.7) 

7.99 

(1.02) 

5.01 

(0.64) 

14.26 71.94 84.48 11.92 

 

 

 

Fig. 4.24. The effect of initial dye concentration for adsorption and photodegradation of 

[MB] (a) 3.1 mg L
-1

 ; (b) 6.3 mg L
-1

 at pH 11.5; photocatalyst’s amount 10 mg (0.5 g L
-1

). 
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4.3.9.5. Spectrofluorometric Studies 

It has been widely accepted that 
•
OH radicals are the active species for the 

photocatalytic degradation of MB dye [8, 41]. The efficiency of photocatalysts has been 

ensured by the generation of 
•
OH radicals which can be investigated by fluorescence intensity 

measurement with the help of spectrofluorometer. The fluorescence spectra of terephthalic acid 

(0.5 mM) have been recorded at 315 nm excitation wavelength with photocatalysts under dark 

and UV-visible irradiation. It has been found that there is no any increment in fluorescence 

intensity of terephthalic acid at 425 nm under dark (Fig. 4.25) while under UV-visible 

irradiation it increases on account of the synergic effect of light and photocatalysts (Fig. 4.26).  

 

 

Fig. 4.25. Fluorescence spectral changes (excitation at 315 nm; under dark) of 

terephthalic acid (0.5 mM; NaOH 2 mM), (a) without any photocatalyst; (b) in presence 

of ZIF-8 (10 mg); (c) in presence of composite NC1 (10 mg); (d) in presence of SnO2NPs 

(equivalent amount present in 150 µL suspension). 
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Further, the efficiency of composite NC1 towards the generation of 
•
OH radicals is 

found to be more as compared to that of ZIF-8 and SnO2NPs under UV-visible light irradiation. 

These results indicate the greater efficiency of composite NC1 towards the photocatalytic 

degradation of MB under UV-visible light irradiation. 

 

 

Fig. 4.26. Fluorescence spectral changes (excitation at 315 nm; under UV-visible light) of 

terephthalic acid (0.5 mM; NaOH 2 mM), (a) without any photocatalyst; (b) in presence 

of ZIF-8 (10 mg); (c) in presence of composite NC1 (10 mg); (d) in presence of SnO2NPs 

(equivalent amount present in 150 µL Suspension).  

 

4.3.9.6. Scavenger Analysis 

The scavenger experiments have been employed for the detection of main reactive 

species (
•
OH, O2

•-
, and h

+
) responsible for the photocatalytic degradation of dye. 

Ethylenediaminetetra acetic acid (EDTA), p-benzoquinone (BQ) and tertiary butyl alcohol (t-
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BuOH) are used as h
+
, O2

•-
, and 

•
OH scavenger, respectively [54, 29, 55]. 2 mL of 2 mM BQ, 

500 μL t-BuOH and 33 mg EDTA has been added separately into MB solution prior to addition 

of composite NC1 in the experiment. It has been found that the photocatalytic efficiency of 

composite NC1 decreases significantly in the presence of t-BuOH while a small decrease is 

observed in presence of BQ and EDTA (Fig. 4.27). The observed results indicate that 
•
OH 

radicals play an important role in photocatalytic degradation of MB while h
+
 and O2

•- 
radicals 

play a minor role.  

 

 

Fig. 4.27. Effect of scavengers (BQ, p-benzoquinone; t-BuOH, t-butanol; EDTA, 

ethylenediaminetetraacetic acid) on photocatalytic degradation of MB in the presence of 

composite NC1 under UV-visible irradiation. 

 

4.3.9.7. Plausible Degradation Mechanism 

The general photocatalytic mechanism of multi-core-shell SnO2NPs@ZIF-8 (NC1) 

involves the synergic effect of SnO2NPs and ZIF-8 where SnO2NPs act as a core (main 

photocatalysts) and ZIF-8 acts as a shell (co-catalysts) material. In case of bare SnO2NPs, there 

is more probability for recombination of the generated e
- 

and h
+
 pair under UV-visible light 

irradiation (Fig. 4.28). However, in case of SnO2NPs@ZIF-8 the generated e
-
 and h

+
 pair in the 

conduction band (CB) and valance band (VB) of SnO2NPs can move on the surface of ZIF-8 

that helps to reduce the recombination of e
-
 and h

+
 pair. These e

-
 and h

+
 pair can easily react 

oxygenated water and so produce 
•
OH radicals, responsible for photo-induced catalytic 
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degradation of dye which is already confirmed by spectrofluorometric analysis. In case of pure 

ZIF-8, photocatalytic degradation of dye occurs as a results of HOMO-LUMO charge transfer 

from N 2p bonding orbital of imidazole ring to the vacant orbital of Zn
+2

. In the excited state, 

electron returns from LUMO to HOMO to stabilize the system. Therefore, remaining electron 

combines with oxygenated water to form 
•
OH radicals [8]. 

 

 

Fig. 4.28. Mechanism for photocatalytic degradation of MB by SnO2NPs@ZIF-8 

composite (NC1). The solid lines indicate VB and CB of SnO2NPs and Eg represents band 

gap of SnO2NPs while the dashed lines indicate VB’ and CB’ of encapsulated SnO2NPs 

whereas E’g represents decreased band gap of SnO2NPs after encapsulation.  

 

4.3.9.8. GC-MS Analysis 

The possible degraded pathway of MB is proposed in Scheme 3.2 (Chapter three). The 

degraded by-products and their plausible fragments have been identified by GC-MS analysis 

[8, 56]. Mass spectra of the plausible fragments are provided in Fig. 4.29. A very weak 

molecular ion peak of MB appears in the GC-MS spectra after its photodegradation which 

indicates a very small fraction of MB is remained. Further, MB is reported to undergo a 

complete mineralization into inorganic ions, CO2, NO3
-
, SO4

-
 and NH4

+
 after a prolonged 

photo-irradiation [56]. 
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Continued  
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Fig. 4.29. The GC-MS spectra of identified intermediates structures (a-e) after the 

degradation of MB is shown above, respectively. 

 

 

4.4. CONCLUSIONS 

In summary, an easily executable and sustainable route to synthesize multi-core-shell 

SnO2NPs@ZIF-8 composites has been developed by encapsulation of varied amounts of 

SnO2NPs within ZIF-8 at ambient temperature. For the first time, it has been reported that 

SnO2NPs@ZIF-8 (NC1) shows maximum reduction in viral load/titers up to >80% during post-

treatment and >50% during pre-treatment for the Chikungunya virus which is greater than that 

of the ZIF-8 and bare SnO2NPs. Further, NC1 was found to display an enhanced photocatytic 

activity for the degradation (96%) of MB (0.5×10
-5

 M) at higher pH ˃7.0 by involving 
•
OH 

radicals as  major active species. 
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NOTE: The work of this chapter was published in repute journal as given below. 

R. Chandra, V. Singh, S. Tomar and M. Nath
*
, “Multi-core-shell Composite SnO2NPs@ZIF-8: 

Potential Antiviral Agent and Effective Photocatalyst for Waste-water Treatment” Environ. Sci. 

Pollu. R. (2019) 23346–23358. 

 The supporting data are also avialable on given link.  

https://doi.org/10.1007/s11356-019-05646-5. 
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   This chapter comprises two sections. Section-A deals with synthesis and 

characterization of AgNPs, ZIF-11 and AgNPs@ZIF-11 composites, while Section-B 

describes synthesis of AgNPs doped ZIF-8 in situ; synthesis of ZIF-8 as well as AgNPs 

and photocatalytic application of core-shell composite. 

SECTION A 

 

5A.1. INTRODUCTION  

  Zeolitic imidazole frameworks (ZIFs) are well known metal organic frameworks. 

ZIFs have been synthesized having various topologies like rhombic dodecahedron 

(RHO) and sodalite (SOD) topology [1]. ZIF-11 is one of the most auspicious zeolitic 

imidazole frameworks for gas separation and H2 adsorption [2]
 
due to its huge porosity. 

It has large cavities (14.6 Å) connected with small pore apertures (3.0 Å) [3].  

  From the last few decades, much effort has been devoted for the synthesis of 

core-shell hetro-structures because such hybrid materials are being utilized as promising 

and effective heterogeneous photocatalyst due to synergic effect of core-shell materials. 

Recently, very few researchers have reported modified ZIF-11 for the various 

applications such as PBI mixed matrix membranes with ZIF-11 for H2/CO2 separation 

[4], ZIF-11/Pebax®2533 mixed matrix membranes for CO/N2/CH4 gas adsorption [5] 

and 6FDA-DAM-ZIF-11 mixed-matrix membranes for H2/CH4 and CO2/CH4 separation 

[6]. From an overview of the literature, ZIF-11 is not modified with any semiconductors 

(ZnO, TiO2, SnO2 and Fe3O4 etc.) or any novel metal nanoparticles such as Au, Ag, Pd, 

and Pt etc., so far. Further, these novel metal nanoparticles allow the extension of the 

light absorption of wide band gap of materials due to its Surface Plasmon Resonance 

(SPR) and enhance the photo conversion yield [7]. Recently, it has been reported that 

wide band gap of semiconductors TiO2
 
and CeO2 activated toward visible light due to 

modification with novel metal nanoparticles [8-11]. 

.  Therefore, it is envisioned for the synthesis of AgNPs@ZIF-11 composite, 

whereas AgNPs acts as a core material and ZIF-11 acts as a shell material. This section 

concerns about the synthetic optimization of ZIF-11, synthesis of AgNPs@ZIF-11 

composite and its utilization as a potential photocatalysts for degradation of industrial 

pollutants such as methylene blue and 4-nitrophenol. 
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5A.2. EXPERIMENTAL SECTION  

5A.2.1. Synthesis of AgNPs 

A typical synthetic method [12] has been adopted for the synthesis of Ag nanoparticle 

(NPs) as schematically illustrated in Scheme 5A.1. Stock solution was prepared of 50 mM 

NaBH4, 30 mM of trisodium citrate, and 50 mM AgNO3 separately and labelled as A, B and C 

respectively. 2 mL of solution C was taken in a tri-necked round flask bottle and added 50 mL 

DI H2O and kept on stirring (in ice-bath at 4 °C) for 30 min under N2 purging. After that 1 mL 

of each solution A and B were added dropwise with constant stirring. Resultant, a pale yellow 

colour solution was obtained after 30 min which indicates the formation of AgNPs. For trigger 

the reduction of AgNO3, the RBF was removed from the ice-bath and kept on stirring for 

another 30 min. The resultant solution was aged for few days and after that gray silver powder 

was collected by centrifugation and stored in air tight container and wrapped with aluminum 

foil to protect from sunlight. 

 

 5A.2.2. Synthesis of ZIF-11 

ZIF-11 was synthesized by toluene assisted synthesis method [13] with some 

modification. The various reaction conditions were employed in order to attain the optimized 

synthesis of ZIF-11 as compiled in Table 5A.1. Herein, three metal salts viz., zinc acetate 

dihydrate, zinc nitrate pentahydrate and anhydrous zinc chloride for three reaction conditions 

i.e. stirring of reaction mixture at room temperature, bench method (keeping reaction mixture 

solution at room temperature without disturbing liquid-liquid interface) and hydrothermal 

method involving heating of reaction mixture at 120 °C for 12 h  were employed. 

Consequently, nine products of ZIF-11 were obtained and represented as Z-1 to Z-9, 

respectively. It is observed that ZIF-11 was successfully synthesized by stirring method using 

anhydrous zinc chloride metal salts at room temperature.  

In the optimized process, 1 mmol (0.12 g) of benzimidazole was dissolved in a binary 

mixture of solvents (10 mL methanol and 10 mL of toluene) and kept on stirring (in ice-bath at 

4 °C) for 30 min. During the stirring of ligand solution, 2.5 mL Liq. NH3 was added for the 

deprotonation of imidazole ring. After that 1 mmol anhydrous zinc chloride solution (0.136 g in 

4 mL methanol) was added dropwise into ligand solution and stirred for another 30 min. 

Resultant white precipitate was aged for 12 h at room temperature (ca. 25 °C). Further, 

precipitate was washed with ethanol twice and collected via centrifugation and dried at 60 °C. 

Synthesis of ZIF-11 is schematically illustrated in Scheme 5A.2.  
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Scheme 5A.1. Schematic presentation of synthesis of AgNPs. 

 

 

Scheme 5A.2. Schematic presentation of synthesis of ZIF-11. 

 

Table 5A.1. The various synthetic conditions using different zinc metal salts. 

S.N. Metal salts 

(MX2) 

Conditions 

Stirring Bench Hydrothermal 

1. X= OAc Z-1 Z-4 Z-7 

2. X= NO3
-1

 Z-2 Z-5 Z-8 

3. X= Cl
-1

 Z-3 Z-6 Z-9 

 

5A.2.3. Synthesis of AgNPs@ZIF-11 

A novel multi-core-shell AgNPs@ZIF-11 composite was synthesized by in situ 

encapsulation of AgNPs in ZIF-11 (employed Z-3, prepared by stirring method). The similar 

procedure has been adopted for the synthesis of AgNPs@ZIF-11 as used for synthesis of ZIF-

11. During the addition of metal solution (0.136 g in 4 mL methanol) solution into the 

benzimidazole solution (0.12 g in 10-10 mL of binary solvent methanol-toluene), AgNPs 
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suspensions (1 mg of AgNPs powder dispersed in 2 mL methanol) in different amounts i.e. 150 

µL, 300 µL and 500 µL methanol suspensions were simultaneously added to yield 

AgNPs@ZIF-11 composites which are represented as AZ1, AZ2 and AZ3, respectively. 

 

5A.2.4.  Adsorption and Photodegradation Studies 

Details of adsorption and photodegradation studies of MB are similar as reported in 

Chapter two. For the reduction of 4-nitrophenol (4-NP), following four sets of 4-NP (1×10
-4

 M) 

solution in 50 mL ungraduated test tubes were prepared as per the details given below- 

(i) 20 mL of 1×10
-4

 M 4-NP solution.  

