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Sustainability Spotlight

Organic dyes released untreated can pollute water bodies. Although a limited number of 
Fe(II)/Fe(III) and Cu(II)Schiff base complexes were efficient in the degradation of organic 
pollutants, only a few Ni(II) Schiff base complexes were efficient due to their low degradation 
efficiency and extended degradation time period. The NiL1Et complex was capable of degrading 
a cationic dye with high efficiency, in a shorter time period, and under natural sunlight, without 
the requirement of additional light sources. Thus, making it a sustainable and more energy- and 
cost-effective option. Our work contributes to achieving Sustainable Development Goals (SDGs) 
6 (Clean Water and Sanitation) and 14 (Life Below Water).
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27 Abstract

28 Dyes are proven to act as persistent organic pollutants for freshwater bodies as well as the marine 

29 environment. Thus, suitable dye remediation measures become obligatory to save the aquatic 

30 biosystems as well as human health. This work presents a study on the photocatalytic remediation of 

31 cationic dyes using a Nickel (II) complex (NiL1Et). The NiL1Et complex was synthesized using the 

32 ONS donor ligand (L1) and confirmed with spectroscopic techniques and elemental analysis. The 

33 Ni(II) complex, NiL1Et, adopts a square planar geometry, which was envisioned through 

34 computational study. The experimentally estimated direct band gap of 2.19 eV agreed well with the 

35 HOMO-LUMO energy computed in the computational study. This establishes the semiconductor-

36 like property of the NiL1Et complex. Moreover, the slower electron-hole recombination rate in the 

37 excited complex, as inferred from the emission intensities, further demonstrates the potential of 

38 NiL1Et as a photocatalyst. Methylene Blue (MB) was employed as the model dye, and a maximum 

39 degradation efficiency of 80.15% was achieved using NiL1Et just within 60 min under natural 

40 sunlight without any artificial light source. The effects of various parameters, including catalyst 

41 amount, dye concentration, reaction time, pH, and H2O2 dose, were analyzed. It was observed that 

42 the complex could be used efficiently as a photocatalyst for 5 catalytic cycles. Furthermore, insights 

43 into the mechanistic pathway of MB degradation were analyzed. The path of MB degradation was 

44 predicted by determining the intermediate species generated during the degradation process using 

45 LC-MS.     

46

47

48 Keywords: Ni(II)-Schiff base complex, Photocatalytic degradation, Methylene blue, Degradation 

49 efficiency.
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50 1. Introduction

51 A major concern for humankind worldwide is tackling the rising global water scarcity. The 

52 indiscriminate pollution of the water bodies further limits the availability of safe drinking water. 

53 Numerous industry-based goods, including commodities such as pharmaceutical products, cosmetics, 

54 paints, and the production of dyes, are proven to be persistent organic pollutants due to their non-

55 biodegradability.1

56 Organic dyes constitute a class of organic molecules that play a major role in the pollution of 

57 water bodies. A large number of dyes are used in substantial quantities across various printing, 

58 textile, and rubber industries. The effluents from these industries contain a number of organic dyes, 

59 which can be toxic.2, 3 Common wastewater treatment plants in the textile industry are inefficient at 

60 completely removing dyes.2 Thus, the effluent containing these dyes, like Metylene blue (MB), when 

61 released into the water bodies, not only affects the turbidity, pH, temperature, and color of the water 

62 but also leads to water pollution, eutrophication, and production of various perilous by-products, 

63 which are in turn generated as a result of these dyes undergoing different chemical reactions.4 These 

64 dyes can persist in the environment for prolonged periods and also contaminate the groundwater, 

65 thus posing serious health hazards, as these can be highly toxic as well as carcinogenic.2 This is why 

66 researchers worldwide are giving immense importance to developing sustainable and effective 

67 methods for the remediation of dyes like MB from effluents and water sources.

68 Photocatalytic Advanced Oxidation Processes (AOPs) have emerged as one of the most popular and 

69 effective protocols for the remediation of polluting organic dyes. Such processes involve the transfer 

70 of electrons from the conduction band into the valence band of the photocatalyst when irradiated 

71 with light. When the electrons and holes from the photocatalyst come in contact with H2O2, O2, or 

72 H2O, consequently, radical oxygen species (ROS) like • OH and •O2- are produced. ROS thus 

73 produced causes the photodegradation of organic pollutants like dyes.5 
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74 Various nanoparticles and polymers have been reported to catalyze the photocatalytic degradation of 

75 organic pollutants, such as dyes.5-8 However, metal nanomaterials were found to have specific 

76 adverse effects. These mainly include the high cost of synthetic routes and the toxicity of certain 

77 metal nanomaterials. Some metal nanomaterials were also found to interact with other species in the 

78 reaction medium during the degradation process. Moreover, separating and recycling nanomaterials 

79 is a complicated and expensive process that often requires sophisticated instruments. Some serious 

80 health hazards were also linked to the usage of various metal-based nanomaterials.9 Thus, 

81 researchers have studied different catalyst species as alternatives to these metal nanomaterials for 

82 their potential in obtaining higher efficiency with a low-cost synthetic route and much lower toxicity. 

