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S1 Materials characterization 

 The zeta potential measurements of colloidal suspension were performed using Zeta 

sizer Nano ZS90, Malvern Instrument at room temperature. For this measurement, 1 mg mL-

1 solutions were sonicated for 30 min to prepare disperse solution and then pH was adjusted 

from 2 to 12 before measurement. X-ray diffraction (XRD) measurements were done using 

the Rigaku Smart Lab 9 kW rotating anode x-ray diffractometer with Ni-filtered Cu Kα 

irradiation (λ = 0.1542 nm) at 45 kV and 100 mA. The scans were done between 5o and 80o, 

with a scan step of 0.02o and an acquisition time of 1s. FTIR spectra were acquired on a 

PerkinElmer Spectrum 2 spectrometer. Thermogravimetric analysis (TGA) was carried out by 

using a PerkinElmer Pyris 1 instrument, wherein the samples were heated from room 

temperature to 800 °C at a heating rate of 10 °C min−1 under nitrogen atmosphere with a flow 

rate of 20 mL min−1. The UV-visible absorption spectra of the samples were recorded using 

Shimadzu UV-2450 spectrophotometer in the wavelength range of 200 nm to 800 nm by 

dispersing all samples in deionized water. Morphological analysis of the nanocomposites was 

performed by using a field emission scanning electron microscope (FESEM), FEI Nova Nano 

SEM-450, and transmission electron microscope (TEM), FEI Tecnai G2 20 S-twin microscope 

operating at 200 kV. Energy dispersive x-ray spectra (EDAX) were obtained using the same 

TEM instruments. Atomic force microscopy (AFM) images were performed in tapping mode 

at a scanning rate of 0.9 Hz using a Dimension Icon, Bruker model.  

 The x-ray photoelectron spectroscopy (XPS) measurements were performed using 

NEXSA instrument, wherein the x-ray source was Al K-alpha and the energy was 1486.68 eV. 

The pass energy of the analyzer was 200 eV for acquiring survey scans and was 20 eV for the 

narrow scans. The data obtained from the instrument were processed and deconvoluted 

using Avantage software. Optical properties were analyzed by ultraviolet-visible (UV-vis) 

diffuse reflectance spectroscopy (DRS) using Perkin Elmer UV-vis-NIR Lambda 750 

spectrophotometer in which polytetrafloroethylene (PTFE) polymer was employed as internal 

reflectance standard. The Brunauer–Emmett–Teller (BET) surface areas and nitrogen 

adsorption–desorption isotherms were measured at 77 K on Quantachrome Autosorb-iQMP-

XR system, while the photoluminescence (PL) spectra were recorded on Agilent Technologies 

Cary Eclipse fluorescence spectrometer. NMR spectra were recorded on a JEOL 500 MHz 

spectrometer (JNMECX500) in DMSO-d6 taking TMS (tetramethylsilane) as an internal 

standard. The 1H-NMR and 13C-NMR chemical shifts were reported in ppm relative to 2.50 and 
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39.5 ppm for DMSO-d6. All 1H-NMR spectra in DMSO-d6 were recorded at 500 MHz frequency, 

and all 13C-NMR spectra were recorded at 125 MHz frequency. High resolution mass spectra 

were recorded on an advance Bruker Daltonics (impact HD) UHR-QqTOF (ultra-high resolution 

Qq time-of-flight) mass spectrometer.  
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Fig. S1 (a-d) N2 adsorption-desorption isotherms of GCN, AGCN, ACG2 and RGO (e-h) Pore size 

distribution curves for GCN, AGCN, ACG2 and RGO, (i-l) Linear fit curve from N2 adsorption 

data for GCN, AGCN, ACG2 and RGO, respectively and summary of specific surface area and 

pore volume distribution of GCN, AGCN, AGC2 nanocomposite and RGO nanosheets. 
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Fig. S2 Chemical structure of (a) methylene blue and (b) tetracycline molecules. 
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Fig. S3 Successive time dependent UV-vis spectra of photocatalytic degradation of MB under 

visible light irradiation (a) without catalyst, (b) GCN (c) CG2 (d) AGCN (e) ACG1 (f) ACG2 (g) 

