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27 • Precursor salt addition reduces reline viscosity, modulating its physicochemical properties.

28 • Optimized physicochemical properties of reline system facilitate Ni/Ni(OH)2 formation.

29 • Ni/Ni(OH)2 demonstrates superior catalytic activity in the hydrogenation of 4-nitrophenol.

30 • Magnetic nature of Ni/Ni(OH)2 enables easy separation and reuse.
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58 Abstract

59 This study presents a facile, eco-friendly, and controlled reline-assisted chemical reduction method 

60 to synthesize fcc-hcp Ni/Ni(OH)2 nanocomposites. The conventional chemical reduction process 

61 was modified by replacing water with reline to produce the Ni/Ni(OH)2 nanocomposite (Ni-reline). 

62 The incorporation of precursor salt in reline significantly influenced its physicochemical 

63 properties. Specifically, the optimized concentration of nickel salt in reline (0.4 mol.dm-3) reduced 

64 its viscosity from 573 cP to 57 cP and increased its conductivity, which played a crucial role in the 

65 nucleation and growth of nanoparticles. As a consequence, coral reef-like nanostructures (≈39 nm) 

66 developed in reline, whereas in aqueous media, spherical Ni nanoparticles (Ni-Aq.) with a 

67 significantly larger particle size (≈92 nm) were formed. Elemental analysis further confirmed the 

68 presence of carbon in Ni-reline, derived from the DES matrix. Ni-Aq. and Ni-reline were evaluated 

69 as catalysts for the reductive hydrogenation of 4-nitrophenol to 4-aminophenol. Ni-reline exhibited 

70 superior catalytic activity, achieving 95% conversion in 20 minutes with a rate constant of 0.1336 

71 min-1, 11 times higher than Ni-Aq. This enhancement is attributed to the mixed-phase structure, 

72 increased surface area, and surface-bound carbon species promoting adsorption and electron 

73 transfer. Moreover, Ni-reline demonstrated excellent reusability over five consecutive cycles due 

74 to easy magnetic separation with minimal catalyst loss. This study highlights the potential of reline 
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75 to modify nanostructure growth and phase behavior for efficient, environmentally friendly 

76 catalytic applications.

77

78

79

80

81

82

83

84

85 1. Introduction

86 Rapid industrialization has resulted in increased environmental pollution, especially water 

87 contamination, emerging as a critical threat to human health and the ecosystem1. Despite global 

88 awareness, industrial activities continue to discharge hazardous pollutants, especially in 

89 developing countries2, 3. Among the diverse pollutants affecting water bodies, nitrophenol and its 

90 derivatives are one of the most detrimental contaminants. These compounds are released during 

91 the production of synthetic dyes, medicines, pesticides, herbicides, and insecticides4. The high 

92 toxicity of nitrophenols, particularly their potential to cause severe damage to human organs such 

93 as the kidney, liver, and central nervous system, has led to their classification as one of the "worst 

94 114 organic contaminants" by the United States Environmental Protection Agency (USEPA)5. 

95 Given the risks associated with nitrophenol, it is crucial to find effective methods for its 

96 degradation or removal, as well as to explore opportunities for converting it into value-added 

97 chemical products. Hence, various remediation techniques have already been explored, including 

98 oxidation6, microbial degradation7, electrochemical removal8, adsorption9, and catalytic 

99 hydrogenation10, 11. 

100 Among these, catalytic hydrogenation is remarkable due to its cost-effectiveness, high efficiency, 

101 and conversion ability of nitrophenols into less toxic aromatic amines 13, 14. Metal nanoparticles 
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102 (NPs), especially noble metals such as gold, silver, platinum, and palladium, have exhibited 

103 exceptional catalytic performance in the reduction of 4-NP 4, 15. Although noble metals exhibit 

104 excellent catalytic activity, their limited availability and high cost severely limit their wider use, 

105 leading to a search for possible catalysts that are abundant and cost-effective 16. Thus, transition 

106 metal nanoparticles (TMNPs) appear to be a viable alternative to noble metals in the role as 

107 catalysts. Among them, nickel nanoparticles show promise due to their cost, easy reusability, and 

108 good catalytic activity 17, 18. However, developing Ni NPs with enhanced catalytic properties is 

109 hindered by their intrinsic instability. The magnetic dipole interactions in Ni NPs and strong van 

110 der Waals forces tend to promote the agglomeration of NPs, which is detrimental in reducing the 

111 active surface area and inducing some unwanted phase transitions. 19, 20. This may compromise the 

112 structural integrity of the NP, leading to a decrease in its catalytic efficiency. As a result, in order 

113 to alleviate Ni NP limitations, attempts to improve their catalytic characteristics have emerged as 

114 a primary focus. 

115 Catalytic properties of a catalyst are intrinsically related to its shape and particle size, as these 

116 factors have a direct impact on surface area, active site distribution, and electronic structure 21.  For 

117 example, Wang et al. 22 synthesized Ni NPs with chemical modifiers like citric acid and CTAB 

118 and tested their catalytic activity in the hydrogenation of 4-NP to 4-AP. The citric acid-modified 

119 Ni NPs showed increased catalytic activity due to their smaller particle size and improved 

120 dispersion properties. While Darband et. al. 23 used Ni nanocones as a very efficient and stable 

121 catalyst for the electrochemical hydrogen evolution reaction. Aside from size and shape, phase 

122 structure can provide additional flexibility for modulating the catalytic performance of desired 

123 materials because different crystal phases have different spatial atomic arrangements and 

124 coordination status, which can affect substrate adsorption or activation and product desorption 24, 

125 25. For instance, Zhang et al. 26 examined the hydrogenation of nitrophenols using unsupported Ni 

126 nanocrystals with fcc and hcp phases. The hcp-phase Ni nanocrystals showed superior catalytic 

127 activity and selectivity, because of their enhanced surface energy and higher active site 

128 concentration. 