83 Various metal complexes also showed great potential as photocatalysts for the mineralization of 

84 organic pollutants in aquatic systems. However, low heterogeneity and lower stability in the reaction 

85 medium have always been associated with these metal complexes, which lead to lower recyclability 

86 of the catalytic species. In this regard, certain Schiff base metal complexes have proven to be 

87 excellent photocatalysts for the degradation of organic pollutants, including dyes, pharmaceutical 

88 products, and other organic molecules. Some of the Schiff base complexes were found to yield high 

89 degradation efficiency with desired recyclability over consecutive catalytic cycles.10 However, a 

90 majority of Schiff base metal complexes reported as photocatalysts for the degradation of organic 

91 pollutants, such as dyes, are mostly Fe(II)/Fe(III) and Cu(II) complexes.4, 10, 11 However, very few 

92 Ni(II) Schiff base complexes have been reported to be effective photocatalysts for the degradation of 

93 organic dyes. Low degradation efficiency and a longer degradation time were major drawbacks in 

94 many of the few reported Ni(II) Schiff base complexes.12, 13, 14 However, very few Ni(II) Schiff base 

95 complexes were also capable of achieving degradation efficiencies greater than 90%.15, 16 This 

96 inspired us to study the photocatalytic capability of Ni(II) complexes of highly conjugated Schiff 

97 base ligands. A lower HOMO-LUMO energy gap is expected in the complexes in the presence of the 
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98 conjugated ligand, thereby facilitating the charge separation when irradiated with light. This, in turn, 

99 will favour higher photocatalytic activity.   

100 In this work, we present the development of a new complex (NiL1Et) consisting of a Ni(II) centre 

101 being ligated to a naphthaldehyde-derived unsymmetric Schiff base-based ONS donor ligand (L1). 

102 The complex NiL1Et was evaluated for its photocatalytic efficiency in the degradation of the MB 

103 dye via an advanced oxidation process under sunlight. 

104

105 2. Experimental

106 2.1. Chemicals and instruments

107 All the required chemicals and solvents were procured from BLD pharm, SRL, and Merck India Ltd. 

108 The vibrational spectra were obtained using a Bruker 3000 Hyperion Microscope FT-IR 

109 spectrometer. A 400 MHz JEOL JNM ECS400 NMR Spectrometer was employed to record the 1H 

110 NMR spectra. The ESI-mass and LC-MS spectra were obtained using a XEVO G2-XS QTOF mass 

111 spectrometer and a Waters ACQUITY UHPLC system. Elemental analysis was done by employing a 

112 FLASH Smart Thermo Elemental analyzer. UV-visible spectra were obtained using a Mortas 

113 Scientific UV plus UV-visible spectrophotometer. TGA was performed using a Perkin Elmer TGA 

114 4000 instrument. Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-OES) 

115 analysis was carried out using an AVIO 220 MAX Perkin Elmer spectrophotometer. An Elementar 

116 Enviro TOC instrument was used to carry out the Total Organic Carbon (TOC) analysis. The 

117 Electron Spin Resonance (ESR) spectrum was recorded using a Bruker EMX ESP spectrometer. The 

118 zeta potentials were recorded using a Nano ZS90 Zeta Sizer by Malvern Panalytical.

119

120
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121 2.2. Synthesis of the Bis-imine ligand (L1)

122 The ONS donor Schiff base ligand (L1) was synthesized following the reported synthetic route.17

123

124 2.4. Synthesis of the Nickel complex [Ni(L1)(OC2H5)].2H2O (NiL1Et)

125 To a solution of 0.5mmol of L1 in ethanol, a 0.5mmol solution of Nickel(II) chloride hexahydrate 

126 (NiCl2.6H2O) in ethanol was added and stirred. 2 drops of Triethylamine were added and then 

127 allowed to reflux for 8 hours. NiL1Et complex was obtained as an orange coloured precipitate. 

128 Cooling, followed by filtration, yielded the orange precipitate, which was then rinsed with methanol 

129 and then with deionized water. Later, the precipitate was dried in an oven.

130 Yield: 61.22%. melting point > 300℃; Observed FT-IR peaks (ν, cm-1): 3398 (O-H stretching 

131 vibrations of uncoordinated H2O), 3048 (sp2 C−H stretching vibrations), 2919 (sp3 C−H stretching), 

132 1596 (C=N stretching), 1188 (C−O stretching), 821 (C−S stretching of thiphene ring) (Fig. S1).  1H 

133 NMR (400 MHz, CDCl3), δ (ppm): 10.27, 8.66, 8.15, 7.92, 7.84, 7.56, 7.10, 6.60, 6.46, 6.12, 4.74, 

134 1.83, 1.24 (Fig. S2). UV-visible (DMSO, λmax, nm): 319, 376, 398, 446, 538 [Fig. S3]. ESI-MS 

135 (m/z): calculated for C18H19BrN2NiO4S [M]+: 495.9602, found: 495.6107 (Fig. S4). Elemental 

136 Analysis % calculated (found) for C18H19BrN2NiO4S: C, 43.41 (43.38); H, 3.85 (3.87); N, 5.63 

137 (5.60); S, 6.44 (6.41).

138

139 2.5. Theoretical analysis

140 NiL1Et was computationally studied employing density functional theory (DFT) using B3LYP/ level 

141 of theory in a Gaussian 16 program.18 The optimized geometry of the NiL1Et complex was analyzed 
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142 using a 6-311++G(d,p) basis set for the ligand and LANL2DZ effective core potential (ECP) for 

143 Ni.19 

144

145 2.6. Photocatalytic degradation of dyes

146 NiL1Et was screened for its potential photocatalytic activity in the degradation of organic dyes. The 

147 widely used cationic dye, Methylene blue (MB), was used to assess the photocatalytic performance 

148 of the Ni(II) complex. NiL1Et was added to a 50 mL MB solution. Different volumes of H2O2 were 

149 then added to this solution. The initial absorbance of the MB dye solution was recorded. Then the 