(ii) 10 mL of 0.1M NaBH4 solution was added in 20 mL of 1×10
-4

 M 4-NP solution.  

(iii) 20 mg ZIF-11 was suspended in 20 mL solution of 4-NP + 10 mL of 0.1M NaBH4 

solution. 

(iv) 20 mg AZ1 composite was suspended in 20 mL solution of 4-NP + 10 mL of 0.1M 

NaBH4 solution. 

The reaction was started with addition of NaBH4 and catalysts (ZIF-11 and AZ1 

composite) under UV-visible irradiation. All the four sets were kept under UV-visible 

irradiation with continue stirring for 120 min and at certain interval of time the UV-visible 

spectra were recorded. The reduction percentage of 4-NP into 4-AP (4-aminophenol) was 

calculated by using following equation (5A.1). 

 

Reduction % = [(A0 ‒ At) ÷ A0] × 100          (5A.1) 

 

Where A0 is initial absorbance and At is the absorbance at certain time “t”. 

 

5A.3. RESULTS AND DISCUSSION  

5A.3.1. PXRD Analysis 

 Three reaction conditions i.e. stirring, bench and hydrothermal method have been 

applied using three zinc metal salts for the synthesis of ZIF-11. Hence, nine products of ZIF-11 

have been synthesized and characterized by powder X-ray diffraction (PXRD) analysis. The 

PXRD spectra of nine products of ZIF-11 are given in Fig. 5A.1. The PXRD pattern of Z-3 

matches with PXRD pattern of ZIF-11 (RHO) exported from single crystal data (CCDC no. 

602545) with the help of mercury and X’Pert HighScore software. Hence, it has been observed 

that ZIF-11 can be synthesized by optimized stirring method using anhydrous zinc chloride 
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metal salt and benzimidazole ligand in a binary solvent (methanol and toluene) at room 

temperature. 

 

 

Fig. 5A.1. PXRD pattern of ZIF-11 as synthesized various conditions. 

   

The PXRD peaks of ZIF-11 are at 6.211°, 7.623°, 8.733°, 12.365°, 13.778°, 15.695°, 

16.603° and 18.52° corresponding to the planes (200), (211), (220), (400), (420), (510), 

(520), and (600), respectively, which have been shown in Fig. 5A.2(a) and indexed with 

reported ZIF-11 PXRD pattern. Further, ZIF-11 and AgNPs@ZIF-11 composites (AZ1, 

AZ2 and AZ3) reveal the same PXRD pattern which indicates that AgNPs does not 

affect the morphology and crystallinity of ZIF-11 as illustrated in Fig. 5A.2(a). AgNPs 

also has been characterized by PXRD analysis (Fig. 5A.2(b)). The major PXRD peaks 

of AgNPs are at 38.117°, 44.279°, 64.428°, 77.475°, 81.539° and 97.891° corresponding 

to the planes (110), (200), (220), (311), (222), and (400), respectively, which have been 

indexed with the JCPDS No. 00-004-0783. Arial and chemical stability of ZIF-11 and 

its composites have also been examined by PXRD analysis. Fig. 5A.2(c) shows that 
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there are no any significant change in the PXRD pattern of ZIF-11, AZ1, AZ2 and AZ3 

composites which firmly proves their high stability (after six months) while after the 

fifth cycle of photodegradation study, ZIF-11 and AZ1 have started slightly degraded 

which is ensured by slight reduction of PXRD peak intensity (Fig. 5A.2(d)).  

 

 

Fig. 5A.2. (a) PXRD patterns of ZIF-11 and its composites AZ1, AZ2 AZ3; (b) 

PXRD pattern of AgNPs; (c) PXRD patterns of ZIF-11 and its composites AZ1, 

AZ2 AZ3 after six months; (d) PXRD patterns of used ZIF-11 and AZ1 composite. 

 

5A.3.2. FT-IR Spectroscopic Studies 

  FT-IR spectra of ZIF-11 and its composites viz., AZ1, AZ2 and AZ3 are given in 

Fig. 5A.3. The characteristic peaks of imidazole ring are similar in ZIF-11 and their 

composites. The bands at 3088 cm
-1

, 3057 cm
-1

, 3032 cm
-1 

are assigned to ν(=C-H)aromatic 

ring, 1611 cm
-1

, 1465 cm
-1 

 to ν(-C-C-)aromatic ring and 435 cm
-1

 to ν(Zn-N) [6, 14].
 
A 
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stretching frequency due to Csp3-H at 2920 cm
-1 

disappears which indicates the complete 

removal of toluene [6]. 

 

 

Fig. 5A.3. FT-IR spectra of ZIF-11 and its composites AZ1, AZ2 and AZ3. 

 

5A.3.3. FE-SEM and HR-TEM Analysis 

Fig. 5A.4 shows SEM images of nine products of ZIF-11. SEM image of Z-3 indicates 

the formation of ZIF-11 having rhombic dodecahedron (RHO) geometry. RHO topology of 

ZIF-11 and AZ1 composite has been examined by FE-SEM analysis (Fig. 5A.5(a-b)). It is 

apparently seen that encapsulation of AgNPs does not affect the topology of ZIF-11. FE-SEM 

mapping of C, N and Zn elements are illustrated in Fig. 5A.5(c-e) which ensured the elemental 

composition of ZIF-11. Further, the EDX analysis of AgNPs, ZIF-11 and their AgNPs@ZIF-11 

composites have been performed which also ensured their elemental composition. The EDX 

results are tabulated in Table 5A.2 and spectra are given in Fig. 5A.6. 
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Fig. 5A.4. SEM analysis of ZIF-11 as synthesized by various conditions. 
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Fig. 5A.5 (a, b) FE-SEM images of ZIF-11 and AZ1 composite, respectively. Fig. 5A.5(c-e) 

represents the mapping of C, N and Zn elemental composition, respectively, of ZIF-11.  

 

Table 5A.2: EDX analysis of Ag NPs, ZIF-11 and AgNPs@ZIF-11 composites. 

S.N. Materials Atomic % 

C N Zn Ag 

1. ZIF-11 72.54 23.56 3.91 - 

2. AZ1 70.91 25.42 3.65 0.02 

3. AZ2 70.89 25.41 3.67 0.03 

4. AZ2 76.64 21.35 1.97 0.04 

5. AgNPs - - - 100 
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Fig. 5A.6. (a-e) The EDX spectra of ZIF-11, AZ1, AZ2, AZ3 and AgNPs, respectively. 

 

  Morphology and particle size of synthesized AgNPs were also studied by HR-

TEM analysis (Fig. 5A.7(a)). The SEAD pattern of AgNPs indicates the polycrystalline 

nature (Fig. 5A.7(e)). Fig. 5A.7(b) shows the TEM images of ZIF-11 and Fig. 5A.7(c-d) 

reveals TEM images of AZ1 composite in increasing magnification order. TEM image 

of AZ1 composite depicts the definite encapsulation of AgNPs. The SEAD pattern (Fig. 

5A.7(f)) of AZ1 composite also insured crystalline nature and the presence of AgNPs 

within AZ1 composite. The particle size of synthesized AgNPs varies between 5 to 25 

nm while the particle size of the encapsulated AgNPs within ZIF-11 is found to be 11.76 

± 2.3 nm, determined by particle size distribution plot (Fig. 5A.8) with the help of 

ImageJ software. 
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Fig. 5A.7. TEM image of (a) AgNPs, (b) ZIF-11, (c, d) AZ1 composite in order of 

increasing magnification, SEAD pattern of (e) AgNPs and (f) AZ1 composite, respectively. 

 

 

Fig. 5A.8. (a, b) Particle size distribution plots of AgNPs as synthesized and after 

encapsulation within ZIF-11, respectively. 
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5A.3.4. UV-DRS Studies 

  The optical behaviour of ZIF-11, AZ1, AZ2 and AZ3 has been studied by UV-

DRS analysis. Typical UV-DRS spectra have been plotted using direct and indirect 

transitions by employing Tauc method [15]. The UV-DRS analysis shows the lowering 

of band gap of ZIF-11 due to incorporation of AgNPs from 4.36 eV to 4.21 eV (Fig. 

5A.9(a)) for direct transitions and 4.18 eV to 4.05 eV (Fig. 5A.9(b)) for indirect 

transitions which indicates the presence of micro-environment of AgNPs within ZIF-11 

frameworks. 

 

 

Fig. 5A.9. (a, b) Combined DRS spectra of ZIF-11, AZ1, AZ2 and AZ3 composites 

by direct and indirect transition method, respectively, and (c) UV-Visible 

absorbance spectra of ZIF-11 and composites AZ1, AZ2 AZ3. Fig. 5A.9(d) UV-

Visible absorbance spectra of synthesized AgNPs suspension.  
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Absorbance spectra also show the red shift (Fig. 5A.9(c)) which indicates the micro-

environment of AgNPs within ZIF-11 frameworks. The UV-visible absorption spectrum 

of AgNPs exhibits a sharp band at 435 nm and a broad band at 280 nm due to SPR (Fig. 

5A.9(d)). 

 

5A.3.5. BET Surface Area Analysis 

  Porosity of ZIF-11 and its composites has been examined by N2 sorption 

isotherms at 77K and Brunauer-Emmett-Teller (BET) sorption isotherms were indexed 

with pore size distribution plot as shown in Fig. 5A.10. However, the results are 

tabulated in Table 5A.3. This measurement exhibits the surface area of ZIF-11 i.e. ≈ 392 

m
2 

g
-1 

according to BET model and 869 m
2 

g
-1

 according to Langmuir model which is 

much better as compared to recently reported [6]. It has also been observed that surface 

area of composites is decreased on increasing the dosing amount, because the voids of 

ZIF-11 are occupied by doped AgNPs.  

 

5A.3.6. XPS Analysis 

  The surface profile of AgNPs, ZIF-11 and AZ1 composite was analysed by X-ray 

photoelectron spectroscopy (XPS). Fig. 5A.11 illustrates the survey scan of AgNPs (Fig. 

5A.11(a)) and expended XPS spectrum of Ag 3d orbital (Fig. 5A.11(b)) with two major 

peaks having binding energy 373.08 eV and 367.08 eV which are ascribed to 3d3/2 and 

3d5/2, respectively. The spin orbit coupling was calculated ca. 6.0 eV which is the 

evidence of Ag
+
 reduction into Ag

0
 [16]. The loss features were also observed at higher 

binding energy of splitting between 3d3/2 and 3d5/2 which indicates the metallic nature of 

AgNPs. In case of composites, binding energy of Ag 3d orbital slightly deviates due to 

short interaction of metal-ligand moiety of ZIF-11. The XPS survey scan of ZIF-11, 

AZ1, AZ2 and AZ3 composites are shown in Fig. 5A.12(a), Fig. 5A.13(a), 5A.14(a) and 

5A.15(a), respectively. Zn 2p expanded XPS spectra of ZIF-11 have two major and 

sharp peaks at 1045.02 eV and 1021.81 eV due to 2p1/2 and 2p3/2 (Fig. 5A.12(b)). 

Similarly, Zn 2p expanded XPS spectra of composites AZ1, AZ2 and AZ3 are given 

Fig. 5A.13(b), 5A.14(b) and 5A.15(b), respectively, and the corresponding binding 

energy is tabulated in Table 5A.4. 
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Fig. 5A.10. (a-d) BET adsorption-desorption isotherm indexed with pore size distribution 

plot of ZIF-11 and its composite AZ1, AZ2 and AZ3, respectively. 

 

Table 5A.3: Textural properties of ZIF-11 and its composites (AZ1, AZ2 and AZ3). 

S.N. Materials SBET (m
2
g

-1
) SLangmuir (m

2
g

-1
) Pore Vol.  

(ccg
-1

) 

Average 

Pore radius 

(Å) 

1. ZIF-11 393  869  2.815 × 10
-1

 36.13  

2. AZ1 210  451  1.391 × 10
-1

 36.29 

3. AZ2 374  908  2.907 × 10
-1

 36.02 

4. AZ3 69 236  6.794 × 10
-2

 37.41 
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Fig. 5A.11. (a, b) Survey scan and expanded XPS spectra of Ag 3d of AgNPs. 

 

 

Fig. 5A.12. (a-d) Survey scan and expanded XPS spectra of Zn 2p, C 1s and N 1s of ZIF-

11 are shown as (a), (b), (c) and (d), respectively. 
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Fig. 5A.13. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ1 are shown as (a), (b), (c), (d) and (e), respectively.  
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Fig. 5A.14. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ2 are shown as (a), (b), (c), (d) and (e), respectively.  
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Fig. 5A.15. (a-e) Survey scan and expanded XPS spectra of Zn 2p, C 1s, N 1s and Ag 3d of 

AZ3 are shown as (a), (b), (c), (d) and (e), respectively.  
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Table 5A.4. XPS analysis of AgNPs, ZIF-11 and their composites. 

S.N. Materials  Atom/Element State/Term Binding energy (eV) 

 

1. 

 

AgNPs 

Ag 3d3/2 373.08 

3d5/2 367.05 

 

 

2. 

 

 

ZIF-11 

Zn 2p1/2 1045.02 

2p3/2 1021.81 

C 1s 285.52 

284.45 

N 1s 398.77 

 

 

 

3. 

 

 

 

AZ1 

Zn 2p1/2 1044.17 

2p3/2 1021.04 

Ag 3d3/2 373.07 

3d5/2 367.56 

C 1s 285.41 

284.17 

N 1s 398.22 

 

 

 

 

4. 

 

 

 

AZ2 

Zn 2p1/2 1044.10 

2p3/2 1021.13 

Ag 3d3/2 373.13 

3d5/2 367.51 

C 1s 285.38 

283.90 

N 1s 398.30 

 

 

 

5. 