ACG3 and  (h) ACG5 nanocomposites. 
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Fig. S4 Successive time dependent UV-vis spectra of photocatalytic degradation of TC under 

visible light irradiation (a) without catalyst, (b) GCN (c) CG2 (d) AGCN (e) ACG1 (f) ACG2 (g) 

ACG3 and  (h) ACG5 nanocomposites. 
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Table S1 Summary of kinetic data of photocatalytic degradation of MB using all prepared 

photocatalysts under visible light irradiation. 

Model of 

reaction 

 WC GCN CG2 AGCN ACG1 ACG2 ACG3 ACG5 

Zero Order R2 0.903 0.995 0.997 0.998 0.994 0.990 0.993 0.993 

Zero Order k×10-3  0.8 1.7 3.5 3.8 5.5 7.8 6.2 5.0 

Pseudo First R2 0.900 0.990 0.983 0.982 0.961 0.857 0.941 0.967 

Pseudo First k×10-3  0.6 1.4 3.5 3.9 6.7 14.1 8.4 5.9 

Parabolic 

diffusion 

R2 0.782 0.954 0.958 0.973 0.988 0.992 0.956 0.966 

Parabolic 

diffusion 

k×10-3  2.2 8.0 17.1 22.4 24.7 27.4 27.2 23.2 

Modified 

Freundlich 

R2 0.981 0.996 0.991 0.998 0.995 0.997 0.987 0.978 

Modified 

Freundlich 

k×10-3 0.1 5.6 10.6 12.3 18.4 20.9 19.7 16.3 
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Table S2 Summary of kinetic data of photocatalytic degradation of TC using all prepared 

photocatalysts under visible light irradiation. 

 

 

 

  

Model of 

reaction 

 WC GCN CG2 AGCN ACG1 ACG2 ACG3 ACG5 

Zero Order R2 0.899 0.967 0.979 0.979 0.974 0.972 0.972 0.993 

Zero Order k×10-3  0.5 2.9 4.3 4.7 6.9 7.4 6.6 5.4 

Pseudo First R2 0.988 0.990 0.983 0.982 0.961 0.857 0.941 0.977 

Pseudo First k×10-3  0.5 1.4 3.5 3.9 6.7 14.1 8.38 5.6 

Parabolic 

diffusion 

R2 0.773 0.937 0.971 0.986 0.954 0.981 0.959 0.86 

Parabolic 

diffusion 

k×10-3  1.1 8.8 30.7 40.0 60.7 69.5 56.0 48.3 

Modified 

Freundlich 

R2 0.976 0.997 0.991 0.994 0.987 0.990 0.987 0.991 

Modified 

Freundlich 

k×10-3 3.2 8.5 25.2 34.0 53.2 63.8 50.2 39.5 
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Fig. S5 (a) Light intensity dependent photocatalytic degradation of MB and TC monitored for 

a time period 60 min in each case, (b) rise in temperature of water with time under visible 

light illumination, (c) schematic of SERS process and (d) SERS spectra of MB in presence and 

absence of substrates. 
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Fig. S6 Kinetics for the photocatalytic degradation of MB using (a) zero-order, (b) first-order, 

(c) parabolic diffusion models and TC using (a) zero-order, (b) first-order, (c) parabolic 

diffusion models under visible light irradiations. 
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Fig. S7 Mass spectra of degradation of MB after visible light irradiation for 135 minutes. 
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Table S3 Summary of observed and calculated molecular masses of different fragments of 

MB obtained by mass analysis and their proposed molecular structures. 

