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24 Abstract

25 Metal-free materials have exhibited great merits to substitute the toxic and scarce metals/oxides in 

26 environmental catalysis. In this work, amorphous boron (A-Boron) is exploited as a nonmetal catalyst for 

27 peroxides activation. It is discovered that the A-Boron is exclusively reactive for peroxymonosulfate 

28 (PMS) activation for degradation of a diversity of organic contaminants including benzenes, phenolics, 

29 dyes and antibiotics in water. Moreover, comparative tests show that A-Boron stands out among the 

30 diverse heterogeneous catalysts such as transition metal oxides, nanocarbons and non-carbonaceous 

31 materials (sulfur, phosphorus, boron nitride, and boron carbide). The competitive radical scavenging tests 

32 and in situ radical capturing by electron paramagnetic resonance (EPR) unveil that both sulfate (minor 

33 contribution) and hydroxyl radicals (dominant contribution) are generated and account for the organic 

34 oxidation. Advanced characterisation techniques suggest that the boron-based catalysis stems from the 

35 short-range ordered grain boundaries and amorphous domains in A-Boron. This is further evidenced by 

36 the fact that surface tailored boron samples (A-B-400~1000) after thermal treatment exhibit inferior 

37 activities with 10.4-28.3% phenol removal compared with A-Boron (74.3%), due to the formation of 

38 surface boric acid/hydroxide that blocks the active boron phases. Theoretical calculations illustrate that 

39 the (1 0 0), (1 0 1) and (1 1 0) terminations and amorphous regions of elemental boron can directly cleave 

40 the peroxide O-O bond and decompose PMS to produce the reactive hydroxyl radicals, which is in 

41 agreement with the experimental discoveries. This study provides a novel metal-free catalytic system for 

42 wastewater treatment and envisages the first mechanistic insights into the origins of boron-based catalysis. 

43

44

45
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46 Introduction

47 Metal-free catalysis has renovated the chemical processes to address the inherent demerits of 

48 noble/transition metal catalysts of scarcity, expensiveness, poor stability, toxicity and potential secondary 

49 contamination. Of particular interest, nanocarbon materials such as graphene and carbon nanotubes 

50 become the new favourites in the scientific community attributing to their fascinating features such as 

51 high surface areas, superior electronic/thermal conductivity, great acidic/basic resistance, low toxicity, 

52 and manoeuvrable dimensional structure and surface chemistry.1 Functional carbon films and composites 

53 are popular adsorbents for removing/accumulating metal ions and organic substances in aqueous 

54 solution.2-4 Additionally, the structure- and/or surface- engineered carbonaceous materials have been 

55 demonstrated as excellent nonmetal catalysts to drive a diversity of chemical reactions in environmental 

56 remediation, chemical synthesis, photocatalysis, energy conversion and storage as well as fuel 

57 productions, guaranteeing green and advanced nanotechnologies for a sustainable production.5-12 

58 Notwithstanding the intrinsic complexity of artificial carbocatalysts in structure and chemistry, the 

59 catalytic centres vary in different reactions and can be categorized into the sp2-conjugated basal plane, 

60 edging and tropological defects, oxygen functionalities, heteroatom dopants, and hybrid structures.13-15 

61 Apart from the mainstream carbons, other nonmetal materials such as boron, sulfate, silicon and 

62 phosphorus are also earth-abundant elements and play key roles in the biological system.16 Among these 

63 elements, the boron-based catalysis remains mysterious.  

64 Boron is a light and metalloid element which lies between the beryllium (metallic) and carbon (nonmetal) 

65 elements in the periodic table. As shown in Figure 1, boron atom possesses five electrons in the ground-

66 state configuration of 1s2 2s2 2p1. The sole electron in p orbital is metallic with a similar radius to the 2s 

67 electrons, allowing the excitation of one 2s electron to the p orbital to form electron-sharing and multiple-

68 centred bonds.17, 18 This feature affords boron superior capability to bind with most of the metal/nonmetal 
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69 elements. More importantly, the electronic configuration of boron favour the formation of polyhedra (e.g. 

70 B12 icosahedra) in the bulk structure which helps fulfil the imperfections of the electron-deficient boron 

71 atoms.18 To date, over sixteen polymorphs have been discovered in the bulk boron featured by the 

72 interlinked polyhedra, whereas most of their crystal structures have not been fully unveiled yet. Moreover, 

73 the commercial boron powders with multiple polymorphs are always recognized to be amorphous due to 

74 the long-range randomness. 