129 In addition, Yang et. al. 27 synthesized a Ni catalyst with both hcp and fcc crystal phases, 

130 demonstrating remarkable catalytic hydrogenation efficacy across a wide range of substrates, 

131 including nitro compounds, aldehydes, ketones, alkenes, and nitrogen-containing heterocycles. It 
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132 is expected that the mixed crystal phase exerts a synergistic effect, considerably increasing the 

133 catalyst's intrinsic activity. However, phase stability remains a concern, as metastable domains 

134 may relax over time, diminishing catalytic efficiency 28. Ni exhibits two allotropes: stable fcc and 

135 metastable hcp. The hcp phase is less energetically favorable and typically requires external 

136 stabilization 29. In contrast, Ni(OH)2 in its hcp crystal is well stable, and the hcp-phase Ni(OH)2 

137 provides strong adsorption sites for reaction intermediates and facilitates proton-coupled electron 

138 transfer, ultimately enhancing catalytic properties 30, 31. So, Ni/Ni(OH)2 in fcc-hcp mixed phase 

139 with controlled morphology has high potential to perform as a prominent catalyst for 4-NP 

140 reduction.   

141 However, controlled synthesis of NPs often requires adding stabilizers or capping agents to control 

142 particle size and prevent aggregation 32. For instance, Sidhaye et. al. 33 utilized sodium dodecyl 

143 sulfate and oleic acid as surfactants and capping agents to regulate the growth of Ni NPs. Xu et. 

144 al. 34 achieved a uniform, monomorphic, self-assembled flower-like Ni microstructure using 

145 polyvinylpyrrolidone. Kim et. al. 35 synthesized ultrafine Ni powders in the presence of sodium 

146 carboxymethyl cellulose, while Nandi et al. 36 prepared Ni using sulfonated polybutadiene. But 

147 these additives often contain long-chain hydrocarbons or synthetic polymers that are harmful and 

148 toxic, and may cause environmental contamination 37. Hence, there is a growing interest in 

149 developing alternatives to conventional stabilizers or capping agents that will be environmentally 

150 friendly and enable precise control over NPs growth. 

151 In search for alternatives to conventional stabilizers or capping agents, deep eutectic solvents 

152 (DESs), a class of green solvents, have emerged. DESs are formed by the combination of hydrogen 

153 bond acceptors (HBAs) and hydrogen bond donors (HBDs), resulting in stable liquids with unique 

154 and tunable physicochemical properties. It has gained significant attention, particularly in the field 

155 of NPs synthesis, due to its ability to regulate NPs nucleation and growth by stabilizing surface 

156 charges, modulating reduction potentials, and altering chemical activities 38. For example, Gomes-

157 Junior et al. 39 reported ultra-small CeO2 NPs (∼0.73 nm) with controlled spherical morphology 

158 in reline DES, where reline governed reaction kinetics and stabilized nascent surfaces. In related 

159 work, Datta et al. 40 showed that reline facilitates Au NP formation by (i) acting as a mild reducing 

160 environment via ammonia released from urea hydrolysis and (ii) tuning gold-precursor speciation 

161 to stabilize Au+ and suppress rapid disproportionation, thereby enabling controlled reduction. So, 
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162 DES is now an established system for controlling the growth dynamics of NPs, particularly reline, 

163 a eutectic mixture of choline chloride and urea in 1:2 molar ratios with a melting point between 12 

164 °C and 24 °C, which is significantly lower than their individual melting point 41, has been widely 

165 studied. Because of its supramolecular structure and strong hydrogen-bonding network, reline can 

166 act as both a solvent medium and a stabilizing agent, effectively controlling NP shape and size 42, 

167 43. This dual role is particularly advantageous for developing NPs with unique surface 

168 characteristics and specific properties essential for catalytic applications 44, 45. Given reline's ability 

169 to control the size of particles, morphology, and even phase structure, using reline as a growth 

170 medium in chemical reduction methods presents a promising, environmentally friendly strategy 

171 for synthesizing Ni/Ni(OH)2 nanocomposite hydrogenation catalysts with increased activity and 

172 selectivity. However, the significance of reline in NP morphology and phase structure 

173 optimization, notably in Ni NPs, remains unclear. 

174 Herein, this study focusses on developing of a simple chemical reduction approach for 

175 synthesizing fcc-hcp Ni/Ni(OH)2 mixed-phase nanocomposite with reline as the growth medium. 

176 Unique properties of reline allow for the formation of a mixed crystal phase and precise control 

177 over composite shape. In addition, the physicochemical features of reline are investigated in the 

178 controlled production of the Ni/Ni(OH)2 nanocomposite. This fcc-hcp Ni/Ni(OH)2 nanocomposite 

179 is then used as a hydrogenation catalyst to reduce 4-NP, with performance comparable to that of 

180 fcc Ni. 

181 2 Experimental

182 2.1 Materials

183 Nickel Chloride hexahydrate (NiCl2.6H2O; Sigma-Aldrich, Germany), Sodium hydroxide pellets 

184 (NaOH; Sigma-Aldrich, Germany), Hydrazine hydrate 99% (N2H4.H2O; Sigma-Aldrich, 

185 Germany), Choline chloride (C5H14ClNO; TCI, Japan), Urea Crystal (CO(NH2)2; Merck, 

186 Germany), Sodium Borohydride (NaBH4; Sigma-Aldrich, Germany) and 4-Nitrophenol 

187 (C6H5NO3; Merck, Germany) were procured from commercial sources and utilized directly 

188 without any further purification. Deionized water (approximately 0.66 µS/cm) was utilized for 

189 preparing the solutions in the experiment. The DI water was obtained from a from a DI-water 

190 purification system (Barnstead NanoPure, Thermo Fisher Scientific, USA).
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191 2.2 Synthesis of materials

192 2.2.1 Synthesis of Reline

193 Reline was synthesized by utilizing choline chloride (ChCl) as the hydrogen bond acceptor (HBA) 

194 and urea as the hydrogen bond donor (HBD), following the established protocol as reported 

195 previously 46. Before the preparation, ChCl was heated to 90 °C for 2 hours in a vacuum oven to 

196 eliminate any moisture content. The reline was obtained by mixing ChCl and urea with a molar 

197 ratio of 1:2, heating and stirring the mixture at 80 °C for 2 hours, resulting in a transparent liquid. 

198 Subsequently, the formed DES was cooled to room temperature, tightly sealed, and stored under 

199 ambient conditions.