ID of 

intermediate 

Molecular 

formula 

m/z 

(observed) 

m/z 

(calculated) 

Molecular structure 

 

MB 

 

C16H18N3S+ 

 

284.12 

 

284.15  

 

P1 

 

C16H19N3S 

 

285.13 

 

285.41 
 

 

P2 

 

C15H16N3S+ 

 

270.11 

 

270.13  

 

P3 

 

C14H14N3S+ 

 

256.09 

 

256.11  

 

P4 

 

C13H12N3S+ 

 

242.08 

 

242.31  

 

P5 

 

C12H10N3S+ 

 

228.06 

 

228.08  

 

P6 

 

C10H17N2S+ 

 

197.11 

 

197.10 
 

 

P7 

 

C9H15N2S+ 

 

183.09 

 

182.11 
 

 

P8 

 

C7H11N2S+ 

 

155.06 

 

156.08 
 

 

P9 

 

C9H14N2 

 

150.12 

 

150.03  

 

P10 

 

C8H12N2 

 

136.10 

 

135.99 
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Fig. S8 Mass spectra of degradation of TC after visible light irradiation for 90 minutes. 
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Table S4 Summary of observed and calculated molecular masses of different fragments of TC 

obtained by mass analysis and their proposed molecular structures. 

ID of 

intermediate 

Molecular 

formula 

m/z 

(observed) 

m/z 

(calculated) 

Molecular structure 

 

TC 

 

C22H24N2O8 

 

445.16 

 

444.15 

 

 

P’1 

 

C22H24N2O10 

 

477.15 

 

476.14 

 

 

P’2 

 

C22H22N2O11 

 

489.12 

 

490.12 

 

 

P’3 

 

C20H20N2O10 

 

448.16 

 

448.11 

 

 

P’4 

 

C20H20N2O10 

 

450.11 

 

450.12 

 

 

P’5 

 

C9H12O2 

 

153.00 

 

152.08  

 

P’6 

 

C9H10O 

 

133.09 

 

134.07  

 

P’7 

 

C4H6O4 

 

117.03 

 

118.02 
 

 

P’8 

 

C4H6O5 

 

133.09 

 

134.02  

 

P’9 

 

C3H4O4 

 

105.03 

 

104.01  

 

P’10 

 

C2H2O4 

 

90.05 

 

89.99  
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Fig. S9 Zeta potential plot for ACG2 nanocomposite in t-BuOH. 
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Table S5 Comparison of photodegradation of MB dye using different photocatalysts. 

Sl. No Photocatalyst Irradiation 

Source 

Pollutant 

Conc. (mg L-1) 

Photocatalyst 

conc.  

(mg mL-1) 

Time 

(min) 

Degrada

tion (%) 

Year/ 

Ref. 

1 ZnO-RGO 500 W UV 

lamp 

5 15 250 92 (2011)1 

2 GCN-S5 400 W 

Halogen 

lamp 

20 80 60 95 (2013)2 

3 GCN-BiVO4 300 W Xe 

lamp 

10 100 90 95 (2014)3 

4 CGN-TiO2 100 W 

Halogen 

lamp 

15 25 100 98 (2013)4 

5 Cu-CGN 300 W Xe 

lamp 

10 40 15 100 (2015)5 

6 GCN-CdS 500 W Xe 

lamp 

25 80 180 90 (2014)6 

7 Au NST-GCN-

RGO 

90 W CFL 

bulb 

20 15 135 92 This 

work 
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Table S6 Comparison of photodegradation of TC using different photocatalysts. 

Sl. No. Photocatalyst Irradiation 

Source 

Pollutant 

Conc. (mg L-1) 

Photocatalyst 

conc.  

(mg mL-1) 

Time 

(min) 

Degrada

tion (%) 

Year/ 

Ref. 