75

76 Figure 1. Illustration of the electronic configuration and atomic structure of boron.

77 Different from the recent overwhelming popularity in engaging carbonaceous materials to drive a diversity 

78 of heterogeneous reactions as aforementioned, nonmetal boron-based catalytic systems have been less 

79 explored. Taking a few samples, boron has been used as a dopant to transferring graphene and diamonds 

80 into n-type semiconductors with improved conductivity and activity in electrochemistry.19-21 Due to the 

81 lower electronegativity (χB = 2.04 vs χC = 2.55) and electron-deficient nature, co-doping boron into N-

82 doped graphene in different B-C-N configurations can effectively tailor the electron distribution and spin 

83 culture of the surrounding carbon atoms, herein regulating the carbocatalysis in oxygen reduction 
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84 reactions.22, 23 Additionally, boron phosphide (BP) is a semiconducting material with tetrahedrally 

85 coordinated covalent B-P bonds into a crystal structure.16 BP has been demonstrated as a robust and 

86 effective photocatalyst with a band gap of 2.0 eV for continuous hydrogen evolution under visible-light 

87 radiation (λ > 400 nm) in formaldehyde solution.24 Moreover, cubic boron nitride is constructed as a 

88 graphene-like honeycomb and can be fabricated into two-dimensional sheets (h-BN) as well as 1-

89 dimensional nanotubes (BNNT). Hermans and co-workers first reported that h-BN and BNNT can be 

90 exploited as nonmetal catalysts for oxidative dehydrogenation (ODH) of propane to propene.25, 26 In the 

91 ODH reaction, the oxygen molecule is prone to be first activated at the edging sites of h-BN and BNNT 

92 to form a B-O-O-N unit, which subsequently attacks the β-hydrogen in propane. Such a catalytic process 

93 results in an ultrahigh propane conversion rate and selectivity which outperformed most of the reported 

94 metal/metal-free catalysts to date. More recently, elemental boron is applied as a photothermal catalyst 

95 with a satisfactory response to a broad light-absorption spectrum for photocatalytic reduction of carbon 

96 dioxide, taking advantage of the in situ produced hydrogen from boron hydrolysis as the proton and 

97 electron source.27 Nevertheless, the exploitation of boron-based materials in environmental catalysis is 

98 still in infancy. 

99 In this study, amorphous boron is applied as a metal-free catalyst for peroxide activation and degradation 

100 of micropollutants in water. To our delight, the amorphous boron demonstrated a superior activity to 

101 activate peroxymonosulfate (PMS) in catalytic oxidation, which outperforms most of transition metal 

102 oxides, carbonaceous and non-carbon materials. The generated reactive oxygen species (ROS) in the 

103 amorphous boron (A-Boron)/PMS system were identified by both selective radical screening and in situ 

104 radical capture techniques. The hydroxyl radicals were identified as the dominant ROS that could 

105 effectively degrade a diversity of organics. This is different from the carbocatalytic persulfate activation 

106 via a nonradical pathway, which is selective to the electronic features of the organics due to the mild 
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107 oxidising capacity of the transition state of the activated PMS@carbon complex.28 For the first time, the 

108 active sites and origins of boron-driven catalysis were unveiled by integration of advanced 

109 characterisations, deliberate material design and density functional theory (DFT) calculations. Therefore, 

110 this study will dedicate to the development of novel advanced oxidation processes (AOP) systems for 

111 water remediation and envisages new insights into boron catalysis in heterogeneous reactions. 

112 Experimental

113 Chemicals 

114 Chemicals including potassium peroxymonosulfate (PMS), potassium peroxydisulfate (PDS), melamine, 

115 phenol, nitrobenzene (NB), benzoic acid (BA), p-hydroxybenzoic acid (PHBA), 4-chlorophenol (4-CP), 

116 methyl orange (MO), methylene blue (MB), rhodamine B (RhB), ibuprofen (IBP), sulfachloropyridazine 

117 (SCP), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and boric acid were purchased from Sigma-Aldrich, 

118 Australia. Some catalyst materials such as boron amorphous powder (A-Boron, >95%) crystalline boron 

119 (C-Boron, 99.7% trance metals basis, 1cm), sulfur (99.998% trace metals basis), red phosphorus (99.99% 

120 trace metals basis), boron nanopowder (< 150 nm, 99.99% trace metals basis), boron carbide (< 10 µm, 

121 98%), and titanium oxide (TiO2, anatase) were also purchased from Sigma-Aldrich. Nanomaterials such 

122 as fullerene, black phosphorus nanosheets, boron nitride nanotubes, and multi-walled carbon nanotubes 

123 were purchased from XFNANO materials Tech., Co Ltd, China. Hydrogen peroxide (H2O2), methanol 

124 (MeOH, anhydrous) and tert-butyl alcohol (TBA, analytical grade) were purchased from Chem Supply, 

125 Australia. Nanodiamond was purchased from Ray Techniques Ltd., Israel. An activated carbon was 

126 obtained from BDH Chemicals. 