200 2.2.2 Synthesis of Ni/Ni(OH)2 nanocomposite 

201 Ni NPs were synthesized in aqueous medium (denoted as Ni-Aq.) using the chemical reduction 

202 method, following the procedure described in an earlier report 47. This approach is simply 

203 optimized by replacing the aqueous medium with the reline to prepare Ni/Ni(OH)2 nanocomposite 

204 (Ni-reline). To prepare the Ni-reline, 0.135 mol of NiCl2·6H2O was dissolved in 37.5 mL of reline 

205 DES, followed by the addition of 0.45 mol of N2H4·H2O into a 100 mL round-bottom flask under 

206 vigorous stirring. Initially, a pale violet gel was formed, and then the flask's wall was rinsed with 

207 approximately 5-10 mL of reline. As the reaction proceeded, a Ni complex formed between Ni2+ 

208 ions and hydrazine, and then 30 mL of NaOH solution (50%) was added. Then the reaction was 

209 stirred continuously for 1 hour, during which the final black precipitate of Ni-reline was formed. 

210 The product was washed thoroughly with deionized water and ethanol, then dried at 40 °C in a hot 

211 air oven for 24 hours. The Schematic representation of the synthesis of Ni-reline is illustrated in 

212 Fig. 1. 

213
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214 Fig. 1. Schematic representation of the synthesis of Ni-reline.

215 2.3 Characterization

216 The surface morphology with elemental composition of the synthesized samples was characterized 

217 using a Field Emission Scanning Electron Microscopy (FESEM, model JSM-7600F, JEOL, Japan) 

218 integrated with Energy Dispersive X-ray Spectroscopy (EDS). Phase identification and 

219 crystallinity were examined through X-ray Diffraction (XRD) analysis using a Smartlab 

220 diffractometer (Rigaku, Japan). Functional groups present in the nanoparticles were determined 

221 via Fourier Transform Infrared (FTIR) spectroscopy, with spectra collected in transmission mode 

222 over the range of 4000–400 cm⁻¹ using an FTIR-8400 spectrophotometer (Shimadzu, Japan). 

223 Surface chemical composition was further analyzed by X-ray Photoelectron Spectroscopy (XPS) 

224 employing a Kratos AXIS Nova system (Kyoto, Japan) equipped with a monochromatic Al Kα 

225 source (photon energy = 1486.6 eV).

226 2.4 Surface charge analysis

227 The surface charge characteristics of the material were assessed using the point of zero charge 

228 (PZC) method, which identifies the pH at which the net surface charge becomes neutral under 

229 controlled conditions of temperature, pressure, and ionic strength 48, 49. For this analysis, 0.2g of 

230 the sample was suspended in 40 mL of 0.1 M NaNO3 solution within 50 mL centrifuge tubes. The 

231 pH of each suspension was adjusted to target values of 2, 4, 6, 7, 8, 10, and 12 (±0.1) using 0.1 M 

232 NaOH. Before initiating the agitation process, the initial pH (pHi) of the supernatants was 

233 measured. Next, the tubes were placed on an orbital shaker (Stuart-SSL1) and shaken for 24 hours 

234 at 200 rpm. After settling, each supernatant's final pH (pHf) was determined, and to calculate the 

235 PZC, the pH change (ΔpH = pHi – pHf) was plotted against the initial pH. To ensure consistency, 

236 the operation was performed again with a 0.05 M NaNO3 solution. All measurements were carried 

237 out in triplicate, and the mean result was used for further analysis.

238 2.5 Investigation of the catalytic activity in the reductive hydrogenation of 4-NP

239 The catalytic properties of Ni-Aq. and Ni-reline was investigated in the reductive hydrogenation 

240 of 4-NP to 4-AP through a UV-Vis spectroscopic method. To confirm the presence of 4-NP, a 1 

241 mM solution (300 µL) was added to 6 mL of DI water, and the absorbance at 317 nm was 

242 measured. While, in the absence of a catalyst, mixing NaBH4 (10 mM, 1 mL) with the 4-NP 
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243 solution resulted in an immediate color shift to a bright yellow, indicating the formation of 

244 phenolate ions, as detected at 400 nm by UV-Vis spectroscopy. Then, catalytic tests involved 

245 adding 1 mL of a 5 mg/mL nanocatalyst suspension to the mixture of 4-NP, NaBH4, and water, 

246 with reaction progress tracked via absorbance decrease at 400 nm until complete reduction. Effects 

247 of pH (pH 3 to pH 11) and catalyst dosage (3 to 5 mg/mL) on reduction efficiency were 

248 investigated. Catalyst stability and reusability were assessed over multiple cycles by magnetic 

249 separation, washing, and reuse without drying.

250 3 Results and discussion

251 3.1 Characterization

252 The surface characteristics and morphology of the synthesized materials were analyzed in greater 

253 detail using Field Emission Scanning Electron Microscopy (FESEM), as shown in Fig. 2. Fig. 2(a) 

254 and (b) display the FESEM images of Ni-Aq. at low and high magnifications, respectively, while 

255 Fig. 2(c) and (d) present the FESEM images of Ni-reline at low and high magnifications, 

256 respectively. In Fig. 2(a, b), it is observed that monodispersed Ni nanospheres were formed with 

257 an average particle size of approximately 92 nm, while Fig. 2(c, d) depicts that Ni-reline possessed 

258 a coral reef like morphology, with an average particle size of 39 nm, which is smaller than Ni-Aq., 

259 and other than particle size, the nanostructure developed high porosity and surface defects. A 

260 comparative histogram of particle size distribution for both samples is provided in Fig. S1. These 

261 results demonstrated a notable difference in both morphology and particle size between the Ni-Aq. 

262 and Ni-reline. This variation is attributed to the distinct physicochemical properties of the reline 

263 system, which affect the nucleation and growth dynamics of the nanoparticles 50.
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264

265 Fig. 2. FESEM images of (a) Ni-Aq. (at low magnification), (b) Ni-Aq. (at high magnification) (c) 

266 Ni-reline (at low magnification) (d) Ni-reline (at high magnification) and (e) EDS spectra of Ni-

267 reline.

268 Additionally, the elemental composition of Ni-reline was analyzed using Energy Dispersive X-ray 

269 Spectroscopy (EDS), as shown in Fig. 2(e). The EDS spectrum of Ni-reline exhibited prominent 

270 peaks at 0.525 keV and 0.851 keV, corresponding to the K-shell of oxygen (O) and the L-shell of 

271 nickel (Ni), respectively. The O content was found to be 15.68%, while the Ni content was 68.13%. 