150 solution was kept away from light for 30 minutes, giving it enough time to reach adsorption-

151 desorption equilibrium. After 30 minutes, the absorbance of the solution was noted again. Then, the 

152 MB solution in the presence of NiL1Et was mechanically stirred under direct sunlight. An aliquot of 

153 5 mL was drawn after every 10 min, and its absorbance was recorded. The experiments were 

154 conducted under direct natural sunlight from 9 am to 12 noon on the bright sunny days in the month 

155 of September in Silchar, India. The strength of the sunlight was found to vary between 690 W/m2 

156 and 770 W/m2 when measured using a solar power meter. The catalyst doses varied from 0.2 to 1 gL-

157 1, whereas the concentration of MB varied over a range of 10 to 30 ppm for MB, respectively. The 

158 photocatalytic degradation of another cationic dye, Rhodamine B, and an anionic Methyl orange dye 

159 was performed using a similar procedure.

160 The degradation efficiency of the dyes was calculated using the following equation,

161 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 𝐶0―𝐶
𝐶0

× 100 (1)

162 Here, C0 is the concentration of MB before the beginning of the degradation process, and C is the 

163 MB concentration of the aliquots taken at fixed time intervals.

164 The reaction kinetics of the methylene blue degradation using NiL1Et as the photocatalyst were 

165 studied using the following equation,
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166 𝑙𝑛𝐶0

𝐶
 = 𝑘𝑡 (2)

167 where C0 is the initial concentration of MB at time t=0, whereas C is the concentration of MB at time 

168 t, and k is the rate constant.

169

170 3. Results and discussion

171 3.1. Synthesis of NiL1Et

172 NiL1Et was obtained from the Nickel chloride hexahydrate and L1 in ethanol in the presence of 

173 Triethylamine (Scheme 1). NiL1Et was found to be soluble in DMSO and DMF.

174

175 Scheme 1. Synthesis of [Ni(L1)(OC2H5)].2H2O

176

177 3.2. FT-IR spectral study

178 The formation of NiL1Et was ascertained by comparing the bond vibrations in the FT-IR spectra of 

179 NiL1Et and the ligand L1. It also revealed the binding sites of the metal to the Schiff base. The O-H 

180 stretching vibration of L1, which was visible at 3576 cm-1, was missing in the spectrum of NiL1Et, 

181 which indicated the binding of the phenolate to the Ni(II) ion (Fig. S1).17 A shift of the C-O 
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182 stretching band to a lower wavenumber, from 1182 cm-1 to 1188 cm-1, was observed when 

183 comparing the spectra of the ligand (L1) and NiL1Et. This further validates the bond formation 

184 between the metal and the phenoxide moiety of L1.20 Moreover, the presence of uncoordinated water 

185 molecules is indicated by the broad band observed at 3398 cm-1 in the FT-IR spectrum of NiL1Et.21, 

186 22 The bands at 3048 and 2919 cm-1 in the FT-IR spectrum of NiL1Et can be attributed to the 

187 aromatic C-H stretching and sp3 C-H stretching vibrations, respectively.23 When the spectrum of L1 

188 was compared to that of NiL1Et, a shift in the C=N stretching vibrations from 1599 cm-1 to 1596 cm-

189 1 was observed. This reduction in the wavenumber of C=N stretching vibrations indicates the binding 

190 of Ni(II) ions to the imine group of L1 in the NiL1Et complex.14 Similarly, a shift in the C-S 

191 stretching vibration of the thiophene ring from 829 cm-1 in L1 to 821 cm-1 in NiL1Et was observed; 

192 this validates the binding between the Ni(II) ion and the S atom of the thiophene ring.24 

193

194 3.3. 1H-Nuclear Magnetic Resonance analysis

195 Comparing the 1H-NMR spectrum of L1 to that of the complex NiL1Et, it was observed that the 

196 proton signal for the phenolic OH group was missing in the 1H-NMR spectrum of NiL1Et. This 

197 observation further confirms the binding of Ni(II) to the OH moiety of the ligand L1 (Fig. S2). The 

198 proton signal of the imine group that was seen at δ 9.63 for L1 shifted to δ 10.27 in the 1H NMR 

199 spectrum of NiL1Et, thus confirming the binding of Ni(II) to the >C=N moiety.25 Additionally, the 

200 1H NMR spectrum of NiL1Et gives two proton signals at δ 4.74 and δ 1.24 corresponding to -O-CH2 

201 and -CH3 protons, respectively.

202

203

204
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205 3.4. ESI-MS spectral study

206 The formation of NiL1Et was further confirmed using mass spectrometry (Fig. S4). The spectrum 

207 has the molecular ion [M]+ peak for [Ni(L1)(OC2H5)].2H2O at m/z value of 495.6107, which is in 

208 close agreement with the calculated value of 495.960. The base peak at m/z value of 341.1244 

209 corresponds to the [L1-OH]+ peak of the Schiff base L1.

210

211 3.5. UV-visible spectral study

212 On comparing the UV-visible spectrum of L1 and NiL1Et using DMSO as the solvent, it was known 

213 that the ligand (L1) had π→π* transitions at λmax 336 and 399 nm,17
 showing hypsochromic shift to 

214 319 nm and 376 nm, respectively, after binding to Ni(II) in NiL1Et (Fig. S3). Another absorption 

215 peak at 398 nm was observed, corresponding to the n→π* transition of the imine moiety in NiL1Et.26 

216 Moreover, two additional absorption bands at 446 and 538 nm corresponding to the 1A1g →1B1g and 

217 1A1g →1A2g (d-d) transitions were observed in the spectrum of NiL1Et. These bands in the 

218 absorption spectrum of NiL1Et are indicative of a square planar geometry.14  

219

220 3.6. Thermal study

221 The thermal stability of the NiL1Et complex was analyzed by thermogravimetric analysis (TGA) in 

222 an open atmosphere at a heating rate of 10℃/min. A loss of 7.57% within 53 to 144.5℃ was noted in 

223 the TGA curve (Fig. S5), corresponding to the loss of two uncoordinated H2O from the complex.27 A 

224 weight loss of 15.87% was recorded within the temperature range of 236 to 397℃ for the loss of Br. 