 

 

 

AZ3 

Zn 2p1/2 1044.67 

2p3/2 1021.55 

Ag 3d3/2 372.88 

3d5/2 367.56 

C 1s 285.39 

284.18 

N 1s 398.68 
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The deconvolution of C 1s of ZIF-11 involves two peaks at higher binding energy 

(285.52 eV) due to sp
2
C-N and at lower binding energy (284.45 eV) due sp

2
C-C 

interaction [17]. Similar pattern is also observed in composites AZ1, AZ2 and AZ3, the 

XPS spectra of C 1s of ZIF-11 and all three composites (AZ1, AZ2 and AZ3) are given 

in Fig. 5A.12(c), 5A.13(c), 5A.14(c) and 5A.15(c), respectively. The XPS spectra of N 

1s of ZIF-11 (-N= B.E. 398.77 eV) and its composites (-N= B.E. 398.22 eV for AZ1, 

398.30 eV for AZ2 and 398.68 eV for AZ3) are given in Fig. 5A.12(d), 5A.13(d), 

5A.14(d) and 5A.15(d), respectively, which suggests the similar environment of 

nitrogen in ZIF-11 and all three composites [4]. Expanded XPS spectra of Ag 3d of all 

three composites are also depicted in Fig. 5A.13(e), 5A.14(e) and 5A.15(3), 

respectively, and the results are given in the Table 5A.4.  

 

5A.3.7. Thermal Analysis 

  Thermal stability of ZIF-11, AZ1, AZ2 and AZ3 composites has been examined 

by thermal gravimetric analysis (TGA) under air/N2 atmosphere. TGA plot of ZIF-11 

and AgNPs@ZIF-11 composites are shown in Fig. 5A.16(a, b) under air and N2 

atmosphere, respectively. It is found that ZIF-11 and composite are highly stable up to 

500 °C and above 500 °C they have started to decompose under both the environments. 

 

 

Fig. 5A.16. (a, b) TGA analysis of ZIF-11 and AgNPs@ZIF-11 composites (AZ1, 

AZ2 and AZ3) under air and N2 atmosphere, respectively. 
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5A.3.8. Adsorption and Photocatalytic Degradation Studies of Methylene Blue 

(MB) Dye Using AgNPs@ZIF-11 Composites 

  Adsorption and photocatalytic degradation activity of ZIF-11 and AgNPs@ZIF-

11 composites were investigated by observing the photocatalytic degradation of MB as 

model dye with the help of UV-visible spectrophotometer under UV-visible light 

irradiation as energy source (50 Watt halogen lamp). The details of adsorption and 

photodegradation factors such as dosing amount of AgNPs, amount of catalysts and 

concentration of dye solution have been discussed. The similar method has been 

employed as mentioned in Chapter two.  

 

5A.3.8.1. Effect of Encapsulation Amount of AgNPs 

  In order to examine the optimum amount of encapsulation, it is found that all 

three composites (AZ1, AZ2 and AZ3 composite) exhibit enhanced photocatalytic 

activity as compared to ZIF-11. Before examine the photocatalytic activity of 

composites, the adsorption capacity of all three composites have been examined. The 

results of adsorption capacity and photodegradation efficiency are tabulated in Table 

5A.5 and C/C0 vs time plots are shown in Fig. 5A.17. It is found that AZ1, AZ2 and 

AZ3 composite can remove/adsorb 80.62%, 58.75% and 37.50% MB dye solution, 

respectively. On exposure to UV-visible irradiation after attaining adsorption-desorption 

equilibrium, the colour of MB dye completely disappeared (100% degradation) by all 

three composites in 120 minutes; 100% degradation was achieved in 40 min with AZ1, 

and in 60 min with AZ2. This may be due to the increase in agglomeration of AgNPs 

with increasing the dosing amount of AgNPs; at higher concentration the collisional 

deactivation may also decrease degradation rate. AZ1 composite was selected for further 

studies due to its maximum photocatalytic efficiency. 
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Fig. 5A.17. Effect of encapsulation amount of AgNPs suspensions within ZIF-11 

framework for adsorption and photodegradation of [MB] = 1.64 mg L
-1

; pH = 8.35; 

photocatalyst’s amount = 10 mg (0.5 g L
-1

). 

 

Table 5A.5: Effect of dosing amount of AgNPs suspension, catalyst amount = 10 mg; at 

pH = 8.35; [MB] = 1.6 mg L
-1

. 

S.N. Dosing amount of AgNPs 

suspensions in µL 

Adsorption capacity 

[% Dye removal] 

% Photodegradation 

1. 150 (AZ1) 2.58 [80.62] 100 

2. 300 (AZ2) 1.88 [58.75] 100 

3. 500 (AZ3) 1.20 [37.50] 100 

 

5A.3.8.2. Effect of Photocatalyst’s Amount 

  The effective amount of catalysts was checked by varying the amount of ZIF-11 

and AZ1 composite i.e. 5 mg, 10 mg and 15 mg. The results are tabulated in Table 5A.5 

and C/C0 vs time plots shown in Fig. 5A.18. It is observed that ZIF-11 degrades off 

73.75, 86.25 and 95.62% in 120 min while AZ1 degrades off 84.37 (120 min), 100% (40 

min) and 100% (40 min) MB with 5 mg, 10 mg and 15 mg amount of catalyst, 

respectively. So, 10 mg of ZIF-11 and AZ1 composite was taken to study the effect of 

MB dye concentration, and ZIF-11 is more than 30 % less effective than composite 

AZ1. 
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Fig. 5A.18. Effect of photocatalyst’s amount for adosrption and photodegradation of 

[MB] = 1.6 mg L
-1

 at pH = 8.35.  

 

Table 5A.6: Effect of photocatalysts amount (ZIF-11 and AZ1), [MB] = 1.6 mg L
-1

; at pH 

= 8.35. 

S.N. Amount (mg) Adsorption capacity (mg/g)  

[%dye removal] 

% Photodegradation 

ZIF-11 AZ1 ZIF-11 AZ1 

1. 5 3.12 [48.75] 2.88 [45.00] 73.75 84.37 

2. 10 1.72 [53.75] 2.58 [80.62] 86.25 100 

3. 15 1.40 [65.62] 1.89 [88.75] 95.62 100 

  

 

5A.3.8.3. Effect of Initial Dye Concentration 

  The effect of initial dye concentration has been examined for optimizing the 

maximum efficiency of photocatalysts at the optimum concentration of MB dye solution 

to be degraded by using 10 mg of ZIF-11 and AZ1. Therefore, the photocatalytic 

activity experiments at different MB dye concentration (i.e. 0.5×10
-5

, 1×10
-5

 and 2×10
-5

 

M solutions) were performed using ZIF-11, AZ1 composite and equivalent amount of 

AgNPs suspension (150 µL) encapsulated within AZ1 composite. The outcomes of this 

set of experiments are compiled in Table 5A.7 and C/C0 vs time plots are illustrated in 

Fig. 5A.19.  
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Table 5A.7: Effect of  concentration of MB dye solution at pH = 8.35; Photocatalysts 

amount = 10 mg. 

Conc. of 

dye 

(mg L
-1

) 

Adsorption capacity (mg/g)  

[% dye removal] 

% Photodegradation 

ZIF-11 AZ1 AgNPs Pure MB ZIF-11 AZ1 AgNPs 

1.6 1.72 

[53.75] 

2.58 

[80.62] 

0.25 

[7.75] 

22.75 86.25 100 45.87 

3.19 1.48 

[23.19] 

4.64 

[72.78] 

0.34 

[5.42] 

21.63 49.52 100 36.01 

6.38 1.72 

[13.47] 

6.47 

[50.73] 

0.53 

[4.13] 

14.10 26.01 80.79 26.89 

 

It is firmly proved that with increasing the concentration of MB dye solutions, the 

adsorption and photodegradation efficiency of ZIF-11, AgNPs and MB itself decreases 

while AZ1 composite exhibits same photodegradation (100%) efficiency up to  1×10
-5

 

M (3.19 mg L
-1

) i.e. 100%  and at 2×10
-5

 M (6.38 mg L
-1

) concentration, it can degrade 

off 80.79% MB dye solution. This is because at higher concentration of dye solution 

around the active sites on photocatalyst resulted in inhibiting the penetration of light to 

the surface of the photocatalyst. Therefore, the generation of relative amount of 
•
OH and 

•
O2

–
 on the surface of photocatalyst decreased with same intensity of light and 

irradiation times.  
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Fig. 5A.19. Effect of  initial dye concentration for adsorption and photodegradation of 

[MB] (a) 1.6 mg L
-1

; (b) 3.19 mg L
-1

; (c) 6.38 mg L
-1

 at pH = 8.35; Photocatalyst’s amount 

= 10 mg. 

 

5A.3.8.4. Recyclability Test  

  The capacious achievement of AZ1 composite is its reusability and recyclability. 

The recyclability test has been examined at lower concentration of MB dye 

(photocatalyst’s amount = 10 mg; [MB] = 1.6 mg L
-1

 and time length 120 min)
 
solution 

at pH 8.35. The AZ1 composite exhibits the maximum efficiency (100%) up to three 

cycle while under fourth and fifth cycle, it can degrade off 92.12% and 72.75% MB, 

respectively, which is shown in Fig. 5A.20. 
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Fig. 5A.20. (a, b) UV-visible absorbance spectra under UV-visible irradiation of 

MB with AZ1 and pictorial graph for its recyclability test are illustrated 

respectively. 

 

5A.3.9. Scavenger Analysis  

  The role of active species for the degradation of MB has been concluded with the 

help of scavenger analysis. The details of experimental conditions are already explained 

in the previous Chapter four and the effect of scavengers (ethylenediaminetetra acetic 

acid (EDTA), p-benzoquinone (BQ) and tertiary butyl alcohol (t-BuOH) are used as h
+
, 

O2
•-
, and 

•
OH scavenger) on photodegradation is shown in Fig. 5A.21.  The scavenger 

analysis proves that h
+
 and 

•
OH radicals play an important role for the degradation of 

MB dye using AZ1 composite because degradation efficiency decreased significantly 

with EDTA and t-BuOH while no significant change was observed with BQ.  

 

5A.3.10. Plausible Degradation Mechanism 

  Fig. 5A.22 illustrates the photodegradation mechanism of MB dye using AZ1 

composite under UV-visible light source (50 Watt halogen lamp). Black solid line 

indicates the energy gap (Eg) of ZIF-11 while yellow dashed line indicates the decreased 

energy gap (Eg’) of AZ1 composite due to fabrication of AgNPs within ZIF-11 

frameworks. Photocatalytic degradation of MB dye occurs as a result of HOMO-LUMO 

charge transfer in case of pure ZIF-11 similarly to that in ZIF-8 [18]. In case of AZ1 

composite, the separation between valence band (VB) and conduction band (CB) 

decreased as a result of AgNPs encapsulation within ZIF-11 framework. The photo-
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induced e
-
 and h

+
 can easily react with oxygenated water and produce reactive oxidative 

species (ROS) which is responsible for photocatalytic degradation of MB dye.  

 

 

Fig. 5A.21. Effect of scavengers (BQ, EDTA, t-BuOH,) on photocatalytic 

degradation of MB using AZ1 composite under UV-visible irradiation. 

 

 

Fig. 5A.22. Illustration of proposed mechanism for MB degradation using 

AgNPs@ZIF-11 composite under UV-visible light. 
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5A.3.11. GC-MS Analysis  

The degraded by-products of MB were analyzed by GC-MS analysis. The plausible 

fragments and their mass spectra are provided in Fig. 5A.23. The MB molecules break into 

smaller molecule after the photodegradation which are already illustrated in Scheme 3.2 of 

previous Chapter three. 

 

 

 

 

Fig. 5A.23. (a-c) GC-MS spectra of plausible fragments of MB degraded by-products. 



Chapter Five 

Synthesis and Characterization of AgNPs@ZIFs:  

Effective Photocatalyst for Industrial Pollutants 

 

150 
 

5A.3.12. Photocatalytic Reduction of 4-Nitrophenol (4-NP)  

  During photocatalytic reduction of 4-NP into 4-AP, the red shift (λmax 317 nm → 

400 nm) was observed after the addition of NaBH4 in 4-NP solution this is because of 

formation of 4-nitrophenolate ions. The presence of ZIF-11 and AZ1 in the reaction 

mixture (20 mL solution of 4-NP + 10 mL of 0.1M NaBH4 solution.), the strong 

absorption peak at λmax = 400 nm starts decreasing under UV-visible irradiation and a 

new peak appears at λmax = 268 which indicates the formation of 4-AP. Reduction 

percentage of 4-NP into 4-AP was calculated by applying equation 5A.1 and it is 

observed that 20 mg of composite AZ1 and ZIF-11 can reduce 27.13% and 21.13%, 

respectively, while 100 mg of composite AZ1 and ZIF-11 reduce 86% and 83%, 

respectively. The absorbance spectra of 4-NP reduction into 4-AP are shown Fig. 5A.24.  

 

 

Fig. 5A.24. UV-visible absorbance spectra of 4-NP reduction using ZIF-11 and AZ1. 

 

5A.4. CONCLUSION  

  In nutshell, toluene assisted synthesis of ZIF-11 and AgNPs@ZIF-11 composites 

have been demonstrated. The detailed investigation confirmed that the composites 

exhibit enhanced photocatalytic activity under UV-visible light irradiation for MB 

degradation and 4-NP reduction into 4-AP which can be utilized for remediation of 

environmental pollution. The auspicious achievement is that AZ1 composite can be 

reused for the photocatalytic degradation of MB up to third cycle with same efficiency 

(100%). 
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This section describes the controlled synthesis of AgNPs@ZIF-8 via in situ synthesis of AgNPs 

as well as ZIF-8 and they have been utilized as efficient photocatalysts for organic dye 

degradation such as methylene blue and congo red. 