272 These findings suggest the possibility of Ni oxide or hydroxide being present, in addition to 

273 metallic Ni. Moreover, two distinct peaks at 0.277 keV and 0.392 keV were observed, which are 

274 attributed to the K-shell of carbon (C) and nitrogen (N), likely originating from the reline 

275 counterparts. Based on these observations, it is indicative of the possible formation of a 

276 Ni/Ni(OH)₂ nanocomposite, enriched with carbon content.    

277 Furthermore, the crystalline structure and phase purity of the synthesized materials were analyzed 

278 using X-ray Diffraction (XRD) as depicted in Fig. 3(a). Fig. 3(a(i)) represents Ni-Aq. (blue line), 

279 displayed three distinct peaks at 2θ = 44.5°, 51.8°, and 76.4°, which correspond to the (111), (200), 

280 and (220) planes of pure face-centered cubic (fcc) Ni (JCPDS Card: 96-900-9863) 51. As no 

281 additional peaks were present, this indicated the purity of the synthesized Ni NPs in the aqueous 

282 system. In contrast, Fig. 3(a(ii)) represents Ni-reline (red line) showcasing new peaks at 33.4°, 

283 38.5°, and 59.3° denoted by (*), corresponding to the (100), (101) and (110) planes referred to the 
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284 formation of β-Ni(OH)2 with brucite type hexagonal close-packed (hcp) crystal system (JCPDS 

285 card: 96-154-8812), along with the characteristic fcc Ni peaks 52. The presence of both fcc and hcp 

286 phases suggested that the Ni-reline sample comprises a mixed crystal system and confirmed the 

287 formation of a Ni/Ni(OH)2 nanocomposite. 

288 Moreover, the XRD spectrum indicated that Ni-reline exhibited broad peaks with decreasing 

289 intensity compared to Ni-Aq., suggesting that Ni-reline possessed lower crystallinity and smaller 

290 crystallite size. Ni-Aq. remained in a highly crystalline state with 98% crystallinity, while the 

291 crystallinity of Ni-reline decreased to 80%. The decrease in crystallinity was likely due to the 

292 presence of the highly viscous reline system, which inhibited crystal growth and disrupted the 

293 reduction process, ultimately leading to the formation of a new crystal system of hcp Ni(OH)2. The 

294 average crystallite size of Ni-Aq. and Ni-reline was found to be 16 nm and 7 nm, respectively, as 

295 calculated from the significant diffraction peaks using the Debye-Scherrer equation, as shown in 

296 Eq. 1 53.

297 𝐷 = 𝐾𝜆
𝛽𝑐𝑜𝑠𝜃 … … … … … … … … … … (1)
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298

299 Fig. 3. (a) XRD spectra of (i) Ni-Aq. and (ii) Ni-reline, (b) FTIR spectra of (i) Ni-Aq. and (ii) Ni-

300 reline, and High-resolution XPS spectra of (c) Ni 2p and (d) O1s for Ni-reline. 

301 To further investigate the surface functional group present on the synthesized materials, Fourier 

302 Transform Infrared (FTIR) spectroscopy was performed. The corresponding FTIR spectra for Ni-

303 Aq. and Ni-reline are shown in Fig. 3(b). In Fig. 3(b), distinctive peaks in the 400–650 cm-1 range, 

304 corresponding to Ni-O stretching vibrations, confirmed the formation of Ni in both samples 54. A 

305 band around 2200–2300 cm-1 was attributed to the stretching modes of CO2 absorbed from the air 

306 55, while the broad peak at 3400–3600 cm-1 indicated -OH vibrations, suggesting hydrogen bonding 

307 and water absorption 56. In Ni-reline, additional peaks were observed, including those at 1000–

308 1100 cm-1 (νC-O and νC-N vibrations), 1347 cm-1 (C-N stretching) 57, 58, and a band around 1630 

309 cm-1, likely originating from the vibrations of the C=O bond (carbonyl group from urea), as well 

310 as an N-H vibration band, possibly due to ammonia formation during urea hydrolysis 59. The peak 
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311 around 2800–3000 cm-1 corresponded to C-H stretching vibrations, linked to the alkyl chains in 

312 the DES structure, suggesting that carbon contents were present on the surface of the materials, 

313 originating from the adsorption of DES components 60. Therefore, the FTIR analysis suggested 

314 that carbon and nitrogen contents were likely present on the materials' surface, which correlated 

315 with the observations from the EDS analysis.

316 To further confirm the presence of Ni(OH)2 and metallic Ni in the Ni-reline, X-ray Photoelectron 

317 Spectroscopy (XPS) was performed. In Fig. 3(c), two distinct peaks at 873.5 eV and 855.5 eV 

318 corresponded to the Ni 2p1/2 and Ni 2p3/2 spin-orbit components of Ni(OH)2, respectively. These 

319 peaks were further accompanied by two satellite (sat.) peaks, which were associated with the Ni 

320 2p1/2 and Ni 2p3/2 peaks. Upon deconvolution of the spectrum, additional signals at 867.2 eV and 

321 852.6 eV were identified, which corresponded to the Ni 2p1/2 and Ni 2p3/2 binding energies of 

322 metallic Ni, indicating the presence of metallic Ni alongside Ni(OH)2. Further investigation of the 

323 O1s spectra, displayed in Fig. 3(d), located a strong peak at 531.5 eV, indicating the existence of 

324 Ni(OH)2. In addition, a weaker signal at 529.5 eV revealed the presence of NiO with lower content. 

325 Furthermore, the XPS survey spectrum (Fig. S2(a)) revealed the presence of Ni, O, C, and N, with 

326 elemental composition information provided in Table S1. On top of that, the C1s and N1s XPS 

327 spectra, displayed in Fig. S2(b, c), confirmed the existence of C and N in the sample, which were 

328 obtained during synthesis. The C1s spectra revealed peaks corresponding to C=O and C-C 

329 bonds, obtained from DES counterparts and the N1s spectra also verified the existence of primary 

330 amine groups that are produced from the urea molecules. Thus, the XPS analysis established the 

331 formation of a Ni/Ni(OH)2 nanocomposite in the reline system, as evidenced by the presence of 

332 characteristic peaks for Ni(OH)2 and metallic Ni, along with the presence of C and N components 

333 from the reline system during the synthesis process.