127 Synthesis of catalysts

128 The amorphous boron was modified to tailor the surface chemistry and crystal structure by annealing A-

129 Boron under an inert atmosphere. Specifically, A-Boron was put in a quartz boat in a tube furnace and 
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130 heated to 400, 700 and 1000 °C at a ramping rate of 5 °C/min and annealed for 1 h under N2 atmosphere. 

131 The derived products were denoted as A-B-400, -700 and -1000, respectively. A biochar was derived by 

132 fast-pyrolysis of straw stalk at 450 °C for 2 h in the tube furnace under N2 ambience. Graphitic carbon 

133 nitride (g-C3N4) was derived by direct pyrolysis of melamine in a crucible at 550 °C for 4 h in a muffle 

134 furnace. The detailed synthesis procedures of manganese oxides (MnO2 and Mn3O4), cobalt oxide (Co3O4), 

135 and magnetite (Fe3O4) could be found in Text S1 (Electronic Supplementary Information, ESI†).29-32 Other 

136 metal oxides such as nickel oxide (NiO), gallium oxide (Ga2O3) and cerium oxide (CeO2) were derived 

137 via direct thermal decomposition of their corresponding metal nitrate salts in a muffle furnace at 450 °C 

138 for 1 h. Boron oxide was derived by annealing boric acid at 400 °C for 1 h in a muffle furnace.

139 Characterisations

140 The crystal structures of the boron samples were examined by X-ray diffraction (XRD, Bruker D8A) using 

141 a Cu K X-ray at  = 1.542 Å. The elemental information of the samples was obtained from X-ray 

142 photoelectron spectroscopy (XPS) in a Kratos AXIS Ultra DLD system under ultrahigh vacuum condition. 

143 All XPS surveys were calibrated by setting primary C 1s at 284.5 eV and Shirley background was applied 

144 in the peak fitting for the high-resolution spectra. High-resolution transmission electron microscopy 

145 (HRTEM, FEI Titan G2 80-200) was operated to get the crustal and morphology information of the boron 

146 catalysts at 80 kV and energy-dispersive X-ray spectroscopy (EDX) elemental mapping was also 

147 performed on the same instrument. The Brunauer–Emmett–Teller (BET) surface area and pore distribution 

148 were measured on a TriStar apparatus at -196 ºC in liquid nitrogen. The particle size distribution was 

149 measured on a Malvern Mastersizer 2000 instrument. Electron paramagnetic resonance (EPR, Bruker) 

150 was applied at the X-band with a mid-range frequency (8-12 GHz) to detect the electronic states of the 

151 solid boron catalysts and reactive radical species in the boron-based AOPs system. The solid sample was 

152 tested on the EPR with the settings of centre field of 3515.0 G, microwave frequency of 9.86 mW, receiver 
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153 gain of 20 dB, the scan time of 60 s, and scan number of 2. The liquid samples were analysed with the 

154 settings of centre field = 3515.0 G, microwave frequency = 18.57 mW, receiver gain = 30 dB, scan time 

155 = 30 s, and scan number = 2. A radical trapping agent of 5, 5-dimethyl-1-pyrroline n-oxide (DMPO) was 

156 used to capture the free radicals in the solution identified by their hyperfine splitting constants of 

157 αN=14.9G, αH=14.9 G for DMPO-OH,  and αN=13.2 G, αH=9.6 G, αH=1.48G, αH=0.78 G for DMPO-SO4.

158 Catalytic performance evaluation

159 The catalytic activities of the boron samples were evaluated for activation of peroxides for degradation of 

160 organic contaminants in aqueous solution. The reaction was performed in a batch reactor immersed in a 

161 water bath to maintain the reaction temperature (25 °C) under constant stirring by an overhead stirrer with 

162 a polytetrafluoroethylene (PTFE) blade at 400 rpm. An organic solution (0.1 mM) was prepared by 

163 dilution of its stock solution with a high concentration. The catalyst and peroxide were added into the 

164 organic solution to initiate the oxidation. An optimal PMS dosage (3.3 mM) was applied for complete 

165 mineralisation of the target organic (phenol). At set time intervals, the reaction solution was withdrawn 