225 28-31 This was followed by the breakdown of the ligand at 447℃. 

226
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227 3.7. Tauc’s plot

228 The UV-DRS analysis of NiL1Et was performed within the range of 200 to 800 nm (Fig. S6), and 

229 subsequently, the Tauc’s plot was obtained (Fig. 1). Plotting of the Tauc’s plot was crucial in the 

230 determination of the direct band gap of NiL1Et. The direct band gap (Eg) of 2.19 eV was obtained for 

231 the NiL1Et complex.

232

233 Fig. 1: Tauc’s plot of  NiL1Et.

234 3.8. Computational Analysis

235 The most probable geometry of NiL1Et was optimized using DFT, and then the electronic properties, 

236 stability, and reactivity of the complex were studied theoretically. The optimization yielded a square 

237 planar geometry for the NiL1Et complex, where the O17, N19, and S29 of the ligand (L1) were 

238 bonded to the Ni(II) center (Fig. 2). The O31 of –OC2H5 completed the fourth coordination site of 

239 the square planar geometry. The O17-Ni-N19, N19-Ni-S29, S29-Ni-O31, and O31-Ni-O17 bond 

Page 12 of 43RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
10

:2
3:

49
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SU00958H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00958h


12

240 angles were found to be 95.50ᴼ, 92.41ᴼ, 83.40ᴼ, and 97.93ᴼ, respectively. The bond lengths of O17-Ni, 

241 N19-Ni, S29-Ni, and O31-Ni were found to be 1.858Å, 1.999Å, 2.326Å, and 1.793Å, respectively. 

242 The computational determination of the HOMO and LUMO energies revealed that the NiL1Et has a 

243 HOMO-LUMO energy gap of 2.4325 eV, which is in close agreement with the value of the direct 

244 band gap obtained using the Tauc’s plot (Fig. 3). The HUMO and LUMO of NiL1Et, HOMO and 

245 LUMO energies were -5.1780 eV and -2.7455 eV, respectively. The HOMO and LUMO energies of 

246 the complex were crucial in determining the electronegativity (χ), ionization potential (IP), chemical 

247 potential (µ), electron affinity (EA), global hardness (η),  global electrophilicity (ω), and global 

248 softness (σ) (Table 1). The NBO analysis revealed that the formal charge on Ni(II) decreased to 

249 +0.889 after complexation, which indicated the bonding of Ni(II) to the ligand, resulting in the 

250 transfer of electrons from the ligand to the Ni(II) center in NiL1Et. 

251

252

253

254

255

256

257 Fig.2: Optimised structure of NiL1Et complex.
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258

259 Fig. 3. HOMO and LUMO energies of  NiL1Et complex.

260 Table 1: The global reactivity descriptors.

NiL1Et

EHOMO (eV) -5.1780

ELUMO (eV) -2.7455

ΔE (eV) 2.4325

IP (eV) 5.1780

EA (eV) 2.7455

χ (eV) 3.96175

µ (eV) -3.96175

η (eV) 1.21625

σ (eV-1) 0.41109

ω (eV) 6.4524

261

262
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263 3.9. Analysis of Photoluminescence to determine the electron-hole recombination rate

264 The change in intensities of the emissions observed in the photoluminescence (PL) spectrum is 

265 crucial in estimating the rate of recombination of charge carriers (e--h+ pair).32-34 Higher emission 

266 intensities indicate a higher rate of recombination of the electron-hole pairs, whereas lower emission 

267 intensities indicate a slower recombination of the electron-hole pairs. A slower electron-hole 

268 recombination rate suggests better photocatalytic efficiency.33, 35 The PL spectra of L1 and NiL1Et 

269 reveal a comparatively higher emission intensity for the ligand (L1) whereas the photoluminescence 

270 intensity of NiL1Et was much lower emission intensity (Fig. 4). Thus, NiL1Et can be expected to 

271 have much slower charge carier recombination, thereby NiL1Et is expected to have desirable 

272 photocatalytic activity.

273

274 Fig. 4. Photoluminescence spectrum of (a) L1 and (b) NiL1Et complex. Inset: the zoomed 

275 photoluminescence spectrum of NiL1Et.
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276 3.10. Photocatalytic Methylene blue (MB) degradation

277 3.10.1. Effect of catalyst dosage

278 The extent of degradation of methylene blue was analyzed with varying photocatalyst amounts 

279 ranging from 0.2 to 1 gL-1. In this experiment, a 20 ppm solution of MB in 50 mL of deionized water 

280 in the presence of 20 µL of H2O2 was placed under direct sunlight while maintaining the pH at 7. The 

281 maximum photodegradation efficiency obtained using NiL1Et was found to be 76.39% at a catalyst 

282 dose of 0.8 gL-1 (Fig. 5(a)). The kinetics of the reaction using varying catalyst dosages were 

283 determined (Fig. 5(b)). The photocatalytic MB degradation was found to follow pseudo-first-order 

284 kinetics, as R2 >0.95. The rate constant had a maximum value of 0.0233 min-1 for 0.8 gL-1 of NiL1Et. 