334

335 3.2 Possible mechanism for DES-mediated Ni NPs formation

336 In the present study, metallic Ni NP was obtained from the aqueous system, while in the reline 

337 system, Ni/Ni(OH)2 nanocomposite was formed. This obvious distinction emphasizes the unique 

338 function of reline in controlling nanoparticle growth dynamics. DESs play a significant role in 

339 nucleation and growth processes by neutralizing charges, modulating reduction potentials, 

340 changing chemical actions, altering crystal facets, and directing growth along distinct 

341 crystallographic directions 61, 62. The distinctive physicochemical features and complex framework 
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342 of DESs lead to nanomaterial growth dynamics that are markedly different from those of 

343 conventional aqueous systems.

344 In aqueous media, as hydrazine hydrate was introduced to the NiCl2 solution, a stable Ni complex 

345 formed instantly. Upon addition of NaOH, this complex dissociated, resulting in the formation of 

346 Ni(OH)2 via the sol-gel process 63. Afterwards, Ni(OH)2 was reduced by excess N2H4, resulting in 

347 the recrystallization of monodispersed spherical Ni NPs. The readily produced Ni complex acts as 

348 a protective matrix during particle formation, which prevents new particles from aggregating. 

349 Consequently, uncontrolled agglomeration was avoided during nucleation and growth, resulting 

350 in monodisperse spherical NPs. The reaction scheme of the formation of Ni NPs in an aqueous 

351 system is shown here as described by Choi et al. 47. 

352 𝑺𝒕𝒆𝒑𝟏:𝑭𝒐𝒓𝒎𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒑𝒍𝒂𝒆 𝒗𝒊𝒐𝒍𝒂𝒕𝒆 𝒈𝒆𝒍 

353 𝑁𝑖𝐶𝑙2 (𝑎𝑞.) + 3𝑁2𝐻4 (𝑎𝑞.)→[𝑁𝑖(𝑁2𝐻4)3𝐶𝑙2](𝑡ℎ𝑖𝑐𝑘 𝑔𝑒𝑙)

354 𝑺𝒕𝒆𝒑𝟐:𝑺𝒕𝒂𝒃𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑪𝒐𝒎𝒑𝒍𝒆𝒙

355 [𝑁𝑖(𝑁2𝐻4)3]𝐶𝑙2→[𝑁𝑖(𝑁2𝐻4)2]𝐶𝑙2 + 𝑁2𝐻4

356 [𝑁𝑖(𝑁2𝐻4)3]𝐶𝑙2 + 5 2 𝑁2𝐻4→[𝑁𝑖(𝑁𝐻3)6]𝐶𝑙2 + 3 2 𝑁2

357 𝑺𝒕𝒆𝒑𝟑: 𝑳𝒊𝒈𝒂𝒏𝒅 𝒆𝒙𝒄𝒉𝒂𝒏𝒈𝒆 𝒗𝒊𝒂 𝒊𝒏𝒕𝒓𝒐𝒅𝒖𝒄𝒊𝒏𝒈 𝑶𝑯―𝒕𝒐 𝒇𝒐𝒓𝒎 𝑵𝒊 𝑵𝑷𝒔

358 𝑁𝑖2+ + 𝑁2𝐻4 + 𝑂𝐻―→2𝑁𝑖 + 𝑁2 + 4𝐻2𝑂

359 In contrast, in reline, Ni/Ni(OH)2 nanocomposite was formed, which exhibited different size and 

360 shape than the Ni prepared in aqueous media. This difference resulted from reline's distinct 

361 physicochemical properties like viscosity and conductivity, which differed greatly from those of 

362 the aqueous media. Because these features had a significant impact on the reduction rate and 

363 growth kinetics during nanoparticle formation, comprehending the physicochemical behavior of 

364 the reline was important in determining the mechanisms behind Ni/Ni(OH)2 formation.

365

366 Reline possesses a considerably greater viscosity than most commonly used DES systems 64. The 

367 increased viscosity in reline was caused by the effect of urea as a hydrogen bond donor (HBD). 

368 Urea's strong hydrogen bonding characteristic assisted in the formation of a substantial and dense 

369 hydrogen bonding network with ChCl, effectively reducing the average free volume or void size 
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370 within the solvent matrix 65. The ensuing structural compactness and reduced molecular mobility 

371 directly led to the reline system's enhanced viscosity 66. Interestingly, the incorporation of NiCl2 

372 salt (Ni2+ ion) into the reline system resulted in a sudden decrease in viscosity, deviating from the 

373 conventional behavior found in most molecular solvents, where solute addition typically 

374 increases viscosity by promoting liquid structuring. As shown in Fig. 4(a), the addition of Ni2+ 

375 ions to an aqueous system resulted in a modest increase in viscosity, which is consistent with usual 

376 solvent-solute interactions. Conversely, the addition of Ni2+ ions significantly decreased the 

377 viscosity of the reline system, with a minimum of 0.4 mol.dm-3 of Ni2+ ions. This drop in viscosity 

378 can be ascribed to the disruption of the reline system's native hydrogen bonding network. Such 

379 disruption effectively increases the average void size in the solvent matrix and facilitates 

380 enhancing molecular mobility and mass transport 67. In addition to the viscosity trends, Fig. 4(b) 

381 shows that the electrical conductivity of the reline system increased with Ni2+ ion concentration. 

382 The decreased viscosity with elevated metal ion concentrations enabled increased ion mobility, 

383 which improved overall mass transport throughout the system. All together, these 

384 results indicate that the reline's physicochemical properties were very sensitive to precursor 

385 concentration, which affected the system's viscosity and conductivity.

386 The native robust hydrogen bonding of the reline system was rapidly disrupted with the 

387 incorporation of Ni2+, resulting in the release of urea molecules. Additionally, the hygroscopic 

388 nature of pure reline, which contained trace amounts of water, led to the hydrolysis of the free urea 

389 molecules, resulting in the formation of ammonia 40.

390

391 𝑁𝐻2𝐶𝑂𝑁𝐻2 + 𝐻2𝑂→2𝑁𝐻3 + 𝐶𝑂2

392

393 Ammonia exhibits reducing potential since it has lone pair electrons on the nitrogen atom that can 

394 be shared, making it a well-known reducing agent, as earlier reported in the synthesis of different 

395 NPs such as ZnO, CoFe2O4, and Ag 68. Consequently, the reduction process of Ni2+ in reline 

396 diverged significantly from that in aqueous media, principally due to the presence of ammonia. 