1 GCN-DM 500 W Xe 

Lamp 

10 10 70 100 (2017

)7 

2 RGO/Cu2O/Bi2

O3 

250 W Xe 

Lamp 

10 50 180 75 (2017

)8 

3 AgI/BiVO4 300 W Xe 

Lamp 

20 30 60 95 (2016

)9 

4 Ca-CdSe/RGO 350 W Xe 

Lamp 

15 50 60 82 (2015

)10 

5 Au/Pt/GCN 500 W Xe 

Lamp 

20 100 180 93 (2015

)11 

6 Ag3PO4/Ag/Bi

VO4/RGO 

300 W Xe 

Lamp 

10 50 60 95 (2017

)12 

7 Ag/Bi3TaO7 250 W Xe 

Lamp 

10 50 120 85 (2015

)13 

8 Ag/Fe3O4/GC

N 

300 W Xe 

Lamp 

20 50 90 88 (2016

)14 

9 GCN/ZnO/HN

T 

350 W Xe 

Lamp 

20 100 60 87 (2015

)15 

10 Au NST-GCN-

RGO 

90 W CFL 

bulb 

20 15 90 94 This 

work 
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Table S7 Comparison table for synthesis of 2-benzimidazole derivatives using different 

photocatalysts. 

Sl. No. Photocatalyst Irradiation source Time (min) Yield (%) Year/ Ref. 

1 Pt@TiO2 

Nanoparticles 

2 kW Xenon lamp  240 99 (2010)16 

2 3,6-

Disubstituted-s-

Tetrazine 

Visible light 120 90 (2013)17 

3 MgI2 Fluorescence lamp 360 97 (2014)18 

4 CdSe/MMT 35 W Tungsten lamp 120 91 (2015)19 

5 Rose Bengal 11 W LED bulb 120 90 (2016)20 

6 NiO@anatase/ru

tile-TiO2 

nanoparticles 

UV55W (UV-C) 

mercury lamp 

- 98 (2017)21 

7 Cd-ZnO 

nanoflakes 

450 W Microwave 

irradiation  

3.5 94 (2017)22 

8 Bi2WO6 35 W Tungsten lamp  210 89 (2017)23 

9 TiO2/AA/Co Visible light 180 90 (2018)24 

10 fluorescein 10 W Blue LED 60 90 (2019)25 

11 Au NST- 

GCN-RGO 

45 W CFL bulb 360 92 This work 
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S2 Green chemistry matrices calculation 

 Green chemistry matrices calculations have been done for our developed catalytic 

reaction for the synthesis of benzimidazole derivatives. The following four parameters 

described below are important parameters for a Green or sustainable reaction.  

(1) E-factor or environmental factor  

(2) Atom economy (AE)  

(3) Product mass intensity (PMI)  

(4) Reaction mass efficiency (RME) 

 

 Green chemistry matrices calculations for compound 4a  

 

  F.W.        108.14 g mol-1        106.12 g mol-1                                                        287.31 g mol-1 

 E-factor or environmental factor E-factor: Environmental-factor is a popular Green 

chemistry matrix which defines the ratio of mass of waste to mass of product. 

 E-factor = [mass of waste]/ mass of product  

Mass of waste = Total mass of raw materials - Total mass of product (4a)  

E- Factor = (108.14 mg +106.12 mg) – 185.23 mg / 180.23 mg (4a) 

E- Factor = 0.156 

Atom economy (AE): AE of a reaction describes the total number of atoms from the starting 

materials reside in the product. It is considered as a main matrix for efficiency of a reaction. 

The ideal value of AE factor is 100% (which means all atoms from the starting materials still 

resides in the product). 

AE = Mol. wt. of product ÷ Σ(MW of stoichiometric reactants) × 100 

                                   AE =        
194.23

108.14+106.12
    *100 

                                        =    90.65% 

Product mass intensity (PMI): PMI is the total mass used in a chemical process divided by 

themass of product. In PMI solvent is also considered, hence tertiary butanol also adds value 

to PMI. 