SECTION B 

 

5B.1. Introduction 

  During last few decades, several efforts have been dedicated for photocatalytic 

heterogeneous degradation of organic pollutants using viz., Ag nanoparticles (NPs) 

doped metal oxides viz., Ag/TiO2, Ag/SnO2, Ag/ZnO, Ag/Fe3O4 and α‑Fe2O3/Ag/SnO2 

[19-23]. Due to Surface Plasmon Resonance (SRP), AgNPs allow the absorption 

extension of radiation within the wide band gap of semiconducting materials [24] and so 

enhance the photocatalytic activity. In addition, AgNPs have been also decorated on 

porous materials such as metal organic frameworks (MOFs). Further, bimetallic 

nanoparticles, for instance, Au@Ag and Ag/Pd have also been successfully deposited on 

ZIF-8 and used for the reduction of 4-nitrophenol [25] and dehydrogenation of formic 

acid [26], respectively. Similarly, Ag nanowires have been also fabricated on ZIF-8 and 

used for the separation of butanol [27] and for antibacterial application [28]. It is quite 

evident from the careful inspection of available literature that AgNPs doped ZIF-8 has 

not been explored for the photocatalytic degradation of dyes so far. So, it is envisioned 

to synthesize AgNPs@ZIF-8 composite in a controlled way, and subsequently exploited 

it for photocatalytic degradation and removal of methylene blue (MB) and congo red 

(CR).  

  This section describes the controlled synthesis of AgNPs@ZIF-8 via in situ 

synthesis of AgNPs as well as ZIF-8. ZIF-8, being a shell material effectively retards the 

immobilization and agglomeration of AgNPs, and thereby, enhancing the efficiency of 

AgNPs@ZIF-8 composite, which can be reused for several cycles.  

 

5B.2. EXPERIMENTAL SECTION  

5B.2.1. Synthesis of ZIF-8  

Zeolitic imidazole framework-8 was synthesized using bench method as explained in 

the Chapter three. 
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5B.2.2. Synthesis of AgNPs  

Synthesis of the AgNPs has already been discussed in section- A of this Chapter.  

 

5B.2.3. Synthesis of AgNPs@ZIF-8 

AgNPs@ZIF-8 composite was synthesized according to the following methods. 

 

5B.2.3.1. Method-A  

AgNPs@ZIF-8 composite was synthesized by addition of ZIF-8 in situ synthesis of 

AgNPs as illustrated in Scheme 5B.1. During the synthesis of AgNPs as mentioned in Section 

A, pre-synthesized ZIF-8 (100 mg) was added to silver nitrate solution under N2 gas for 30 min. 

Subsequently, silver nitrate solution was reduced using trisodium citrate and sodium 

borohydride solution. The precipitate was centrifuged and dried at 60 °C for 6 h. The composite 

was stored in closed vessels wrapped with aluminium foil and named as SZ. 

 

 

Scheme 5B.1. Synthesis of AgNPs@ZIF-8 by using method-A. 

 

5B.2.3.2. Method-B  

According to this method, AgNPs@ZIF-8 composite was synthesized by encapsulation 

of pre-synthesized AgNPs in situ synthesis of ZIF-8 which is depicted in Scheme 5B.2. During 

the synthesis of ZIF-8, AgNPs suspensions (1 mg of AgNPs powder dispersed in 2 mL 

methanol) were added in various amounts i.e. 150 µL, 300 µL and 500 µL for the synthesis of 

AgNPs@ZIF-8 composites which are abbreviated as SZ1, SZ2 and SZ3, respectively. 
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Scheme 5B.2. Synthesis of AgNPs@ZIF-8 by using method-B. 

 

5B.2.4. Adsorption and Photodegradation Studies 

For adsorption and photodegradation studies of MB and CR, following sets of each dye 

([MB] = 0.5×10
-5

 M and [CR] = 2×10
-5

 M) solutions were prepared in 50 mL ungraduated test 

tubes as per the details given below-  

 20 mL of MB or CR dye solution was taken as control. 

 10 mg of SZ, SZ1, SZ2, SZ3 and ZIF-8 was suspended in 20 mL dye (MB or CR) 

solution in a separate test tube. 

All samples were sonicated for 30 min and kept under dark for 2 h.  Meanwhile, a small aliquot 

of solution was analyzed spectrophotometrically and the absorbance spectra were recorded at 

certain time interval. Subsequently, fresh solutions of all samples were sonicated for another 30 

min for maintaining the adsorption-desorption equilibrium. Later on, they were exposed for 2 h 

for MB dye and 40 min for CR dye under UV-visible irradiations emitted from a halogen lamp 

(50 Watt) and subsequently absorbance spectra were recorded at certain time interval. The 

remaining concentration of dye was calculated at λmax 663 nm for MB and 497 nm for CR using 

equation 3.1 (expressed in Chapter three). 

 

5B.3. RESULTS AND DISCUSSION  

5B.3.1. PXRD Analysis 

  Synthesis and detailed characterization of ZIF-8 has been already discussed in the 

previous Chapter three and four. The crystalline texture of synthesized composites (SZ, 

SZ1, SZ2 and SZ3) was carefully examined by powder X-ray diffraction analysis 

(PXRD). There was no significant change observed in the PXRD patterns of composites 

SZ, SZ1, SZ2 and SZ3 after the encapsulation of AgNPs which supports the proper 

encapsulation of AgNPs within ZIF-8 cavity. PXRD patterns of composites were 

indexed with the help of the reported XRD pattern of ZIF-8 (Fig. 5B.1). 
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Fig. 5B.1. PXRD patterns of synthesized (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3 composites. 

 

5B.3.2. FT-IR Spectroscopic Studies 

  FT-IR spectra of synthesized SZ, SZ1, SZ2 and SZ3 composites have been 

shown in Fig. 5B.2. The diagnostic peaks of composites seem to locate at 421 cm
-1

, 955 

cm
-1

, 1412 cm
-1

, 1587 cm
-1 

for ν(Zn-N), δ(C-N), ν(C-N), ν(C=N), respectively [14]. 
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Fig. 5B.2. (a-d) FT-IR spectra of SZ, SZ1, SZ2 and SZ3 composites, respectively. 

 

5B.3.3. FE-SEM and HR-TEM Analysis 

A hexagonal morphology of AgNPs@ZIF-8 composites (SZ, SZ1, SZ2 and SZ3) was 

ascertained by FE-SEM analysis (Fig. 5B.3) which firmly supports that encapsulation of 

AgNPs does not alter the morphology of ZIF-8. EDX analysis ensured the presence of micro-

environment of AgNPs within ZIF-8 frameworks. The EDX spectra are given in Fig. 5B.4 and 

the results are compiled in Table 5B.1. Encapsulation was also ensured by HR-TEM images of 

SZ, SZ1, SZ2 and SZ2 (Fig. 5B.5). Fig. 5B.5(a) shows AgNPs appeared as dot in SZ 

composite. Similar pattern was also observed in SZ1, SZ2 and SZ2. Crystalline nature of SZ1, 

SZ2 and SZ2 was confirmed by SEAD pattern (Fig. 5B.6(a-d)). Particle size of encapsulated 

AgNPs was calculated from distribution plot (Fig. 5B.7) which implies that the particle size 

increases with the dosing amount.  

 



Chapter Five 

Synthesis and Characterization of AgNPs@ZIFs:  

Effective Photocatalyst for Industrial Pollutants 

 

156 
 

 

Fig. 5B.3. FE-SEM images of synthesized (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3 composites. 

 

Table. 5B.1. EDX analysis of SZ, SZ1, SZ2 and SZ3 composites. 

S.N. Materials Atomic% 

C N  Zn Ag 

1. SZ 51.23 41.01 6.11 1.65 

2. SZ1 78.70 18.90 2.40 0.01 

3. SZ2 76.34 20.99 2.65 0.02 

4. SZ3 69.13 27.99 2.85 0.03 
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Fig. 5B.4. (a-d) EDX spectra of synthesized composites SZ, SZ1, SZ2 and SZ3, 

respectively. 

 

 

Fig. 5B.5. TEM images of (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3. 
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Fig. 5B.6. SEAD patterns of (a) SZ, (b) SZ1, (c) SZ2 and (d) SZ3. 
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Fig. 5B.7. (a-d) Particle size distribution plots of AgNPs within SZ, SZ1, SZ2, and SZ3 

composites, respectively. 

 

5B.3.4. UV-DRS Studies 

  The band gap of synthesized SZ, SZ1, SZ2, and SZ3 composites has been 

calculated by employing Tauc method [15] and the typical Tauc plots are illustrated in 

Fig.5B.8. For direct transitions, it is found that all composites show sharp band at 5.27 

eV due to ZIF-8 while SZ composite exhibits narrow band at 2.16 eV due to excess 

amount of AgNPs encapsulation. This band does not appear in SZ1, SZ2, and SZ3 

composites due to small amount of AgNPs. Similarly, for the indirect transitions all 

composites exhibit sharp band at 5.13 eV due to ZIF-8 while SZ shows a narrow and 

broad band at 1.62 eV due to excess amounts of AgNPs. In the absorption spectra, two 

bands appear at 236 nm and 335 nm due to ZIF-8 and micro environment of AgNPs, 



Chapter Five 

Synthesis and Characterization of AgNPs@ZIFs:  

Effective Photocatalyst for Industrial Pollutants 

 

160 
 

respectively, while SZ exhibits a flat absorption at 581 nm due to excess amounts of 

AgNPs.  

 

 

Fig. 5B.8. (a, b) Tauc plots of SZ, SZ1, SZ2 and SZ3 composites by direct and 

indirect method, respectively. (c) The absorbance spectra of SZ, SZ1, SZ2 and SZ3 

composites. 

 

5B.3.5. BET Surface Area Analysis 

  Porosity and sorption properties of SZ, SZ1, SZ2 and SZ3 composites were 

examined by Brunauer-Emmett-Teller (BET) adsorption-desorption isotherms using N2 

gas at 77K. The adsorption-desorption isotherm plots are shown in Fig. 5B.9 and the 

results are compiled in the Table 5B.2. It has been found that the surface area of 

composites (SZ, SZ1, SZ2 and SZ3) decrease on increasing the dosing amount from  
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≈1330 m
2 

g
-1

 to 902 m
2 

g
-1

 except SZ2 composite which exhibits enhanced surface area 

as compared to SZ1 composite. The porosity of SZ, SZ1, SZ2 and SZ3 composites was 

analysed by BET pore size distribution plots which are illustrated in Fig.5B.10.  

 

 

Fig. 5B.9. (a-d) BET adsorption isotherm of SZ, SZ1, SZ2 and SZ3 composites, 

respectively. 

 

5B.3.6. XPS Analysis 

The survey scan and expanded XPS spectra of SZ composite are given in Fig. 5B.11. Zn 

2p expanded spectrum of SZ composite (Fig. 5B.11(b)) comprises of two sharp and major 

peaks with binding energy 1044.20 eV and 1021.17 eV corresponding to 2p1/2 and 2p3/2, 

respectively, while Ag 3d has major peaks at 373.86 eV and 367.80 eV attributable to 3d3/2 and 

3d5/2, respectively (Fig. 5B.11(c)).  
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Table. 5B.2. BET analysis of SZ, SZ1, SZ2 and SZ3 composites. 

S.N. Materials SBET (m
2
g

-1
) Pore Vol.  

(ccg
-1

) 

Average Pore 

radius (Å) 

1. SZ 902 4.946 × 10
-1

 35.71 

2. SZ1 1330 7.278 × 10
-1

 35.78 

3. SZ2 1371 7.434 × 10
-1

 35.93 

4. SZ3 1307 6.976 × 10
-1

 35.38 

 

 

Fig. 5B.10. (a-d) The pore size distribution plots of SZ, SZ1, SZ2 and SZ3 

composites, respectively. 

 

Fig. 5B.11(d) exhibits the deconvoluted C 1s peaks having binding energy at 284.81 eV and 

283.99 eV correspond to sp
2
C-N and sp

2
C-C interaction [29] while N 1s peak (Fig. 5B.11(e)) 

appears at 398.31 eV. Similar XPS patterns were observed in case of SZ1, SZ2 and SZ3 
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composites, and their XPS spectra are arranged in Fig. 5B.12, Fig. 5B.13 and Fig. 5B.14, 

respectively, and the corresponding binding energy are tabulated in Table 5B.3. 

 

 

Fig. 5B.11. (a-e) Survey scans of SZ and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and 

N 1s, respectively. 
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Fig. 5B.12. (a-e) Survey scan of SZ1 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and 

N 1s represented, respectively. 
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Fig. 5B.13. (a-e) Survey scan of SZ2 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and 

N 1s represented, respectively. 
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Fig. 5B.14. (a-e) Survey scan of SZ3 and expanded XPS spectra of Zn 2p, Ag 3d, C 1s and 

N 1s represented, respectively. 
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Table 5B.3. XPS analysis of AgNPs doped SZ, SZ1, SZ2 and SZ3 composites. 

S.N. Materials  Atom/Element State/Term Binding energy (eV) 

 

 

1. 

 

 

SZ 

Zn 2p1/2 1044.20 

2p3/2 1021.17 

Ag 3d3/2 373.86 

 3d5/2 367.80 

C 1s 284.81 

283.99 

N 1s 398.31 

 

 

 

2. 

 

 

 

SZ1 

Zn 2p1/2 1044.02 

2p3/2 1021.05 

Ag 3d3/2 372.41 

3d5/2 367.21 

C 1s 284.75 

283.97 

N 1s 398.23 

 

 

 

 

3. 

 

 

 

SZ2 

Zn 2p1/2 1044.01 

2p3/2 1021.04 

Ag 3d3/2 373.09 

3d5/2 367.03 

C 1s 285.63 

284.29 

N 1s 398.70 

 

 

 

4. 