397 This mechanistic differential promotes the formation of Ni/Ni(OH)2 in the reline system. The 

398 formation of Ni/Ni(OH)2 in reline could be attributed to a two-step reduction process:

399 (i) Step 1: The hydrogen bonding network of reline was disrupted, causing the generation 

400 of ammonia, which served as an agile reducing agent, aiding the reduction of Ni2+ ions to metallic 

Page 16 of 33Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

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

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
48

:4
2 

A
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/D5MA01275A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01275a


17

401 Ni NPs. Initially, Ni2+ remains in high concentrations that facilitate fast nucleation of Ni NPs. 

402 Though there was a drop in viscosity as precursor salt was incorporated, the solvent's viscosity 

403 remained high enough to impede ionic mobility, resulting in partial reduction of some Ni2+ ions.

404 (ii) Step 2: The remaining unreacted Ni2+ ions formed a stable coordination complex with the 

405 hydrazine hydrate. Following the addition of NaOH, this compound underwent ligand exchange 

406 to decompose the Ni complex into Ni(OH)2. The excess hydrazine present in aqueous media 

407 could further decrease Ni(OH)2, however, in reline, the high viscosity persisted that limited ionic 

408 mobility and prevented excess hydrazine from reducing Ni(OH)2. As a consequence, Ni/Ni(OH)2 

409 mixed-phase nanocomposite formed in place of pure metallic Ni. In Ni-reline, XRD analysis 

410 revealed that the Ni(OH)2 phase has a brucite-type hcp crystal structure. Each Ni2+ ion in this 

411 structure was octahedrally coordinated by six OH- ions, resulting in two-dimensional layers. These 

412 layers were tightly connected within the plane but very weakly kept together between planes due 

413 to van der Waals forces or hydrogen bonding. This feature facilitated anisotropic growth, 

414 culminating in the development of Ni(OH)2 nanosheet 69. A schematic illustration of the 

415 Ni/Ni(OH)2 formation in the reline system is represented in Fig. 4(c).

416

417
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418

419 Fig. 4. Effect of Ni2+ concentration on (a) Viscosity, (b) Conductivity of aqueous and reline 

420 systems and (c) schematic illustration of the Ni/Ni(OH)2 formation in reline system. 

421 3.3 Catalytic hydrogenation of 4-NP to 4-AP

422 The catalytic hydrogenation of 4-NP to 4-AP in the presence of NaBH4 was carried out utilizing 

423 Ni-Aq. and Ni reline as hydrogenation catalyst. As shown in Fig. S3(a), UV-Vis spectra 

424 demonstrated that the 4-NP solution initially exhibited an absorption peak at 317 nm, which shifted 

425 to 400 nm upon the addition of NaBH4, indicating the formation of the 4-nitrophenolate ion. Upon 
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426 introduction of the catalyst, a new peak at 300 nm appeared, which confirms the formation of 4-

427 AP, while the 400 nm peak gradually decreased, demonstrating the reduction process. In the 4-NP 

428 reduction process, NaBH4 can act as the reducing agent by dissociating in aqueous media to form 

429 borohydride ions (BH4
-). These BH4

- ions are capable of donating hydride ions (H-), which are 

430 essential for the reduction of the nitro group in 4-NP. This reaction is thermodynamically feasible, 

431 as the reduction potential of BH4
- is sufficiently negative to reduce the nitro group into an amine 

432 group. However, in the absence of a catalyst, this reaction is kinetically restricted due to the high 

433 kinetic barrier caused by the electrostatic repulsion between the negatively charged BH4
- and the 

434 phenolate ion (the deprotonated form of 4-nitrophenol under alkaline conditions) 70. As a result, 

435 without a catalyst, the 400 nm peak remained unchanged after 120 minutes, indicating no 

436 significant reduction of 4-NP, as shown in Fig. S3(b). This highlights the necessity of a suitable 

437 catalyst for efficient reduction. To address this, Ni-Aq. and Ni-reline nanocatalysts were employed 

438 in the reduction process. As demonstrated in Fig. S3(c,d), Ni-Aq. showed a slow conversion rate, 

439 with the 400 nm peak decreasing over 90 minutes without reaching full conversion. In contrast, 

440 Ni-reline caused the 400 nm peak to disappear within 20 minutes, demonstrating its superior 

441 catalytic efficiency.  

442 A comparative catalytic performance of Ni-Aq. and Ni-reline after 20 minutes, depicted in Fig. 

443 5(a), and UV-Vis spectral analysis confirmed that Ni-reline exhibited remarkable catalytic 

444 performance in the reductive hydrogenation of 4-NP.
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445

446 Fig. 5. (a) Comparative UV-vis absorption spectra of catalytic hydrogenation of 4-NP with Ni-Aq. 

447 and Ni-reline catalyst after 20 minutes; Comparative pseudo-first-order kinetic data for the 

448 hydrogenation reaction employed (b) plot (Ct/Co) vs. reaction time, (c) plot ln (Ct/Co) vs. time and 

449 (d) hydrogenation efficiency after 20 minutes. (The reaction conditions included, concentration of 

450 4-NP: 1mM; concentration of NaBH4: 10mM; Catalyst dosage: 5mg; Temperature: 25 °C).

451 As Ni-reline possessed coral reef like morphology with smaller particle size compared to Ni-Aq., 

452 resulting in an increased active surface area for catalysis, additionally, the presence of carbon in 

453 Ni-reline enhanced its adsorption capability, which in turn promoted the reduction process. 

454 Moreover, the presence of a mixed-phase of Ni-reline (fcc Ni and hcp Ni(OH)2) enhanced 

455 electrical properties by developing a synergistic interface that facilitated charge transfer and 

456 increased the density of active sites. The coexistence of fcc and hcp phases resulted in different 

457 atomic configurations and electronic states, which boosted conductivity by allowing electrons to 

458 move more efficiently across phase boundaries. This heterogeneity also modified the local work 

Page 20 of 33Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

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

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
48

:4
2 

A
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/D5MA01275A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01275a


21

459 function and surface potential, promoting faster electron exchange during catalytic reactions 30, 71. 

460 So, the enhanced catalytic activity of Ni-reline can be ascribed to the following key features, its 

461 reduced particle size, distinct surface properties, and the presence of a mixed-phase crystal 

462 structure.