285  

286 Fig. 5 (a) Plot of C/C0 vs. time (b) kinetics of photodegradation of MB using varying doses of 

287 NiL1Et.

288

289 3.10.2. Effect of Methylene blue concentration

290 The concentrations of MB taken initially for the degradation experiments were optimized with 

291 different concentrations of MB starting from 10 to 40 ppm. The dose of NiL1Et was fixed at 0.8 gL-

292 1. The MB solution was added with 20 µL of H2O2 while maintaining the pH at 7. The maximum 
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293 degradation was achieved with 20 ppm of MB concentration (Fig. 6(a)). Photodegradation efficiency 

294 decreased when the initial concentration of MB exceeded 20 ppm, which can again be attributed to 

295 reduced light penetration, decreasing the path length of photons entering the MB solution at higher 

296 initial concentrations. Moreover, % of degradation of MB falls with a rise in MB concentration 

297 exceeding 20 ppm, as the degradation of a higher initial concentration of MB requires a higher 

298 catalyst surface, but in this study, the catalyst dose of NiL1Et was fixed.36 The kinetics study 

299 revealed that (Fig. 6(b)) the rate constant was maximum (0.0229 min-1) at an initial MB 

300 concentration of 20 ppm for NiL1Et.

301  

302 Fig. 6 (a) Plot of C/C0 vs. time (b) kinetics of photodegradation with varying initial concentrations of 

303 MB in the presence of NiL1Et.

304

305 3.10.3. Effect of H2O2 dosage

306 Volumes of H2O2 ranging from 0 to 80 µL were added to evaluate its effect on the degradation 

307 efficiency. A 50 mL solution of 20 ppm MB in deionized water was irradiated with sunlight in the 

308 presence of 0.8 gL-1 of NiL1Et. The pH of 7 was maintained throughout the experiment (Fig. 7(a) 

309 and (b)). The degradation efficiency was enhanced with increasing H2O2 volumes; however, a 

310 gradual fall in the efficiency was observed when H2O2 volumes higher than 40 µL were added. The 
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311 rise in the degradation efficiency in the presence of H2O2 is mainly due to the self-decomposition of 

312 H2O2 to produce hydroxy radicals (•OH) when irradiated with sunlight. Moreover, the fall in 

313 efficiency when the added volume of H2O2 exceeded 40 µL was due to the scavenging of the reactive 

314 hydroxy radicals (•OH) by excess H2O2 molecules to produce •O2H radicals, which are less active 

315 than the • OH radicals.37 

316  

317 Fig. 7 (a) Plot of C/C0 vs. time (b) kinetics of photodegradation of MB at different H2O2 dosages in 

318 the presence of NiL1Et.

319

320 3.10.4. Effect of change in pH

321 The effects of pH on the photodegradation of MB were evaluated by varying pH from 5 to 11. A 20 

322 ppm solution of MB was taken, and the catalyst dose of 0.8 gL-1 of NiL1Et was added, followed by 

323 the addition of 40 µL of H2O2. The degradation efficiency increased with increasing pH from 5 to 11 

324 (Fig. 8(a)). At pH greater than 7, the photocatalyst’s surface is negatively charged, and as MB is a 

325 cationic dye, the electrostatic interaction between the cationic MB dye and the negatively charged 

326 catalyst surface is enhanced. This is what causes the increase in the photodegradation efficiency at 

327 higher pH.38 Moreover, at pH greater than 7, an enhanced adsorption of the cationic MB dye on the 

328 catalyst surface is expected.39 The increased adsorption of MB on the catalyst surface further 
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329 enhances the photodegradation of MB at higher pH.40 The kinetics of the degradation were studied 

330 (Fig. 8(b)). The rate of degradation at pH 11 was found to be 0.02569 min-1 using NiL1Et. This 

331 shows that a higher pH is desirable for better degradation of the MB dye. However, the study also 

332 indicates that NiL1Et can degrade the MB dye even in neutral conditions, although the efficiency is 

333 lower than that obtained at pH 11.   

334

335 Fig. 8 (a) Plot of C/C0 vs. time (b) kinetics of photodegradation of MB at different pH using NiL1Et.

336

337 Zeta potential analysis of the catalyst was performed to examine its surface charge at different pH 

338 values. The pH of the point zero charge (pHZPC) of NiL1Et was found to be 6.46. The zeta potentials 

339 at pH<pHZPC were found to be positive, indicating that the catalyst surface is positively charged at 

340 pH<pHZPC, thereby attracting negatively charged molecules. Whereas the zeta potentials at 

341 pH>pHZPC were found to be negative, this indicates that the catalyst surface is negatively charged at 

342 pH>pHZPC, which will attract the cationic molecules (Fig. S7).35, 41

343  3.10.5. Effect of reaction time

344 The time required to achieve the maximum possible MB degradation efficiency was evaluated. The 

345 optimum catalyst dose was 0.8 gL-1 of NiL1Et. A 20 ppm solution of MB in 50 mL of deionized 
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346 water, maintained at pH 11, was irradiated with sunlight in the presence of 40 µL of H2O2. After 60 

347 minutes, a degradation efficiency of 80.15% was reached using NiL1Et as the catalyst. No notable 

348 enhancement in degradation efficiency was seen beyond 60 min (Fig. 8(a)). Fig. S8 presents the 

349 absorption spectra of the photocatalytic degradation of MB under optimized conditions in the 

350 presence of NiL1Et as the photocatalyst. The effectiveness of this degradation procedure using 

351 NiL1Et as the photocatalyst under sunlight in the degradation of the dye was further analysed by 

352 performing the dye degradation experiment under specific controlled conditions, such as degradation 

353 in the presence of only H2O2 in the dark, NiL1Et and H2O2 in the dark, only H2O2 under sunlight, 

354 and only NiL1Et without H2O2 under sunlight (Fig. S9). Comparing the degradation efficiencies it 

355 can be known that NiL1Et in the presence of H2O2 under sunlight is the required condition to obtain 

356 the maximum possible degradation efficiency. 