 

 

 

SZ3 

Zn 2p1/2 1044.13 

2p3/2 1021.02 

Ag 3d3/2 372.15 

3d5/2 367.13 

C 1s 285.54 

283.94 

N 1s 398.74 
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5B.3.7. Thermal Analysis 

  Thermal stability of SZ, SZ1, SZ2 and SZ3 composites have been studied by 

thermal gravimetric analysis (TGA) and TGA plots are illustrated in Fig. 5B.15(a, b) 

under air and N2 atmosphere, respectively. It is found that all four composites (SZ, SZ1, 

SZ2 and SZ3) exhibit remarkable thermal stability ca. 95% up to 380 °C and ca. 97% up 

to 400°C under air and N2 atmosphere, respectively. They started to decompose above 

400 °C under both (air and N2) environments. 

 

 

Fig. 5B.15. (a, b) Thermal gravimetric plots of SZ, SZ1, SZ2 and SZ3 under air and 

N2 atmosphere, respectively. 

 

5B.3.8. Adsorption and Photocatalytic Studies of Methylene Blue (MB) and Congo 

Red (CR) dye using AgNPs@ZIF-8 Composites (SZ, SZ1, SZ2 and SZ3)  

In order to explore the application, photocatalytic activity of each composite SZ, SZ1, 

SZ2 and SZ3 was studied and compared with ZIF-8 using MB and CR as model dyes. All 

details of experimental conditions are mentioned in the above section 5B.2.4 and C/C0 vs time 

plot is given in Fig. 5B.16. The results of adsorption and photodegradation of both dye (MB 

and CR) are compiled in the Table 5B.4 and Table 5B.5, respectively. Prior to the 

photocatalytic activity of SZ, SZ1, SZ2, SZ3 composites and ZIF-8, adsorption efficiency was 

observed which shows that SZ1 (16.12%) exhibits maximum adsorption efficiency for the 

removal of MB dye as compared to SZ (10.31%), SZ2 (4.5%), SZ3 (10%) and ZIF-8 (8.06%). 

However, for the removal of CR, SZ2 (97.7%) displays maximum adsorption efficiency as 

compared to SZ (96.18%), SZ1 (93.89%), SZ3 (80.53%) and ZIF-8 (91.6%). The results of 
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photocatalytic degradation demonstrated that SZ2 composite shows more degradation 

efficiency for the dyes i.e. 97.25% for MB and 100% for CR while SZ, SZ1, SZ3 and ZIF-8 

can degrade off 85.56, 90.56, 86.43 and 84.18% MB and 98.09, 96.18, 97.7 and 95.80% CR, 

respectively.  

 

 

Fig. 5B.16. (a, b) Concentration (C/C0) vs time plots of MB and CR employing 

AgNPs@ZIF-8 composites SZ, SZ1, SZ2, SZ3 and ZIF-8, respectively. 

 

Table 5B.4. Adsorption and photodegradation of [MB] = 0.5×10
-5

 M or 1.6 mg L
-1

, 

catalysts amount = 10 mg, pH = 7.89 and time length for adsorption/photodegradation = 

120 min. 

S.N. Materials Adsorption capacity (mg/g) 

[% Dye removal] 

%Photodehtadation 

1. Control (Pure MB) - 22.0 

2. SZ 0.33 [10.31] 85.56 

3. SZ1 0.52 [16.12] 90.56 

4. SZ2 0.14 [4.5] 97.25 

5. SZ3 0.32 [10] 86.43 

6. ZIF-8 0.26 [8.06] 84.18 

 

 



Chapter Five 

Synthesis and Characterization of AgNPs@ZIFs:  

Effective Photocatalyst for Industrial Pollutants 

 

170 
 

Table 5B.5. Adsorption and photodegradation of [CR] = 2×10
-5

 M, catalysts amount = 10 

mg, pH = 7.97, time length for adsorption 120 min while degradation time length was 

taken only 40 min because SZ2 composite can degrade CR dye within 40 min. 

S.N. Materials Adsorption capacity (mg/g) 

[% Dye removal] 

%Photodehtadation 

1. Control (Pure CR) - 3.44 

2. SZ 26.79 [96.18] 98.09 

3. SZ1 26.16 [93.89] 96.18 

4. SZ2 27.22 [97.70] 100 

5. SZ3 22.44 [80.53] 97.70 

6. ZIF-8 25.52 [91.60] 95.80 

 

5B.3.9. Plausible Degradation Mechanism 

  AgNPs@ZIF-8 composite degrades MB and CR dye under UV-visible light 

irradiation (50 Watt halogen lamp) which is shown in Fig. 5B.17. As a result of HOMO 

to LUMO charge transfer in ZIF-8 [18], e
-
 moves easily from valence band (VB) to 

conduction band (CB). Further, metallic AgNPs act as e
- 

scavenger facilitating the 

transfer of photogenerated ZIF-8 conduction band e
-
 due to SPR [7]. Hence, photo-

induced e
-
 and h

+
 due to synergistic effect of AgNPs and ZIF-8 can easily react with 

oxygenated water and it can produce reactive oxidative species (ROS) such as H
+
, OH˙ 

which are probably responsible for photocatalytic degradation of both dye molecules. 

The ROS plays a key role for photocatalytic degradation of both the dye molecules 

which is proved by scavenger analysis with other catalysts (AgNPs@ZIF-11 in previous 

Section 5A.3.8.5) using MB dye. 

 

5B.3.10. GC-MS Analysis  

The degraded by-products of MB and CR were analyzed by GC-MS analysis. The 

plausible degradation path of MB is already shown in previous Chapter three (Scheme 3.2) 

while the degradation path of CR is depicted in Scheme 5B. 3. The mass spectra of degraded 

MB and CR are provided in Fig. 5B.18 and Fig. 5B.19, respectively. The dye molecules break 

down into smaller molecules and after long irradiation time the organic molecules completely 

may mineralize into inorganic ions [30].   
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Fig. 5B.17. Illustration of proposed mechanism for MB and CR dye degradation 

using AgNPs@ZIF-8 composite under UV-visible light. 

 

 

Scheme 5B.3. Proposed photocatalytic degradation pathway of CR dye using SZ2 

composite.  
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Fig. 5B.18. (a-c) GC-MS spectra of plausible fragments of MB degraded by-products. 
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Fig. 5B.19. (a-c) GC-MS spectra of plausible fragments of CR degraded by-products. 
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5B.4. CONCLUSION  

In summary, AgNPs@ZIF-8 composites (SZ, SZ1, SZ2 and SZ3) have been 

synthesized successfully and utilized as photocatalysts for the removal of industrial pollutants 

such as MB and CR. The SZ2 composite was found to exhibit more degradation efficiency 

towards MB and CR. Further, SZ2 composite also displays excellent adsorbent capacity for CR 

adsorption.  

 

 

NOTE: The work of this Chapter is under communication in peer reviewed journal as given 

below. 

1. R. Chandra, and M. Nath, “Toluene Assisted Synthesis of ZIF-11 and Multi-Core-Shell 

AgNPs@ZIF-11 composite with rho Topology: As an Effective Photocatalysts for 

Industrial Pollutants” under communication. 

2. R. Chandra and M. Nath, “Controlled Synthesis of AgNPs@ZIF-8 Composite for 

Enhanced Photocatalytic degradation of Methylene Blue and Congo Red” under 

communication. 
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  This chapter contains two sections. Section-A deals with the detailed synthesis 

and characterization of ZnO-SnO2 nanocomposite while Section-B describes the 

synthesis of ZnO-SnO2 nanocomposite decorated ZIF-8 composites and their 

photocatalytic application. 

 

SECTION A 

 

6A.1. INTRODUCTION 

Over past two decades, mixed metal oxide nanoparticles or hetero-nanostructures have 

been extensively studied owing to their fascinating properties such as nanoscale dimension, 

high sensitivity, low production cast, ease of fabrication and potent applications in the various 

fields. Thus, TiO2-ZnO [1], TiO2-SnO2 [2], TiO2-Fe3O4 [3], TiO2-WO3 [4], ZnO-WO3 [5] and 

ZnO-SnO2 [6] nanostructures have been synthesized for their widespread applications in 

various fields such as sensing, electrochemical analysis, photovoltaic conversion and 

photocatalysis. Among them, SnO2 nanoparticles based mixed metal oxides have much 

attention for the photocatalysis due to better electron acceptor properties of SnO2NPs as 

compared to TiO2NPs and ZnONPs [6].  Nonetheless, bare metal oxides were also used as 

photocatalysts but in that case there are some limitations for e.g. fast recombination of 

photogenerated electron and hole (e
-
 and h

+
) pair. Hence, many efforts have been dedicated to 

minimize the recombination of e
-
 and h

+
 pair, viz., various metal oxides were fabricated and 

obtained as hetero-nanostructures or core-shell structures. Literature overview of synthesis 

methods, characterization and applications of ZnO-SnO2 nanocomposites/hetero-nanostructures 

are compiled in Table 6A.1. Among semiconducting metal oxide nanoparticles (NPs), ZnONPs 

are found suitable and efficient photocatalysts [1(a)] and SnO2 is well-known large band gap 

multifunction material with good electron acceptor properties, [6] that’s why it is envisioned to 

synthesize ZnO-SnO2 nanocomposite.  

This section describes synthesis of ZnO-SnO2 nanocomposites via sol-gel and grinding 

method and characterization by various spectroscopic methods. From the literature overview, it 

has been found that grinding method is not reported for synthesis of ZnO-SnO2 nanocomposites 

so far.  Further, it has been found that ZnO-SnO2 nanocomposites show efficient photocatalytic 

activity towards MB degradation. 
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Table 6A.1: Literature overview on ZnO-SnO2 nanocomposites [6-19]. 

Materials Synthesis methods Applications Ref. 

SnO2-ZnO 

Heterojunction 

Hydrothermal Photocatalysis 6 

Lanthanum doped 

ZnO/SnO2 thin film 

Spray pyrolysis  Ethanol sensitivity 7 

Indium substituted 

ZnO/SnO2 

Solid-state reaction  Electrochemical analysis 8 

ZnO/SnO2 

Nano-structure 

Co-precipitation Photocatalysis 9(a),(b),(c) 

ZnO/SnO2 

Composite 

Electrochemical 

deposition 

Dye sensitized solar cell (DSSC) 10(a),(b) 

T-ZnO/SnO2 

Core-shell 

heterostrucure 

Electro-spray 

deposition 

Optical properties  11 

ZnO-SnO2 

Nanocomposites  

Micro-emulsion 

method 

Sensing 12(a), (b) 

ZnO-SnO2 

Hierarchical 

structure 

Hydrothermal Luminescence properties  13 

SnO2/ZnO  

Heterojunction 

Nano-catalysts 

Solvothermal Photocatalysis 14 

Electrospun 

nanofibers of  

ZnO-SnO2 

Heterojunction 

Sol-gel and 

Electrospinning 

Technology 

 

Photocatalysis 15 

SnO2 Nanoparticles/ 

ZnO Nanotetrapods 

composite  

Ultrasonic treatment Dye sensitized solar cell (DSSC)  16 

ZnO-SnO2 

Core-shell 

nanowires 

Ultrasonic treatment  Gas Sensing 17 

ZnO/SnO2 

Nanocomposites 

thin film 

Sol-gel and dip 

coating method 

Antibacterial activity 18 

ZnO- core /SnO2-

shell nanorods  

Thermal evaporation 

and deposition method  

Optical properties 19 

 

 

6A.2. EXPERIMENTAL SECTION 

6A.2.1. Synthesis of ZnONPs 

ZnONPs were synthesized by using a reported method [20] with slight modifications. 1 

mM zinc acetate dihydrate (Zn(CH3COO)2.2H2O; (0.21951 g)) was dissolved into 20 mL 

methanol and kept on refluxing with constant stirring at 80 °C for 3 h. After that NH4OH 
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solution was added into the above resultant solution and maintained the pH ≥ 8. The resultant 

reaction mixture was aged for 12 h. The white residue was collected by centrifugation and 

washed it with deionized water (DI H2O) and methanol to remove the unreacted species. 

Finally, the white powder was obtained after the calcination at 500 °C for 5 h.  

 

6A.2.2. Synthesis of SnO2NPs  

SnO2NPs was synthesized by grinding method which is already explained in the 

previous Chapter four. 

 

6A.2.3. Synthesis of ZnO-SnO2 Nanocomposites 

Following two methods have been employed for synthesis of ZnO-SnO2 

nanocomposites. 

 

6A.2.3.1. Sol-Gel Method  

Synthesis of ZnO-SnO2 nanocomposites by sol-gel method is depicted in scheme 6A.1. 

According to this method, 1 mM of zinc acetate dihydrate (Zn(CH3COO)2.2H2O; (0.21951 g)) 

was dissolved into 20 mL methanol and kept on refluxing with constant stirring at 80 °C for 3 

h. To this was added 1 mM of tintetrachloridepentahydrate (SnCl4.5H2O; (0.350 g)) and kept 

on stirring for another 3 h. The pH of resultant reaction mixture was maintained at 8 with the 

addition of NH4OH solution. The above reaction mixture was aged for 12 h to yield creamy-

white gel. The creamy-white precipitate was collected by centrifugation, washed with methanol 

and dried at ca. 100 °C. Resultant, creamy-white powder was calcined at 800 °C for 6 h. The 

molar ratio of Zn:Sn has been varied and synthesized five ZnO-SnO2 nanocomposites having 

Zn:Sn ratio of 1:1, 2:8, 4:6, 6:4 and 8:2 which are abbreviated as ZS-11, ZS-28, ZS-46, ZS-64 

and ZS-82, respectively. 