463 The kinetics of the reactions were considered to follow pseudo-first-order kinetics as there was a 

464 significant difference in the concentration of NaBH4 and 4-NP. Furthermore, to assess the efficacy 

465 of the synthesized nanocatalysts, pseudo-first-order kinetics was applied, as represented in Eq. 2 

466 72.

467 ln
𝐶𝑡

𝐶0
= 𝑙𝑛 

𝐴𝑡

𝐴0
= ― 𝑘𝑎𝑝𝑝…………………………(2)

468 The value of (Ct/C0) is equivalent to the relative intensity of absorbance (At/A0), where At and A0 

469 represent the absorbance values at time t and time 0, respectively. Here, Fig. 5(b) represented the 

470 change in relative concentration (Ct/C0) with time for the reduction of 4-NP to 4-AP upon utilizing 

471 Ni-Aq., and Ni-reline as catalysts and it was found that the relative absorption intensity of 4-NP 

472 by the Ni-reline was the lowest after 20 minutes, referring the best catalytic activity. Moreover, 

473 the rate constant of the reaction was measured using ln (Ct/C0) vs. time plot, as shown in Fig. 5(c). 

474 An excellent linear correlation as the regression coefficient, R2 ≈ 0.96 was obtained and the value 

475 of k was determined from the slope of the linear plot which was found to be 0.0142 min-1 and 

476 0.1553 min-1 for Ni-Aq. and Ni-reline in the hydrogenation reaction of 4-NP to 4-AP. Fig. 5(d) 

477 demonstrated the catalytic efficiency of Ni-Aq. and Ni-reline, was found to be 26% and 95% 

478 respectively. So, it highlights that the catalytic efficiency of Ni-reline is way superior than Ni-Aq. 

479 sample. Additionally, a comparative summary of the correlation coefficient of ln (Ct/ C0) vs. time 

480 plot, rate constant, and percent efficiency for the reduction of 4-NP of the synthesized 

481 nanocatalysts is presented in Table S2. Furthermore, effect of catalyst dosage on the effectiveness 

482 of Ni-reline was investigated, and catalytic tests were conducted using Ni-reline dosages of 3 

483 mg/mL, 4 mg/mL, and 5 mg/mL. A Comparative analysis demonstrated that a 5 mg/mL dosage 

484 achieved the most efficient reduction of 4-NP over time, as illustrated in Fig. S4(a-d). Additionally, 

485 Table S3 summarizes the rate constants (k), regression coefficients (R2), and efficiencies (%) 

486 corresponding to each catalyst dosage. 

Page 21 of 33 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

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

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
48

:4
2 

A
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/D5MA01275A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01275a


22

487 Another important parameter that affects the catalyst’s performance is the pH of the reaction 

488 media. Hence, the most suitable pH condition for Ni-reline in the catalytic hydrogenation reaction 

489 was analyzed. At various pH conditions, the catalytic hydrogenation reaction of 4-NP to 4-Ap by 

490 Ni-reline was observed. Fig. 6(a) shows the effect of the solution’s pH on the catalytic performance 

491 of Ni-reline in the hydrogenation reaction of 4-NP.

492

493 Fig. 6. (a) Effect of solution’s pH in catalytic hydrogenation reaction of 4-NP (b) Determination 

494 of isoelectric point of Ni-reline (The reaction conditions included, 4-NP concentration: 1mM; 

495 NaBH4 concentration: 10mM; Catalyst dosage: 5mg; Temperature: 25 °C). 

496 It was observed that Ni-reline exhibited superior catalytic activity at pH 3. At pH 3, the catalytic 

497 hydrogenation reaction was completed after 12 minutes, reaching equilibrium with an efficiency 

498 of 98%. In contrast, at pH 5, the catalytic hydrogenation reaction completed after 16 minutes, 

499 reaching equilibrium with an efficiency of 97%. At pH 7, after 20 minutes, the efficiency of Ni-

500 reline was around 95%, but it did not reach equilibrium. On the other hand, as the solution pH 

501 increased and solution basicity rose, the efficiency of Ni-reline decreased, as shown in Table S4. 

502 Therefore, it could be said that as the pH of the solution decreased and the acidity increased, the 

503 catalytic performance of Ni-reline was significantly enhanced. The enhancement in performance 

504 was due to the modification in the catalyst surface charge. The catalyst's surface charge 

505 varied drastically as the pH of the solution changed, affecting its catalytic efficiency. In catalytic 

506 hydrogenation, the effective adsorption of reactant molecules onto the surface of the catalyst is 
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507 crucial for accelerating the reduction reaction. Modifying the surface charge of the catalyst can 

508 significantly influence its adsorption behavior, thereby impacting overall catalytic performance.

509 Therefore, the surface charge of a material can be investigated using the PZC test, which 

510 determines the pH at which the surface charge of components become neutral under controlled 

511 conditions of temperature, pressure, and solution composition 73. The PZC test was conducted on 

512 Ni-reline and demonstrated an isoelectric point of 9.01, as shown in Fig. 6(b). Once the pH of the 

513 solution is less than PZC, the net surface charge on the solid surface for the adsorbent becomes 

514 positive because of the adsorption of excess protons. On the other hand, the net surface charge 

515 becomes negative when the pH of the solution is higher than PZC. Hence, Ni-reline remained 

516 positively charged in neutral aqueous media due to proton adsorption. It was observed that the 

517 reduction rate of 4-NP increased with decreasing solution pH (Fig. 6(a)). When the solution pH 

518 was below the PZC, the catalyst surface acquired a net positive charge, which enhanced the 

519 electrostatic adsorption of the negatively charged nitrophenolate ions. This increased adsorption 

520 affinity facilitated a more rapid reduction of nitrophenolate ions by molecular hydrogen.