357 A comparison of the photocatalytic efficiency of NiL1Et in the degradation of MB to that of some of 

358 the previously reported Ni(II) Schiff complexes has been presented in Table 2. It was observed that a 

359 fairly high degradation efficiency was achieved using NiL1Et under direct sunlight when compared 

360 to a number of other Ni(II) Schiff base complexes. The degradation of MB using NiL1Et was also 

361 compared with some of the reported nanomaterials used to obtain high degradation efficicency.    It 

362 was observed that the degradation efficiency achieved by NiL1Et in a relatively shorter period of 

363 time is also in a comparable range to some of the other Ni(II) Schiff base complexes, which achieved 

364 higher degradation efficiencies. Although using the nanomaterials as photocatalysts yielded higher 

365 degradation efficiencies, NiL1Et was capable of degrading MB comparatively within a shorter time 

366 period in most cases. Furthermore, the degradation of MB using NiL1Et was carried out following a 

367 more sustainable approach, using direct natural sunlight. This approach is cost-efficient and user-

368 friendly, as no additional instrumentation or artificial power source is required. In contrast to this, the 

369 degradation of MB using some of the previously reported Ni(II) Schiff base complexes and the 

370 majority of the nanomaterials compared in Table 2 were done under irradiation from artificial light 
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371 sources like UV lamp or Hg lamp, which will require additional electricity. This can, in turn, be 

372 challenging for the application of such catalytic species in large-scale studies or in real scenario, 

373 practical applications.     

374 However, while determining the degradation efficiency of a photocatalyst, estimating only the 

375 discoloration of the organic dye is not enough; for a degradation process to be effective, it is essential 

376 that it causes the mineralization of the dye too. The mineralization of methylene blue (MB) was 

377 assessed through TOC analysis. Methylene blue (MB), having the molecular formula C16H18N3SCl 

378 has a carbon fraction of 0.6007.42 Thus, the initial 20 ppm MB solution has a TOC of 12.014 mg L-1. 

379 The degraded MB solution using NiL1Et after 60 min of irradiation under sunlight has a final TOC 

380 value of 4.19 mgL-1. This indicated that NiL1Et in the presence of H2O2 under sunlight could not 

381 only cause the discoloration of the MB solution, but it could also mineralize the MB dye with a 

382 65.12% TOC removal.     

383

384 Table 2: Comparison of the degradation efficiency of NiL1Et to that of some of the previously 

385 reported Ni(II) Schiff base complexes.

Complex/catalyst Ligand Degradation 
efficiency 

Irradiation 
Time References

[Ni(HL)L]Cl.2CH3OH.4H2O 47%
60 min 
under 

visible light

[Ni(HL)L]NO3.3H2O 58%
60 min 
under 

visible light 

[Ni(HL)L]Br.4H2O

N
N

N
H

S

N
H

quinoline-2-carbaldehyde-N(4)-
cyclohexylthiosemicarbazone

55%
60 min 
under 

visible light

12

Ni-ABzC

OH

Cl
N

OH

O

ABzC

62.50%
40 min 
under 

sunlight
14
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[Ni(PL)2] N

OH

HO

O

O

P

P

P

PL

72.35% 12 hours 43

Ni(II)-Schiff base complex

N N
N

NN
N

H3C CH3

H3C
N N

CH3

H3C NH2 CH3H2N

(1E,1'E)-N',N'''-((3E,3'E)-(1,4-
phenylenebis(azanylylidene))bis(1,
5-dimethyl-2-phenyl-2,3-dihydro-

1H-pyrazole-4-yl-3-
ylidene))diacetimidamide

74.60% Under UV 
lamp 44

SBLNi

N N

OH

Cl

HO

Cl

SBL

76.80%
200 min 

under UV 
lamp

45

[NiII(L)2](ClO4)2.2H2O N

N
H
N N

N

L

84.50%
120 min 

under UV 
light

46

Ni(C40H36N4O8).3CH3OH

O

O

O

O

N N

N
H

N
H

O O

OK KO

85%
100 min 
under Hg 

lamp
47

[Ni(HL)2] HO

N
H

O

N

HL

91% at 
pH=12

60 min 
under UV 

light
15
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[Ni(C22H26N2O10S2)].2CH3OH

O

O

O

O

N N

S S
O O O

O

OKKO

95.49%
140 min 
under Hg 

lamp
16

NiL1Et

OH

N
N

S
Br

L1

80.15%
60 min 
under 

Sunlight
This work

Green synthesized 
CoFe2O4/TiO2 nanocomposites - 98.70%

20 min 
under UV 
irradiation

48

TiO2 nanotubes - 87%
300 min 

under UV 
irradiation

49

ZnO/Fe3O4 
heteronanostructures - 99.70%

150 min 
under UV 
and visible 

light

50

BiFeO3 nanoparticles - 99%

15 min 
under 
450W 

mercury 
vapour 
lamps

51

386

387  3.11. Photocatalytic degradation of Rhodamine B (Rh B) and Methyl orange (MO) dyes