 

6A.2.3.2. Grinding Method 

ZnO-SnO2 nanocomposite was synthesized by grinding method [21] with slight 

modifications which is illustrated in scheme 6A.2. 1 mM of anhydrous zinc chloride (ZnCl2; 

(0.136 g)) and 1 mM of tintetrachloridepentahydrate (SnCl4.5H2O; (0.350 g)) were ground for 

30 min using pestles and mortar. After that, 4 mM potassium hydroxide (KOH; 0.224 g) was 

added into the reaction mixture and ground for another 30 min at room temperature. The 

resultant reaction mixture was transferred into a round bottom flask (250 mL RB) with 100 mL 
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DI H2O and kept on stirring for 3 h. The product was washed with DI H2O and the precipitate 

was collected by centrifugation. Creamy-white precipitate was calcined at 800°C for 6 h. The 

similar method has been adopted for the synthesis of ZnO-SnO2 nanocomposite with molar 

ratio of Zn:Sn 1:1, 2:8, 4:6, 6:4 and 8:2 which are represented as ZS-A, ZS-B, ZS-C, ZS-D and 

ZS-E, respectively.  

 

 

Scheme 6A.1. ZnO-SnO2 (1:1) nanocomposite synthesized by using sol-gel method. 

 

 

Scheme 6A.2. ZnO-SnO2 (1:1) nanocomposite synthesized by using grinding method. 
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6A.3. RESULTS AND DISCUSSION   

ZnO-SnO2 nanocomposites have been synthesized by employing sol-gel and grinding 

methods with different molar ratio i.e.1:1, 2:8, 4:6, 6:4 and 8:2. Hence, 10 nanocomposites 

were obtained and characterized by various spectroscopic techniques.  

 

6A.3.1. PXRD Analysis 

Fig. 6A.1 shows powder X-ray diffraction (PXRD) patterns of synthesized ZnONPs, 

SnO2NPs and their ZnO-SnO2 nanocomposites. PXRD pattern of ZnONPs and SnO2NPs are 

indexed with JCPDC No. 00-005-0664 and 01-072-1147, respectively. 

 

 

Fig. 6A.1. PXRD pattern of ZnONPs, SnO2NPs and their ZnO-SnO2 nanocomposites. 

 

PXRD peaks of ZnONPs at 31.751°, 34.440°, 36.252°, 47.543°, 56.555°, 62.870°, and 67.917° 

correspond to the planes (100), (002), (101), (102), (110), (103) and (112), respectively, and 

PXRD peaks of SnO2NPs at 26.591°, 33.888°, 37.959° and 51.787° correspond to the planes 



Chapter Six 

Synthesis of ZnO-SnO2 Nanocomposite Decorated ZIF-8:  

A Potential Photocatalyst 

 

183 
 

(110), (101), (200) and (211), respectively. PXRD peaks of ZnONPs and SnO2NPs at 34.440° 

and 33.888°, are merged in the composites.  

 

6A.3.2. FT-IR Spectroscopic Studies 

The FT-IR studies of ZnO-SnO2 nanocomposites synthesized by both the methods have 

been performed in the range of 4000-400 cm
-1

. The FT-IR spectra of synthesized ZnO-SnO2 

nanocomposites are illustrated in Fig. 6A.2. A broad and intense peak appears at 3443 cm
-1

 

attributable to OH stretching vibrational frequency while a sharp peak at 1635 cm
-1

 corresponds 

to H-O-H bending vibration mode in each sample [6]. A broad peak observed at 689-624 cm
-1

 

is due to Sn-O and Sn-O-Sn stretching vibration mode while peak at 484 cm
-1

 is assigned to 

Zn-O stretching vibration mode [22]. 

 

 

Fig. 6A.2. FT-IR spectra of synthesized ZnO-SnO2 nanocomposites using (a) sol-gel and 

(b) grinding method. 

 

6A.3.2. FE-SEM and HR-TEM Analysis 

Morphology of ZnONPs, SnO2NPs and their composites were ascertained by SEM 

analysis which is illustrated in Fig. 6A.3. ZnONPs have flower like morphology (Fig. 6A.3(a)) 

and SnO2NPs appears as spherical dots (Fig. 6A.3(b)), while all the composites have spherical 

hetro-nanostructures (Fig. 6A.3(c-l)). Spherical dot hetero-nanostructures of ZnO-SnO2 

composites were also ensured by HR-TEM analysis. Fig. 6A.4 shows TEM images and SEAD 

patterns of ZnO-SnO2 nanocomposites synthesized by using sol-gel method.  
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Fig. 6A.3. (a-l) SEM images of ZnONPs, SnO2NPs, ZS-11, ZS-28, ZS-46, ZS-64, ZS-82, 

ZS-A, ZS-B, ZS-C, ZS-D and ZS-E nanocomposites, respectively. 

 

 
Fig. 6A.4. TEM images and their corresponding SEAD patters of (a, b) ZS-11, (c, d) ZS-

28, (e, f) ZS-46, (g, h) ZS-64 and (i, j) ZS-82 nanocomposites. 
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Fig. 6A.5. (a-e) HR-TEM images of ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82 

nanocomposites, respectively, showing interplanar spacings. 
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Fig. 6A.6. TEM images and their corresponding SEAD patterns of (a, b) ZS-A, (c, d) ZS-

B, (e, f) ZS-C, (g, h) ZS-D and (i, j) ZS-E nanocomposites. 

 

Moreover, HR-TEM micrographs of ZnO-SnO2 nanocomposites (ZS-11, ZS-28, ZS-46, ZS-64 

and ZS-82) also confirmed the crystallinity of ZnONPs and SnO2NPs which is depicted in Fig. 

6A.5. Similarly, ZnO-SnO2 nanocomposites (ZS-A, ZS-B, ZS-C, ZS-D and ZS-E) synthesized 

by grinding method have also similar spherical uniform shape/morphology (Fig. 6A.6). The 

crystalline nature of ZnO-SnO2 nanocomposites ZS-A, ZS-B, ZS-C, ZS-D and ZS-E and 

interplanar spacings are illustrated in Fig. 6A.7. The average particles size of synthesized ZnO-

SnO2 nanocomposite using both the methods were calculated by distribution plots using ImageJ 

software with the help of TEM images and the results are depicted in Fig. 6A.8 and Fig. 6A.9. 

It has been found that ZnO-SnO2 nanocomposites have an average particle size in the rage of 

15-20 nm. 
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Fig. 6A.7. (a-e) HR-TEM analysis of ZS-A, ZS-B, ZS-C, ZS-D and ZS-E nanocomposites, 

respectively, showing interplanar spacings. 
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Fig. 6A.8. (a-e) Particle size distribution plots of ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82 

nanocomposites, respectively. 
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Fig. 6A.9. (a-e) Particle size distribution plots of ZS-A, ZS-B, ZS-C, ZS-D and ZS-E 

nanocomposites, respectively. 
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6A.3.4. UV-DRS Studies 

The optical properties of synthesized ZnO-SnO2 nanocomposites were examined by 

UV-DRS studies. Tauc method [23] has been employed for the calculation of band gap and the 

spectra were plotted by using direct and indirect transitions. The UV-DRS spectra are given in 

Fig. 6A.10 and the results are compiled in Table 6A.2. It is found that ZnO-SnO2 

nanocomposites synthesized by 1:1 molar ratio of Zn:Sn i.e. ZS-11 and ZS-A exhibits the 

lowest binding energies for indirect transition i.e. 3.17 eV and 3.0 eV, respectively while for 

the direct transition, the binding energies were estimated 4.01 eV and 3.98 eV, respectively. 

 

 

Fig. 6A.10. Typical Tauc plots of ZnO-SnO2 nanocomposites by direct and indirect 

method synthesized by using sol-gel (a, b) and grinding method (c, d), respectively.  
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Table. 6A.2. UV-DRS analysis of ZnO-SnO2 nanocomposites. 

S.N. Materials Direct band gap (eV) Indirect band gap (eV)  

1. ZS-11 4.01 3.17 

2. ZS-28 3.89 3.67 

3. ZS-46 4.01 3.17 

4. ZS-64 4.01 3.17 

5. ZS-82 3.98 3.25 

6. ZS-A 3.98 3.00 

7. ZS-B 3.91 3.00 

8. ZS-C 3.81 3.17 

9. ZS-D 3.78 3.12 

10. ZS-E 3.26 3.12 

 

 

6A.3.5. BET Surface Area Analysis 

The porosity of ZnO-SnO2 nanocomposites (synthesized by both the methods) was 

studied by employing Brunauer-Emmett-Teller (BET) adsorption-desorption isotherms using 

N2 gas at 77K and the adsorption-desorption isotherms of ZnO-SnO2 nanocomposites are given 

in Fig. 6A.11 and Fig. 6A.12. BET surface area, pore volume and average pore radius of ZnO-

SnO2 nanocomposites (ZS-11, ZS-28, ZS-46, ZS-64, ZS-82, ZS-A, ZS-B, ZS-C, ZS-D and ZS-

E) have been listed in Table 6A.3. BET results indicate the mesoporous nature of ZnO-SnO2 

nanocomposites having average pore radius ca. 20-25 Å. 

 

Table. 6A.3. BET surface area analysis of ZnO-SnO2 nanocomposites. 

S.N. Materials SBET (m
2
g

-1
) Pore Vol. (ccg

-1
) Average pore radius (Å) 

1. ZS-11 21 2.61 × 10
-2

 25.06 

2. ZS-28 19 2.10 × 10
-2

 21.72 

3. ZS-46 21 2.31 × 10
-2

 21.81 

4. ZS-64 19 1.81 × 10
-2

 19.50 

5. ZS-82 26 2.74 × 10
-2

 20.80 

6. ZS-A 18 2.04 × 10
-2

 23.28 

7. ZS-B 13 1.53 × 10
-2

 22.86 

8. ZS-C 16 1.85 × 10
-2

 23.41 

9. ZS-D 11 1.33 × 10
-2

 23.51 

10. ZS-E 11 1.26 × 10
-2

 23.52 
* SBET (Brunauer-Emmett-Teller surface area in meter square per gram); * Pore Vol. (Pore volume in cubic 

centimeter per gram) 
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Fig. 6A.11. (a-e) BET adsorption-desorption isotherms of ZS-11, ZS-28, ZS-46, ZS-64 and 

ZS-82 nanocomposites, respectively. 
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Fig. 6A.12. (a-e) BET adsorption-desorption isotherms of ZS-A, ZS-B, ZS-C, ZS-D and 

ZS-E nanocomposites, respectively. 
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6A.3.6. XPS Analysis 

The surface profile of synthesized ZnO-SnO2 nanocomposites has been analyzed by X-

ray photoelectron spectroscopic (XPS) studies.  

 

Fig. 6A.13. (a, b) The survey scan of ZS-11 and ZS-A, respectively. Their expanded XPS 

spectra for Zn 2p and Sn 3d are shown in (c) and (d), respectively, and the deconvoluted 

O 1s XPS spectra of ZS-11 and ZS-A, are shown in (e) and (f), respectively. 
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Full survey scan of ZS-11 and ZS-A nanocomposites are shown in Fig. 6A.13(a-b), 

respectively, while the expended XPS spectra of the close fitting of the metals (Zn and Sn) with 

their orbital position are illustrated in Fig. 6A.13(c-d), respectively. Intense peaks of Zn 2p1/2 

and 2p3/2 of ZS-11 and ZS-A have binding energy 1044.27 eV and 1021.15 eV, respectively. Sn 

3d orbital in ZS-11 appears as sharp peaks with binding energy of 494.31 eV and 485.92 eV 

while ZS-A shows the corresponding peaks at 493.89 eV and 485.44 eV which are due to 3d3/2 

and 3d5/2, respectively. Fig. 6A.13(e-f) depict the expanded O 1s close fitting of ZS-11 and ZS-

A, respectively. The deconvoluted XPS spectra of O 1s of both the composites (ZS-11/ZS-A) 

involves two peaks; at higher binding energy 531.59 eV/531.44 attributable to oxygen of SnO2 

while at lower binding energy 529.83/529.47 eV attributable to oxygen of ZnO [6]. 

 

6A.3.7. Adsorption and Photocatalytic Studies of Methylene Blue (MB) Dye using 

ZnO-SnO2 Nanocomposites 

To investigate the adsorption and photodegradation study of MB dye, 10 mg of ZnO-

SnO2 nanocomposites (ZS-11, ZS-28, ZS-46, ZS-64, ZS-82, ZS-A, ZS-B, ZS-C, ZS-D and ZS-

E) was added into 20 mL MB (0.5×10
-5 

M) dye solution and sonicated for 30 min. MB dye 

suspensions with ZnO-SnO2 nanocomposites were kept for 2 h for the adsorption studies. After 

the adsorption study, the dye solutions were exposed under constant UV-visible irradiations 

using 50 Watt halogen lamp as energy source for 2 h at room temperature and the UV-visible 

absorbance spectra were recorded at certain interval. The remaining dye concentration was 

calculated from the absorbance at 663 nm using equation 3.1 which is given in Chapter three. 

The results of adsorption and photodegradation are compiled in Table 6A.4 and C/C0 vs time 

plot is shown in Fig. 6A.14. It has been found that 8:2 molar ratio of ZnO-SnO2 nanocomposite 

ZS-82 and ZS-E exhibit the maximum photodegradation of 0.5×10
-5 

M MB dye as compared to 

others i.e. 49.5% and 58.68%, respectively, while removal% or maximum adsorption% were 

found 30.43% and 22.06%, respectively, at pH 7.89.  

 

6A.3.8. Plausible Degradation Mechanism 

Fig. 6A.15 describes the charge separation photo induced e
-
 and h

+
 pair in the 

conduction band (CB) and valance band (VB) of semiconductor metal oxides. The electron (e
-
) 

moves toward lower edge of CB from higher edge of CB and simultaneously hole (h
+
) moves 

towards higher edge of VB from lower edge of VB. Thus, it increases the charge separation and 
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reduces the recombination rate of e
-
 and h

+
 pair. As a consequence, e

-
 and h

+
 pair can easily 

react with dye molecules, thereby enhancing the degradation efficiency of composite materials. 