521 3.4 A possible mechanism of the catalytic hydrogenation of 4-NP by Ni-reline

522 Based on the observations described above, a possible mechanism is proposed for the catalytic 

523 reduction of 4-NP by Ni-reline and illustrated in Fig. 7. It is anticipated that at the start of the 

524 catalytic hydrogenation reaction, the adsorption of the reductant and reactant on the surface of Ni-

525 reline bears the most significance. As a reducing agent, NaBH4 in aqueous medium can react with 

526 water at ambient temperature, yielding H2 and the sodium metaborate (NaBO2) by-product, 

527 causing 4-NP to convert into its corresponding 4-nitrophenolate ion that is the reactant 74. It was 

528 observed from the surface charge analysis that in neutral condition, surface of the catalyst remained 

529 positive due to the adsorption of the hydronium ion. Consequently, the negatively charged 4-

530 nitrophenolate ions were electrostatically adsorbed onto the positively charged surface of the 

531 catalyst. Furthermore, adsorption of nitrophenolate ion significantly improved due to the 

532 deposition of carbon on the surface of the Ni-reline from DES media, resulting in a synergistic 

533 effect. Previous reports suggested that the presence of carbon content synergistically improves 

534 materials' adsorptive properties 75.

535 Conversely, in the presence of a catalyst, the newly formed hydrogen molecules dissociate and 

536 adsorb onto the metal surface, resulting in the formation of Metal-H species. These Ni-reline-H 
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537 intermediates initiate the reduction by transferring electrons from the hydride to the catalyst, which 

538 are then directed toward the positively charged nitrogen atom in the nitro group of 4-NP. This 

539 electron transfer reduces the nitro group to a nitroso intermediate. Subsequent hydrogenation 

540 transforms the nitroso molecule into hydroxylamine, which further reduced into the corresponding 

541 aniline derivative 76.

542 Ni-reline has superior catalytic efficiency than Ni-Aq., owing to its unique mixed-phase structure, 

543 which comprises both fcc and hcp crystal systems. These structural characteristics have a 

544 substantial impact on the catalyst's electronic properties, contributing to increase its performance. 

545 The fcc phase of Ni imparts strong electrical conductivity, allowing for efficient electron transport 

546 over the catalyst surface. Meanwhile, the hcp phase of Ni(OH)2 offers structural heterogeneity and 

547 interfacial barriers, which improve charge separation and localized electron accumulation 77. The 

548 coexistence of these two crystal systems results in synergistic interfacial interactions that reduce 

549 the overall electron flow resistance while shortening charge migration paths. This structural design 

550 shifts the reduction potential of Ni, allowing faster electron transport during the hydrogenation 

551 process 78. Furthermore, phase barriers and lattice mismatches between the fcc and hcp domains 

552 can cause crystal defects and increase the density of electronic states (DOS) around the Fermi level 

553 79. These electronic optimizations enhance the material's ability to adsorb and activate hydrogen 

554 species, allowing for a faster conversion of 4-NP into 4-AP. 

555  
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556

557 Fig. 7. A possible mechanism for the reduction of 4-NP catalyzed by the Ni-reline.

558 3.6 Reusability of the Ni-reline catalyst

559 To assess the reusability and stability of the Ni-reline catalyst, it was employed in the catalytic 

560 reduction of 4-NP over five successive reaction cycles. After each reaction cycle, the catalyst was 

561 recovered from the reaction mixture, thoroughly rinsed, and then reintroduced under the same 

562 experimental conditions for reuse.  The catalytic efficiency after each cycle, as shown in Fig. 8(a), 

563 demonstrates the catalyst’s excellent stability. There is only a marginal decrease in performance, 

564 from 95% to 91%, after five repeated catalytic processes. This remarkable retention of 

565 performance can be attributed to the well-structured crystal nature and magnetic properties of the 

566 Ni-reline catalyst, which allows for easy separation without significant loss of the sample. For 

567 clarity, the magnetic separation process of nanocatalyst is schematically represented in Fig. S5.
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568

569 Fig. 8. (a) Analysis of the reusability of Ni-reline in the hydrogenation of 4-NP (b) FTIR spectra 

570 of Ni-reline catalyst before and after five consecutive catalytic cycles.

571 Furthermore, to evaluate the structural integrity and stability of the Ni-reline catalyst, FTIR 

572 spectroscopy was performed for the Ni-reline catalyst before and after being employed in five 

573 consecutive catalytic cycles, as shown in Fig. 8(b). The FTIR spectra revealed no significant 

574 variations between the two samples. Key peaks observed in the 400-650 cm-1 range in both the 

575 fresh and recycled catalysts correspond to Ni-O stretching vibrations, confirming the presence of 

576 Ni 53. Additionally, a narrow and strong band at 3634 cm-1, which is characteristic of the O-H 

577 stretching vibration of Ni(OH)2 79, was observed in both samples, suggesting that the Ni/Ni(OH)2 

578 structure remained intact. However, in the recycled Ni-reline catalyst, a slight haziness was 

579 observed in the high wavenumber region of the FTIR spectrum. This suggests the presence of 

580 carbonaceous residues, despite this, no new peaks were detected, indicating that the catalyst 

581 remained structurally stable and retained its integrity for further use.

582 4. Conclusion

583 This study demonstrated a strategic and environmentally benign approach for synthesizing 

584 Ni/Ni(OH)2 heterostructures with a mixed fcc-hcp crystal system by modulating a conventional 

585 chemical reduction method with reline DES. In the conventional aqueous system, metallic Ni with 

586 a pure fcc crystal structure was obtained, while replacing the reaction medium with reline resulted 

587 in the formation of a Ni/Ni(OH)2 nanocomposite with a mixed fcc-hcp crystal structure. The 

588 structural variation observed in the reline system was attributed to the modulation of the 

589 physicochemical properties of reline upon the addition of Ni salt. Specifically, the addition of the 
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590 precursor salt reduced the viscosity of reline from 573 cP to 57 cP while increasing its ionic 

591 conductivity. These alterations resulted in a coral reef-like morphology with smaller particles (~39 

592 nm) in Ni-reline, compared to the spherical morphology with increase particles size (~92 nm) in 

593 the aqueous system (Ni-Aq.). In the reductive hydrogenation of 4-NP, Ni-reline showed a 

594 substantially higher rate constant (0.1336 min-1), nearly 11 times greater than Ni-Aq. This 

595 improved catalytic activity is caused by the synergistic effects of the mixed-phase structure, 

596 abundant surface defects, and increased surface area. Furthermore, elemental analysis confirmed 

597 the presence of carbonaceous species in Ni-reline, which improves adsorption, while surface 

598 charge analysis revealed a positively charged surface that promotes stronger electrostatic 

599 interaction with negatively charged nitrophenolate ions, speeding up the reaction. These findings 

600 highlight the versatility of reline as a sustainable solvent capable of regulating nanoparticle phase, 

601 shape, and surface chemistry. 
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