PMI = Σ(mass of stoichiometric reactants + solvent) / mass of product (4a) 
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                         PMI     =    
214.26+74.12

185.23
 

                                     =      1.556 

Actual or ideal PMI = E-factor + 1 

Hence, PMI = 0.156 + 1 

 = 1.156 

Reaction mass efficiency (RME): Reaction mass efficiency is defined as the mass of product 

divided by the sum of total mass of stoichiometric reactants. 

R.M.E. = mass of product /Σ(mass of stoichiometric reactants) × 100 

Reaction mass efficiency =      
185.23

108.14+106.12
 *100 

                                            =       86.45% 

RME measures the “cleanness” of a chemical reaction. Values of RME range from 0-100 %. 

Larger number is considered better for an ideal reaction. 
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S3 Compounds characterization 

2-phenyl-1H-benzo[d]imidazole(4a)26 Pale yellow solid, 85%; 1H NMR (500 MHz, DMSO-d6) δ 

(ppm) 12.95 ( Br s, 1H), 8.17 (d, 2H, J=7.55 Hz), 7.62-7.59 (m, 2H), 7.57-7.55 (m, 2H), 7.54-7.48 

(m, 1H). 13C NMR (125 MHz, DMSO-d6) δ (ppm) 160.3, 153.5, 148.4, 144.9, 142.1, 133.9, 129.4, 

128.8, 123.9, 124.7, 117.0, 115.9, 115.0. HRMS, m/z [M+1] calculated for C13H11N2, 195.0878; 

observed 195.0876. 

 

2-(4-nitrophenyl)-1H-benzo[d]imidazole(4b)27 light Yellow solid, 80%; 1H NMR (500 MHz, 

DMSO-d6) δ (ppm) 13.31 ( Br s, 1H), 8.43 (m, 4H), 7.67 (m, 2H), 7.25 (m, 2H). 13C NMR (125 

MHz, DMSO-d6) δ (ppm) 149.0, 147.8, 143.8, 136.0, 135.2, 127.4, 124.4, 123.6, 122.4, 119.5, 

111.8. HRMS, m/z [M]+ calculated for C13H11N2, 238.1560; observed 238.120.  

 

2-(4-chlorophenyl)-1H-benzo[d]imidazole(4c)28 Light yellow solid, 82%; 1H NMR (500 MHz, 

DMSO-d6) δ (ppm) 12.99 ( Br s, 1H), 8.20-8.17 (m, 2H), 7.66 (d, 1H, J=7.55 Hz), 7.64-7.61 (m, 

2H), 7.53 (d, 1H, J=7.55 Hz), 7.24-7.18 (m, 2H). 13C NMR (125 MHz, DMSO-d6) δ (ppm) 150.1, 

143.7, 135.0, 134.5, 129.1, 129.0, 128.1, 122.8, 121.8, 118.9, 111.4. HRMS, m/z [M]+ 

calculated for C13H10ClN2, 229.1095; observed 229.0509.  

 

2-(p-tolyl)-1H-benzo[d]imidazole (4d)27 Light yellow solid, 90%; 1H NMR (500 MHz, DMSO-d6) 

δ (ppm) 12.82 ( Br s, 1H), 8.06 (d, 2H, J=8.25 Hz), 7.62-7.50 (m, 2H), 7.35 (d, 2H, J=8.25 Hz), 

7.18 (d, 2H, J=4.85 Hz), 2.38 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ (ppm) 132.2, 130.8, 130.1, 

129.2, 128.2, 126.8, 125.6, 29.7. HRMS, m/z [M+1] calculated for C14H13N2, 208.1000; 

observed 209.1010.  