388 To fully understand the broader potential of the Ni(II) complex, NiL1Et, as a photocatalyst for the 

389 degradation of organic dyes in an aqueous environment, the photocatalytic degradation of other 

390 cationic and anionic dyes was also investigated. Rhodamine B (Rh B) was used as the other cationic 
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391 dye, and Methyl orange as the anionic dye.52, 53 20 ppm solutions of both dyes were treated with 0.8 

392 gL-1 of NiL1Et in the presence of 40 μL of H2O2 under sunlight at neutral conditions. Moreover, 

393 degradation experiments were also carried out separately in the presence of only H2O2 in the dark, in 

394 the presence of both NiL1Et and H2O2 in the dark, in the presence of only H2O2 under sunlight, and 

395 in the presence of only NiL1Et under sunlight (Fig. S10(a) and Fig. S11(a)). Degradation 

396 efficiencies of 77.33% after 80 min of irradiation and 54.85% after 120 min of irradiation were 

397 achieved while degrading RhB and MO dye, respectively (Fig. S10(b) and Fig. S11(b)). Thus, it 

398 was observed that NiL1Et as a photocatalyst under sunlight is capable of achieving higher efficiency 

399 against cationic dyes as compared to the anionic dyes. This observation is in agreement with the 

400 results of the zeta potential experiment. As NiL1Et has a negatively charged surface at a neutral pH, 

401 the cationic dyes will be more attracted to the catalyst surface as compared to the anionic dyes, 

402 resulting in better degradation efficiency in cases of the cationic dyes.35

403

404 3.12. Recyclability, stability, and leaching studies of the catalyst

405 The ability to reuse and recycle the catalyst in consecutive catalytic cycles is essential for cost-

406 effective and feasible practical applications. This is also indicative of the structural stability of the 

407 catalyst species in reaction conditions. The used catalyst was recovered by centrifugation, followed 

408 by thorough rinsing with deionised water. The recovered catalyst was then dried in a hot air oven 

409 before reusing in the next catalytic cycle. NiL1Et was used consecutively for five catalytic cycles 

410 (Fig. 9). Even after the fifth catalytic cycle, only a minute fall in the degradation efficiency of MB 

411 was noted. This fall in the efficiency of photocatalytic degradation of MB after five consecutive 

412 cycles using the recovered NiL1Et catalyst can be attributed to the blocking of some of the active 

413 sites on the NiL1Et surface by the produced degradation intermediates.35  
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414 The stability of NiL1Et in the reaction medium was further analyzed by comparing the FT-IR 

415 spectrum and the XRD diffraction pattern of NiL1Et before using it in the catalytic process and after 

416 the fifth consecutive catalytic cycles. All the peaks of the FT-IR spectrum of NiL1Et recorded after 

417 the fifth catalytic cycle (Fig. S12) matched with the FT-IR spectrum of the freshly prepared NiL1Et. 

418 This represented the high structural stability of NiL1Et as the photocatalyst during the MB 

419 degradation process. A similar conclusion can also be drawn when the diffraction pattern of the 

420 freshly prepared NiL1Et was compared to that of the recovered NiL1Et after the fifth consecutive 

421 catalytic cycle (Fig. 10). Both the diffraction patterns were identical. This further established the fact 

422 that NiL1Et is a stable photocatalytic species where the reaction conditions had no significant effect 

423 on its structural integrity.   

424 Furthermore, a leaching study was conducted using ICP-OES of the sample collected after the 

425 catalytic cycle. The mass of Ni leached after the catalytic cycle was 25.09 μg/L (25.09 x 10-6 gL-1). 

426 Thus, the % leaching of Ni was 0.02%. The obtained leaching % of Ni was negligible. Moreover, the 

427 obtained value of leaching Ni mass was well below the WHO-recommended limit of 70 μg/L in 

428 drinking water.54
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429

430 Fig. 9. Recyclability of NiL1Et as catalyst in photodegradation of  MB.

431

432 Fig. 10. XRD diffraction patterns of the freshly prepared NiL1Et and after the fifth catalytic cycle in 

433 the photodegradation of  MB, collected at a scan rate of 0.071112° per second.
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434 3.13. Photocatalytic Mechanism

435 To determine the photocatalytic mechanism, it is crucial to identify the active species responsible for 

436 dye degradation. Thus, to identify the reactive oxygen species generated during the photocatalytic 

437 degradation of MB, a radical-scavenging experiment was performed. During this experiment, the 

438 degradation of MB in the presence of various radical scavengers was studied. Here, potassium 

439 persulphate (K2S2O8), disodium EDTA (Na2EDTA), benzoic acid, and ascorbic acid were employed 

440 as scavengers for e-, h+, •OH, and •O2
-, respectively.35, 55 It was observed that in the photocatalytic 

441 degradation of MB using NiL1Et as the catalyst, in the presence of potassium persulphate (K2S2O8), 

442 disodium EDTA (Na2EDTA), benzoic acid, and ascorbic acid, the degradation % falls to 65.05%, 

443 60.09%, 22.11%, and 53.61% respectively (Fig. S13). These observations suggested that hydroxyl 

444 radicals (•OH) were the dominant active species in the degradation of MB. Furthermore, the 

445 generation of the hydroxy radicals (•OH) was confirmed by an ESR spin trapping experiment. Α-

446 Phenyl-tert-butylnitrone (PBN) was used as the spin trapping agent. The obtained ESR spectrum 

447 matched the characteristic spectrum of the reported PBN-•OH adduct (Fig. S14). The obtained 

448 Hyperfine splitting constants (HFSCs) aN = 15.39 G and aH = 2.86 G are in agreement with the 

449 reported HFSCs for PBN-•OH adducts.56, 57 This confirms the generation of the hydroxy radicals 

450 (•OH) as the reactive oxygen species during the degradation of the dyes using NiL1Et as the 

451 photocatalyst. 