 

Table. 6A.4. Adsorption and photodegradation activity of ZnO-SnO2 nanocomposites, 

amount of composite materials = 10 mg; [MB] = 1.6 mg L
-1

; at pH = 7.89.  

S.N. Materials Adsorption capacity (mg/g) 

[% removal] 

% Photodegradation 

1. Pure MB - 23.75 

2. ZS-11 0.90 [28.37] 44.75 

3. ZS-28 0.81 [25.31] 44.06 

4. ZS-46 0.89 [28.00] 47.50 

5. ZS-64 0.88 [27.68] 49.50 

6. ZS-82 0.97 [30.43] 49.50 

7. ZS-A 0.84 [26.25] 41.37 

8. ZS-B 0.81 [25.31] 40.50 

9. ZS-C 1.31 [41.12] 54.81 

10. ZS-D 1.00 [31.25] 46.43 

11. ZS-E 0.70 [22.06] 58.68 

 

 

Fig.6A.14. MB Adsorption and photodegradation with ZnO-SnO2 nanocomposites. 
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Fig.6A.15. General mechanism of photocatalytic activity of ZnO-SnO2 nanocomposite. 

 

6A.4. CONCLUSION  

  This section describes synthesis of ZnO-SnO2 nanocomposites in various molar ratio of 

Zn and Sn using sol-gel and grinding method and detailed characterization using various 

spectroscopic techniques. In order to study their photocatalytic application, adsorption and 

photodegradation efficiency has been examined using model dye, for instance, methylene blue 

(MB). It has been found that ZS-E nanocomposite exhibits maximum photodegradation 

efficiency (58.68%). Further, ZS-E nanocomposite has been chosen for the encapsulation 

within ZIF-8 matrix due to its maximum photocatalytic response at pH = 7.89 which is 

described in next section. 

. 
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  This Section describes the synthesis of ZnO-SnO2 nanocomposite decorated ZIF-

8 composites via solvothermal and bench method and its photocatalytic application. 

 

SECTION B 

 

6B.1. INTRODUCTION 

 ZIF-8 has been utilized in the various field and fabricated with various metal oxides 

(TiO2, ZnO, Fe3O4 and SnO2 etc.) and novel metal nanoparticles (Ag, Au, Pt and Cu etc.). 

Despite, ZIF-8 is not fabricated with mixed metal oxide nanocomposite such as TiO2-ZnO, 

TiO2-SnO2, TiO2-Fe3O4, TiO2-WO3, ZnO-WO3 and ZnO-SnO2 so far.  Therefore, this section 

describes ZIF-8 fabricated with ZnO-SnO2 nanocomposite. 

 

6B.2. EXPERIMENTAL SECTION 

6B.2.1. Synthesis of ZnO-SnO2@ZIF-8 Composites 

 As mentioned in section-A, ZnO-SnO2 nanocomposites were synthesized by grinding 

method using 8:2 molar ratios of Zn and Sn named as ZS-E. Because of its highest 

photocatalytic activity, it has been selected for encapsulation within ZIF-8. ZnO-SnO2@ZIF-8 

composites were synthesized by using solvothermal and bench method.   

 

6B.2.1.1. Solvothermal Method 

 0.232 g of ZnO-SnO2 nanocomposite (ZS-E) was dispersed in (10 mL) methanol and 

kept on sonication for 30 min. 10 mmol (0.821 g in 10 mL methanol) of 2-methylimidazole 

solution was added dropwise into above reaction mixture with constant stirring. After 30 min, 

the resultant reaction mixture was placed into 50 mL Teflon autoclave and kept it in a 

controlled oven at 120 °C for 6 h for as shown in Scheme 6B.1. Finally, a white powder was 

collected by centrifugation and dried it at 60 °C for 6 h, stored in closed vessels and named as 

ZS@Z. 

 

6B.2.1.2. Bench Method  

ZnO-SnO2@ZIF-8 composites were prepared by in situ encapsulation of different 

amounts of ZnO-SnO2 nanocomposites in ZIF-8 (Scheme 6B.2). 20 mg ZnO-SnO2 (ZS-E) 

nanocomposite was dispersed in (10 mL) methanol and sonicated for 1 h. During the synthesis 

of ZIF-8 as described in Chapter three, 150 µL /300 µL /500 µL methanol suspensions of ZnO-
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SnO2 nanocomposite were added at certain time interval. The reaction mixture was kept for 24 

h at room temperature undisturbed as much as possible. A white powder was collected via 

centrifugation, dried it at 60 °C for 6 h, stored in closed vessels and named as ZS@Z1, ZS@Z2 

and ZS@Z3, respectively. 

 

 

Scheme 6B.1. Schematic illustration of synthesis of ZS@Z. 

 

 

  Scheme 6B.2. Schematic illustration of synthesis of ZnO-SnO2@ZIF-8. 

 

6A.3. RESULTS AND DISCUSSION   

ZnO-SnO2 nanocomposite was anchored on ZIF-8 surface by solvothermal method 

(ZS@Z), whereas encapsulation of 150 µL /300 µL /500 µL methanol suspensions of ZnO-

SnO2 (ZS-E) nanocomposite within ZIF-8 frameworks were done in situ yielding ZS@Z1, 

ZS@Z2 and ZS@Z3. All the four composite materials were characterized by employing 

various spectroscopic techniques.  

 

6B.3.1. PXRD Analysis 

PXRD pattern of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composite are illustrated in Fig. 

6B.1. Fig. 6B.1(a) shows the PXRD analysis of ZS@Z composite, the major and prominent 

peaks at 2θ values 7.16°, 10.26°, 12.57° and 17.88° correspond to the planes (011), (002), (122) 

and (222), respectively, which are characteristic peaks of ZIF-8, whereas those at 2θ values 
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34.44°, 36.49°, 42.19°, 61.20°, 73.29°, 77.13° correspond to the planes (002), (101), (200), 

(220), (311) and (222), respectively, represents the PXRD pattern of ZnONPs which is indexed 

with JCPDS No. 01-077-0191 and 005-0664. PXRD peaks of SnO2NPs at 2θ values 26.59°, 

33.88°, 52.18°, 57.25° and 86.66° correspond to the planes (110), (101), (211), (002) and (330), 

respectively, are indexed with JCPDS No. 01-072-1147. PXRD of ZS@Z composites firmly 

proves that ZnO-SnO2 nanocomposite was successfully anchored on the ZIF-8 surface. PXRD 

pattern of ZS@Z1, ZS@Z2 and ZS@Z3 composites are illustrated in Fig. 6B.1(b-d), 

respectively. The major PXRD pattern of ZIF-8 appears in each spectrum (ZS@Z1, ZS@Z2 

and ZS@Z3) but no significant peaks of ZnO-SnO2 are detected indicating ZnO-SnO2 

nanocomposite was successfully encapsulated within the cavity of ZIF-8 matrix. 

 

 

 

Fig. 6B.1 (a-d) PXRD analysis of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, 

respectively. 
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6B.3.2. FT-IR Spectroscopic Studies 

FT-IR spectra of synthesized SZ@Z, SZ@Z1, SZ@Z2 and SZ@Z3 are illustrated in 

Fig. 6B.2. A broad and intense peak appears at 3488 cm
-1

 attributable OH stretching vibrational 

mode and the peaks at 3165 and 2809 cm
-1

 correspond to aromatic and aliphatic C-H stretching 

mode [25]. A sharp peak at 1633 cm
-1

 is due to H-O-H bending vibration in each sample [6] 

while the peaks at 1407, 1310, 1148 997 and 760 cm
-1

 correspond to the imidazole ring [26]. 

The broad peaks observed at 695-620 cm
-1

 is due to Sn-O and Sn-O-Sn stretching while peak at 

512 cm
-1

 is assigned to Zn-O stretching mode [22].  

 

 

Fig. 6B.2. FT-IR spectra of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, respectively. 

 

6A.3.2. FE-SEM and HR-TEM Analysis 

ZS-E was successfully anchored on the surface of ZIF-8 as shown in Fig. 6B.3(a), while 

Fig. 6B.3(b-d) exhibit hexagonal morphology of ZS@Z1 ZS@Z2 and ZS@Z3, respectively, 

which indicates proper encapsulation of  ZnO-SnO2 nanocomposite in ZIF-8 and ZnO-SnO2 

nanocomposite does not affect the textural properties of ZIF-8. EDX analysis of ZS@Z exhibits 

higher atomic percentage of Zn and Sn indicating the presence of larger amount of ZS-E on the 

surface of ZIF-8. On the other hand, ZS@Z1 ZS@Z2 and ZS@Z3 show the increasing trend of 

Zn and Sn atomic percentage with increasing the dosing amount of encapsulated ZS-E. 
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Fig.  6B.3. (a-d) SEM analysis of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, 

respectively. 

 

Table 6B.1. EDX analysis of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites. 

S.N. Materials  Atomic % 

C N O Zn Sn 

1. ZS@Z 44.80 17.78 20.64 12.70 4.09 

2. ZS@Z1 29.38 18.58 47.11 4.68 0.24 

3. ZS@Z2 24.84 14.20 55.34 5.28 0.34 

4. ZS@Z3 28.46 17.36 48.43 5.49 0.26 

 
 
The deposition of ZnO-SnO2 nanocomposites on the surface of ZIF-8 was confirmed by TEM 

analysis. Fig. 6B.5(a, b) show that ZS-3 has been successfully anchored on the surface of ZIF-

8. The SEAD pattern (Fig. 6B.5(c)) also ensures the presence of ZnO-SnO2 nanocomposite. 

The TEM images of ZS@Z3 composite reveal the definite encapsulation of ZnO-SnO2 
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nanocomposites within ZIF-8 matrix which is shown in 6B.5(d, e). The SEAD pattern of 

SZ@Z3 composite also (Fig. 6B.5(f)) indicates the crystalline nature of SZ@Z3 composite.  

 

 

Fig. 6B.4. (a-d) EDX spectra of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites, 

respectively. 

 

 

Fig. 6B.5. TEM images of (a, b) ZS@Z composite and (d, e) ZS@Z3 composite in order of 

increasing magnification, and (c, f) their SEAD pattern, respectively.  
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The particle size of anchored ZnO-SnO2 nanocomposites are found to be 59.36 ± 5.66 nm, 

while encapsulated ZnO-SnO2 nanocomposite are found to be 12.04 ± 2.85 nm which is 

determined by distribution plots of ZS@Z and ZS@Z3 composites using ImageJ software on 

HR-TEM images. The particle size of ZnO-SnO2 nanocomposite is increased in SZ@Z 

composite due to agglomeration while in case of ZS@Z3 composite; agglomeration of ZnO-

SnO2 nanocomposites are immobilized. The distribution plots of ZnO-SnO2 nanocomposite 

anchored (SZ@Z) and encapsulated (SZ@Z3) within ZIF-8 are shown in Fig. 6B.7. 

 

 

Fig. 6B.7. Particle size distribution plots of ZnO-SnO2 nanocomposite (a) anchored 

(ZS@Z) and (b) encapsulated (ZS@Z3) within ZIF-8.  

 

6B.3.4. UV-DRS Studies 

The optical properties of ZS@Z, ZS@Z1 ZS@Z2 and ZS@Z3 composites have been 

studied with the help of ultra-violet defuse reflectance spectroscopic (UV-DRS) studies.  The 

typical Tauc plots are shown in Fig. 6B.8(a, b), which represent for the direct and indirect 

transitions, respectively, while Fig. 6B.8(c) exhibits the absorbance spectra of all four 

composites. ZS@Z composite exhibits two bands at 3.25 eV and 3.79 eV due to ZnO and SnO2 

of anchored ZnO-SnO2 nanocomposite for direct transitions while the bands appeared at 3.12 

eV and 2.99 eV for indirect transitions. These bands do not appear in ZS@Z1, ZS@Z2 and 

ZS@Z3 composites due to less amount of encapsulated ZnO-SnO2 nanocomposite in cavity of 

ZIF-8. In case of ZS@Z1 ZS@Z2 and ZS@Z3 composites, only one band appears at 5.28 eV 

for direct transitions and at 5.13 eV for indirect transitions. The UV-DRS results of all four 

composites are compiled in Table 6B.2. 
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Fig. 6B.8. (a, b) Typical Tauc plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites 

are illustrated by direct transition and indirect transitions, respectively, while (c) exhibits 

absorbance spectra of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites.    

 

Table. 6B.2. UV-DRS analysis of ZnO-SnO2@ZIF-8 composites. 

S.N. Materials Direct band gap (eV) Indirect band gap (eV)  

1. ZS@Z 3.25/3.79 3.12/2.99 

2. ZS@Z1 5.28 5.13 

3. ZS@Z2 5.28 5.13 

4. ZS@Z3 5.28 5.19 
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6B.3.5. BET Surface Area Analysis 

Porosity and adsorption-desorption isotherms of synthesized ZnO-SnO2@ZIF-8 

composites have been studied by employing BET (Brunauer-Emmett-Teller) model using N2 

sorption isotherms at 77K. Adsorption-desorption isotherms and pore size distribution plots of 

ZnO-SnO2@ZIF-8 composites are given in Fig. 6B.9 and Fig. 6B.10. However, the results are 

compiled in Table 6B.3. It was found that on increasing the dosing amount of ZnO-SnO2 

nanocomposite BET surface area decreases except ZS@Z2 while ZS@Z exhibits minimum 

surface area i.e. ≈ 547 m
2
 g

-1
 as compared to other composites due to ZIF-8 is wrapped by 

anchored ZnO-SnO2 nanocomposite. 