 

2-(1H-benzo[d]imidazol-2-yl)-4-bromophenol(4e)27 Yellow solid, 88%; 1H NMR (500 MHz, 

DMSO-d6) δ (ppm) 13.30 ( Br s, 1H), 13.27 ( Br s, 1H), 8.29 (d, 1H, J=2.75 Hz), 7.73 (d, 1H, 

J=7.55 Hz), 7.62 (d, 1H, J=8.25 Hz), 7.52 (dd, 1H, J=8.9 Hz, J=2.75 Hz), 7.32-7.26 (m, 2H), 7.02 

(d, 1H, J=8.95 Hz) . 13C NMR (125 MHz, DMSO-d6) δ (ppm) 157.1, 150.3, 134.0, 128.5, 123.2, 

119.5, 114.7, 110.2. HRMS, m/z [M] calculated for C13H9BrON2, 289.1274; observed 289.0200 

and, m/z [M]2+ calculated for C13H7BrON2 287.9898; observed 287.0218.  
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phenyl(2-phenyl-1H-benzo[d]imidazol-5-yl)methanone(4f)26 Yellow solid, 86%; 1H NMR (500 

MHz, DMSO-d6) δ (ppm) 13.33 ( Br s, 1H), 8.20 (d, 1H, J=6.85 Hz), 8.00-7.91 (m, 1H ), 7.77 (d, 

3H, J=6.85 Hz), 7.69-7.66 (m, 2H), 7.58 (m, 5H) . 13C NMR (125 MHz, DMSO-d6) δ (ppm) 154.5, 

153.6, 143.1, 138.1, 132.3, 132.2, 131.4, 130.6, 129.5, 129.2, 128.5, 126.8, 124.7, 123.9, 

121.7, 118.7, 114.2, 111.6. HRMS, m/z [M] calculated for C13H9BrON2, 289.1274; observed 

289.0200 and, m/z [M+1] calculated for C20H14N2O 299.1140; observed 299.1230. 
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S4 HRMS and NMR spectra of the compounds 

 

1H-NMR spectra of 2-phenyl-1H-benzo[d]imidazole 

[500 MHz, DMSO-d6]  
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13C-NMR spectra of 2-phenyl-1H-benzo[d]imidazole 

[125 MHz, DMSO-d6] 
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1H-NMR spectra of 2-(4-nitrophenyl)-1H-benzo[d]imidazole 

[500 MHz, DMSO-d6] 
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13C-NMR spectra of 2-(4-nitrophenyl)-1H-benzo[d]imidazole  

[125 MHz, DMSO-d6] 
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1H-NMR spectra of 2-(4-chlorophenyl)-1H-benzo[d]imidazole 

[500 MHz, DMSO-d6] 
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13C-NMR spectra of 2-(4-chlorophenyl)-1H-benzo[d]imidazole 

[125 MHz, DMSO-d6] 
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1H-NMR spectra of 2-(p-tolyl)-1H-benzo[d]imidazole 

[500 MHz, DMSO-d6] 
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13C-NMR spectra of 2-(p-tolyl)-1H-benzo[d]imidazole 

[125 MHz, DMSO-d6] 
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1H-NMR spectra of 2-(1H-benzo[d]imidazol-2-yl)-4-bromophenol 

[500 MHz, DMSO-d6] 
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13C-NMR spectra of 2-(1H-benzo[d]imidazol-2-yl)-4-bromophenol 

[125 MHz, DMSO-d6] 
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1H-NMR spectra of phenyl(2-phenyl-1H-benzo[d]imidazol-5-yl)methanone 

[500 MHz, DMSO-d6] 
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13C-NMR spectra of phenyl(2-phenyl-1H-benzo[d]imidazol-5-yl)methanone  

[125 MHz, DMSO-d6] 
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HRMS spectra of 2-phenyl-1H-benzo[d]imidazole 
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HRMS spectra of 2-(4-nitrophenyl)-1H-benzo[d]imidazole 
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HRMS spectra of 2-(4-chlorophenyl)-1H-benzo[d]imidazole 
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HRMS spectra of 2-(p-tolyl)-1H-benzo[d]imidazole 
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HRMS spectra of 2-(1H-benzo[d]imidazol-2-yl)-4-bromophenol 

 

 

  



 S-42   
 

HRMS spectra of phenyl(2-phenyl-1H-benzo[d]imidazol-5-yl)methanone 
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