452 Thus, correlation of the experimental findings with the available literature on advanced oxidation 

453 process, the mechanism of photocatalytic degradation of MB using NiL1Et is expected to involve 

454 transfer of electrons from the HOMO to the LUMO of the catalyst under direct sunlight, as NiL1Et 

455 has a semiconductor-like low HOMO-LUMO energy gap of 2.19 eV.58 This excitation of electrons to 

456 LUMO also generates an equal number of holes (h+) in the HOMO of NiL1Et. The lower electron-

457 hole recombination rate of NiL1Et, as indicated by the low emission intensity in the 

458 photoluminescence spectrum, further facilitates this charge separation. The holes (h+) thus produced 
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459 in the HOMO can interact with hydroxyl ions (OH-) or the water molecules and oxidize them to 

460 produce the hydroxy radicals (•OH). The electrons in the LUMO of the catalysts react with the O2 

461 molecules present in the solution and reduce them to •O2
- radicals. The •O2

- radicals can, in turn, 

462 react with the available water molecules to produce hydroxy radicals (•OH).10, 58, 59 The produced 

463 hydroxy radicals (•OH) can then react with MB molecules and degrade them to give the degraded 

464 products along with H2O.59, 60 An illustration of the photocatalytic degradation mechanism using 

465 NiL1Et as a catalyst is given in Fig. 11.

466 Furthermore, the H2O2 molecules present in the reaction medium can further dissociate to produce 

467 •OH radicals, thereby leading to an increase in the concentration of •OH radicals in the reaction 

468 medium.37 

469

470 Fig. 11. Illustration of the mechanism of the photocatalytic degradation of MB using NiL1Et as the 

471 catalyst.

472

473

474
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475  3.14. Photocatalytic degradation pathway of methylene blue

476 The degradation path of methylene blue (MB) can be traced by identifying the degradation 

477 intermediates. Sample was collected during the photocatalytic degradation of MB using NiL1Et, and 

478 its LC-MS analysis was done to identify the intermediates during the course of the degradation. The 

479 corresponding chromatogram and mass spectra are provided in Fig. S15 and S16, respectively. It was 

480 observed that the photocatalytic degradation of MB initially involved the demethylation of MB 

481 molecules. The demethylated MB molecules then undergo degradation, yielding 2,5-

482 diaminobenzenesulfonic acid as an intermediate. It was also observed that the benzothiazole 

483 derivative is among the degradation intermediates identified in the LC-MS study. A plausible 

484 degradation pathway of MB was thus drafted based on the chromatograms and the mass spectra of 

485 the degradation intermediates of MB degradation, which is shown in Fig. 12. The proposed 

486 mechanism is in agreement with previously reported works.61- 63
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487

S

N

N N

S

N

N N

S

N

N N
H

S

N

NH2

H2N SO3H

HCHO

Cl

m/z = 284.7000

m/z = 270.6000

S

N

H2N NH2
m/z = 228.3000

H2N
m/z = 149.8000

m/z = 188.3000

CO2, NO3
-, H2O, SO4

2-,
and other degradation

products

488 Fig. 12. Probable degradation pathway of MB.
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489 4. Conclusion

490 A new Ni(II) complex, NiL1Et of an ONS donor ligand  (L1) was synthesized. The formation of the 

491 complex was confirmed by spectroscopic techniques and elemental analysis. The thermal and optical 

492 study of the complex was conducted by TGA and UV-DRS. The energy-optimised geometry of 

493 NiL1Et was obtained by employing DFT calculations. NiL1Et was found to have a distorted square 

494 planar geometry. The experimentally determined band gap of 2.19 eV for NiL1Et computed using 

495 Tauc’s plots was in close agreement with the theoretically obtained value. The complex NiL1Et was 

496 found to have a low rate of electron-hole recombination, which can be predicted from its very low 

497 emission intensity. The photocatalytic activity of NiL1Et was investigated. The H2O2-assisted 

498 photocatalytic degradation of methylene blue (MB) occurred at pH 11. The degradation efficiency of 

499 MB reached the maximum of 80.15% using NiL1Et when a 50 mL of 20 ppm MB solution was 

500 irradiated under sunlight. It was also observed that on irradiation with sunlight and in the presence of 

501 the photocatalysts, MB degradation was enhanced with a rise in the pH. The zeta potential analysis 

502 was carried out to study the surface potential of the catalyst at different pH levels. The catalyst was 

503 found to have a negative surface potential at all pH>6.46. On studying the mechanism of the 

504 photocatalytic degradation of MB using NiL1Et as the photocatalyst, it was known that the hydroxy 

505 radicals (•OH) generated during the degradation process were crucial in causing the photocatalytic 

506 degradation. Moreover, the mineralization of the MB dye was assessed through TOC analysis. The 

507 efficacy of NiL1Et in the degradation of other cationic dyes, like Rhodamine B, and anionic dyes 

508 like Methyl orange was evaluated. The recyclability and stability of the complex as a photocatalyst 

509 were evaluated till the fifth consecutive catalytic cycle. The possible leaching of Ni was screened 

510 using ICP-OES, and the amount of Ni leached was found to be 25.09 μg/L, which was well below 

511 the WHO-recommended limit for Ni in water. The degradation pathway of MB was traced through 

512 the identification of the degradation intermediates using LC-MS.  
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