 

 

Fig. 6B.9. (a-d) BET adsorption-desorption isotherm plots of ZS@Z, ZS@Z1, ZS@Z2 and 

ZS@Z3 composites, respectively.  
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Fig. 6B.10. (a-d) BET pore size distribution plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 

composites, respectively. 

 

Table 6B.3. BET surface area analysis of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 

composites. 

S.N. Materials SBET (m
2
g

-1
) Pore Vol.  

(ccg
-1

) 

Average pore 

radius (Å) 

1. ZS@Z 547 3.209 × 10
-1

 36.36 

2. ZS@Z1 1407  7.789 × 10
-1

 35.78 

3. ZS@Z2 1424  7.811 × 10
-1

 35.65 

4. ZS@Z3 1342 7.336 × 10
-2

 35.75 
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6B.3.6. XPS Analysis 

The survey scan and expanded XPS spectra of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 

composites are shown in Fig. 6B.11, Fig. 6B.12, Fig. 6B.13 and Fig. 6B.14, respectively. Zn 2p 

of ZS@Z composite exhibits two sharp peaks with binding energy 1043.73 eV and 1020.57 eV 

correspond to 2p1/2 and 2p3/2, respectively (Fig. 6B.11(b)). Similar patterns of Zn 2p are 

observed in SZ@Z1, SZ@Z2 and SZ@Z3 composites (Fig. 6B.12(b), Fig. 6B.13(b) and Fig. 

6B.14(b)) and the corresponding binding energies are compiled in Table 6B.4. Sn 3d orbital of 

SZ@Z composite shows two sharp peaks with binding energy 493.88 eV and 485.25 eV, 

attributable to 3d3/2 and 3d5/2, respectively (Fig. 6B.11(c)). Interestingly, a broad peak of Sn 

3d3/2 (ZS@Z) was observed at 497.67 eV due to short interaction of ligand moiety of ZIF-8, 

which is also observed in all the composites with slight deviation (Fig. 6B.12(c), Fig. 6B.13(c) 

and Fig. 6B.14(c)). The deconvoluted XPS spectra of C 1s of ZS@Z composite contain two 

peaks (Fig. 6B.11(d)) at 285.46 eV and 283.84 eV due to sp
2
C-N and sp

2
C-C interaction, 

respectively [27]. The XPS spectra of O 1s (Fig. 6B.11(e)) and N 1s (Fig. 6B.11(f)) of ZS@Z 

composite appear at 529.68 eV and 397.76 eV, respectively, and the similar patterns of C 1s, N 

1s and O 1s are also observed in all the three composites (SZ@Z1, SZ@Z2 and SZ@Z3) which 

indicates the similar environment of oxygen and nitrogen in composites (Table 6B.4). 

 

6B.3.7. Thermal Analysis 

The thermal gravimetric analysis (TGA) plots of synthesized ZS@Z, ZS@Z1, ZS@Z2 

and ZS@Z3 composites are shown in Fig. 6B.15. It has been observed that ZS@Z exhibits high 

thermal stability (remaining weight% ca. 73.50 and 72.86 at 1000 °C) under both environments 

(air and N2) while remaining weight% increases on increasing the dosing amount of ZnO-SnO2 

composite within ZIF-8 matrix. ZS@Z1, ZS@Z2 and ZS@Z3 composites exhibit remaining 

weight% ca. 35.15, 36.06 and 37.15% under areal atmosphere and 34.97, 35.60 and 36.81% 

under N2 atmosphere, respectively, at 1000 °C.  
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Fig. 6B.11. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 

1s of ZS@Z are shown as (a), (b), (c), (d), (e) and (f), respectively.  
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Fig. 6B.12. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 

1s of ZS@Z1 are shown as (a), (b), (c), (d), (e) and (f), respectively.  
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Fig. 6B.13. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 

1s of ZS@Z2 are shown as (a), (b), (c), (d), (e) and (f), respectively.  
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Fig. 6B.14. (a-f) Survey scan and expanded XPS spectra of Zn 2p, Sn 3d, C 1s, N 1s and O 

1s of ZS@Z3 are shown as (a), (b), (c), (d), (e) and (f), respectively.  
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Table 6B.4. XPS analysis of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites. 

S.N. Materials  Atom/Element State/Term Binding energy (eV) 

 

 

1. 

 

 

ZS@Z 

Zn 2p1/2 1043.71 

2p3/2 1020.57 

Sn 3d3/2 497.67/493.88 

3d5/2 485.29 

C 1s 285.46 

283.84 

N 1s 397.76 

O 1s 529.68 

 

 

 

2. 

 

 

 

ZS@Z1 

Zn 2p1/2 1043.87 

2p3/2 1020.80 

Sn 3d3/2 498.34 

3d5/2 495.25 

C 1s 284.36 

283.86 

N 1s 398.11 

O 1s 531.12 

 

 

 

 

3. 

 

 

 

ZS@Z2 

Zn 2p1/2 1043.75 

2p3/2 1020.61 

Sn 3d3/2 498.37 

3d5/2 495.01 

C 1s 284.72 

283.60 

N 1s 398.01 

O 1s 531.02 

Continued 
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4. 

 

 

 

ZS@Z3 

Zn 2p1/2 1043.94 

2p3/2 1020.80 

Sn 3d3/2 498.28 

3d5/2 495.33 

C 1s 285.19 

283.73 

N 1s 398.10 

  O 1s 531.32 

 

 

 

Fig. 6B.15. (a, b) TGA plots of ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites under air 

and N2 atmosphere, respectively. 

 

6B.3.8. Adsorption and Photodegradation Studies of Methylene Blue (MB) Dye 

using ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 Composites 

Adsorption and photocatalytic degradation activity of synthesized ZS@Z, ZS@Z1, 

ZS@Z2 and ZS@Z3 composites were studied using MB as model dye according to the similar 

procedure as employed in previous Chapter five (Section B). Prior the photocatalytic activity, 

the adsorption capacity of composites has been examined. It was found that ZS@Z, ZS@Z1, 

ZS@Z2 and ZS@Z3 composites can remove 28.68%, 36.06%, 36.06% and 33.12% MB dye 

solution, respectively, while ZIF-8 can remove only 8.06% MB dye solution at pH = 7.89. In 

case of photodegradation, ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3 composites can degrade off 
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100%, 93.43%, 97.43% and 91.93% MB dye solution at pH = 7.89 which is quit better as 

compared to ZIF-8 which can degrade only 84.18% MB dye solution at same pH = 7.89. The 

results are tabulated in Table 6B.5 and C/C0 vs time plots are illustrated in Fig. 6B.16, wherein 

the results of adsorption and degradation of MB dye using ZIF-8 and degradation of MB dye 

itself are already mentioned in previous Chapter five (Section B).  

 

 

Fig. 6B.16. Concentration (C/C0) vs time plot of MB employing ZS@Z, ZS@Z1, ZS@Z2 

and ZS@Z3 composites. 

 

Table 6B.5 Adsorption and photodegradation of [MB] = 0.5×10
-5

 M or 1.6 mg L
-1

, 

catalysts amount = 10 mg, pH = 7.89 and time length for adsorption/photodegradation = 

120 min. 

S.N. Materials Adsorption capacity (mg/g) 

[% Dye removal] 

%Photodegradation 

1. 
*
MB - 22.0 

2. 
*
ZIF-8 0.26 [8.06] 84.18 

3. ZS@Z 0.91 [28.68] 100 

4. ZS@Z1 1.15 [36.06] 93.43 

5. ZS@Z2 1.15 [36.06] 97.43 

6. ZS@Z3 1.06 [33.12] 91.93 

*Results are already given in previous Chapter five (Section B). 
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6B.3.9. Plausible Degradation Mechanism  

The band gap of ZIF-8 was reduced due anchored mixed metal oxides (ZnO-SnO2 

nanocomposite) which are illustrated in Fig. 6B.17 wherein, yellow solid line indicates the 

band gap of ZIF-8 (ca. 5.2 eV) while white dashed line indicate the reduced band of ZS@Z 

composites. Photo induced e
-
 and h

+
 pair generated in the conduction band (CB) and valance 

band (VB) of ZnO-SnO2 nanocomposite, the electron (e
-
) moves on the surface of ZIF-8 from 

lower edge of CB simultaneously hole (h
+
) also moves. Thus e

-
 and h

+
 pair are easily separated 

and react to dissolved oxygen and water. As a consequence, reactive oxidizing species (ROS) 

are produced such as such as O-O
2‒

, O-OH
‒
, OH


, etc.  Among them OH

 
plays the key role for 

the degradation of MB which is already proved with other composites.  

 

 

Fig. 6B.17. Plausible mechanism for MB degradation using ZS@Z composite under 

UV-visible light. 

 

6B.4. CONCLUSION  

In nutshell, ZnO-SnO2 nanocomposite has been anchored (ZS@Z) and encapsulated 

(ZS@Z1, ZS@Z2 and ZS@Z3) within ZIF-8 framework successfully by employing 

solvothermal and bench method. The synthesized composites were also exploited as 

photocatalysts for the removal of organic pollutants such as MB. Further, it has been found that 

ZnO-SnO2 nanocomposite anchored on ZIF-8 composite (ZS@Z) exhibits 100% degradation of 

[MB] = 1.6 mg L
-1

 dye solution at pH = 7.89. 
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7.1. CONCLUSION  

Multi-core-shell TiO2NPs@ZIF-8 and SnO2NPs@ZIF-8 composites have been 

synthesized by in situ encapsulation of TiO2NPs and SnO2NPs within ZIF-8 matrix. 

TiO2NPs@ZIF-8 composites were applied as photocatalyst for the photodegradation of MB and 

RB by considering the various factors such as dosing amount of TiO2NPs, amount of catalysts 

(ZIF-8 and TiO2NPs@ZIF-8), pH and concentration of dye solutions. Similarly, 

SnO2NPs@ZIF-8 composites were also employed as photocatalysts for MB degradation. Both 

(TiO2NPs@ZIF-8 and SnO2NPs@ZIF-8) composites exhibit maximum photodegradation 

efficiency toward MB dye degradation. For the first time, SnO2NPs, ZIF-8 and SnO2NPs@ZIF-

8 composite were analyzed for anti-viral activity against Chikungunya virus.  

  Ag metal nanoparticles have been synthesized and encapsulated within ZIF-11 

and ZIF-8 (AgNPs@ZIF-11 and AgNPs@ZIF-8) for the environmental remediation. 

AgNPs@ZIF-11 (AZ1) composite exhibits excellent photodegradation efficiency at 

1×10
-5

 M (3.19 mg L
-1

) i.e. 100% and at 2×10
-5

 M (6.38 mg L
-1

) concentration, it can 

degrade off 80.79% MB dye solution. Moreover, AZ1 composite has been reused for the 

photocatalytic degradation of MB up to third cycle with 100% efficiency at 0.5×10
-5

 M 

(1.6 mg L
-1

) MB dye solution. Additionally, AZ1 composite was used as photocatalyst 

for the 4-NP reduction into 4-AP. Further, AgNPs@ZIF-8 composites (SZ, SZ1, SZ2 

and SZ3) were exploited as adsorbent and photocatalysts for the removal/degradation of 

MB and CR dye. AgNPs@ZIF-8 (SZ2) composite exhibits good degradation efficiency 

for the dyes i.e. 97.25% for [MB] = 0.5×10
-5

 M and 100% for [CR] = 2×10
-5

 M. 

ZnO-SnO2 nanocomposites were synthesized in various molar ratio of Zn and Sn i.e. 

1:1, 2:8, 4:6, 6:4 and 8:2, using sol-gel (ZS-11, ZS-28, ZS-46, ZS-64 and ZS-82) and grinding 

(ZS-A, ZS-B, ZS-C, ZS-D and ZS-E) method and characterized by using various spectroscopic 

techniques. It has been found that ZS-E nanocomposite exhibits maximum photodegradation 

efficiency (58.68%) for [MB] = 1.6 mg L
-1

 dye solution at pH = 7.89. Further, ZIF-8 is 

fabricated with ZS-E nanocomposite and synthesized ZnO-SnO2@ZIF-8 composites via 

solvothermal (ZS@Z) and bench method (ZS@Z1, ZS@Z2 and ZS@Z3) for enhancement of 

photodegradation efficiency of ZIF-8 as well as ZnO-SnO2 nanocomposite. It has been found 

that ZS@Z composite exhibits 100% degradation of [MB] = 1.6 mg L
-1

 dye solution at pH = 

7.89.  
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Among all of synthesized and studied composites, AZ1 and ZS@Z composites exhibit 

remarkable and excellent photodegradation efficiency which can degrade off 100% [MB] = 1.6 

mg L
-1

 dye solution within 40 min and 120 min, respectively. 

 

7.2. FUTURE PROSPECTS  

 The synthesized hybrid materials (TiO2NPs@ZIF-8, SnO2NPs@ZIF-8, 

AgNPs@ZIF-8, AgNPs@ZIF-11 and ZnO-SnO2@ZIF-8 composite) have been 

well characterized and utilized as photocatalysts for the environmental 

remediation. Further, these materials can be explored as anti-bacterial, anti-

fungal and anti-viral agents while Ag nanowire@ZIF-8 composite material is 

already reported as potential candidate for anti-bacterial activity.  

 AgNPs exhibits excellent catalytic activity in various organic conversion 

reactions. So, AgNPs encapsulated ZIFs materials also can be employed as 

heterogeneous catalyst for controlled and selective catalysis for the organic 

conversion reactions. 

 ZnO-SnO2@ZIF-8 composites (ZS@Z, ZS@Z1, ZS@Z2 and ZS@Z3) show 

excellent photodegradation efficiency for MB dye degradation. Hence, mixed 

metal oxides such as TiO2-ZnO, TiO2-SnO2, TiO2-Fe3O4, TiO2-WO3 and ZnO-

WO3 nanocomposites encapsulated MOFs can also be used as photocatalysts, 

supercapacitors and in biomedical applications.   

 

 