166 and filtered to remove the solid catalyst. Then the filtrate was instantly mixed with methanol solution in a 

167 2 mL vial at a volume ratio of 2:1 to terminate the oxidation. Phenol, NB, BA, PHBA, PBA, 4-CP were 

168 analysed on a Thermal Fisher HPLC using an Acdaim OA column (150 × 4 mm, 5 µm). IBP and SCP 

169 were analysed by an Acdaim 120 C18 (100 × 2.1 mm, 2.2 µm). Organic dyes such as MB, RhB, MO were 

170 analysed on a Jasco V-570 UV-vis spectrometer under the wavelengths of 664, 554 and 454 nm, 

171 respectively. 

172 Theoretical methodology

173 The theoretical computations were carried out using the DMol3 module.33 The exchange-correlation 

174 energy was processed by generalised gradient approximation (GGA) using modified Perdew–Burke–

175 Ernzerhof (PBE) function34. The DFT-D correction was applied to take into account of the van der Waals 
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176 interactions. DFT semi-core pseudopotential (DSPP) was used for the core treatment.35 Spin-polarisation 

177 was applied and the double-ξ numerical polarisation (DNP) was used in the expansion of molecular 

178 orbitals. The criteria for energy, maximum force and displacement were converged to 10-5 Ha, 0.002 Ha/Å 

179 and 0.005Å, respectively. 

180 The adsorption energies (Eads) of PMS onto different boron slabs were calculated by the below 

181 equation.

Eads=Esubstrate+PMS – EPMS– Esubstrate   

182

183 Where Esubstrate+PMS is the total energy of adsorbed composites; EPMS is the energy of a free PMS 

184 molecule; Esubstrate is the total energy of optimised boron slab.

185
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186 Figure 2. (a) Catalytic performances of A-Boron for activating different peroxides. Comparisons of the 

187 catalytic activity of A-Boron with (b) nanocarbons, (c) non-carbon metal-free materials, and (d) transition 

188 metal-oxides. (Experimental conditions: phenol = 0.1 mM, catalyst= 0.2 g/L, PMS = 3.3 mM (= PDS 

189 =H2O2 in Figure 1a), temperature = 25 °C.)

190 Results and discussion

191 The catalytic activity of A-Boron was evaluated in activating different typical peroxides for phenol 

192 oxidation. Figure 2a depicts that the A-Boron manifests a particular selectivity toward the peroxides. 

193 Specifically, A-Boron can effectively activate PMS for catalytic oxidation of phenol (74.3%) in 120 min. 

194 In contrast, neither PDS nor H2O2 (pH = 3) can be activated by A-Boron with less than 5% organic 

195 removal. Compared with the compact peroxide bonds and symmetric structures of PDS (‒
3OS-O-O-SO3

‒) 

196 and H2O2 (HO-OH), the asymmetry molecular structure of PMS (H-O-O-SO3
‒) is more vulnerable to be 

197 cleaved in a catalytic reaction to cause an imbalanced electron distribution via a redox process. The similar 

198 scenario was also discovered in the carbon-driven AOPs system where the carbon nanotubes (CNT) are 

199 more active to PMS than H2O2 or PDS.36 A further increase of catalyst loading can yield a greater phenol 

200 oxidation because more catalytic sites are introduced for PMS activation to generate massive ROS. (Figure 

201 S1†)

202 The catalytic performance of A-Boron was compared with other metal and metal-free materials. As 

203 illustrated in Figure 2b and S2†, the reactivity of A-Boron is comparable to the pristine multi-walled 

204 carbon nanotubes (MWCNT) with 76.1% phenol oxidation and surpasses reduced graphene oxide (rGO) 

205 with 38.5% phenol removal. Both MWCNT and rGO have been intensively reported as effective 

206 carbocatalysts for persulfates activation.37-40 Additionally, A-Boron is more active than other 

207 carbonaceous materials with lower phenol removals such as fullerene (C60, 4.7%), nanodiamond (ND, 

208 10.3%), graphitic carbon nitride (g-C3N4, 8.7%), activated carbon (AC, 5.5%), and biochar (BC, 8.7%). 
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209 A wide range of other metal-free and non-carbon materials are also evaluated in Figure 2c and S3†. Apart 

210 from the phosphorene (also known as black phosphorus, P-black) and red phosphorus (P-red) with 

211 mediocre activities of 24.4% and 11.6% phenol degradation accordingly, other materials such as sulfur 

212 (S, 7.2%), boron carbide (BC, 6.5%), silicon oxide (SiO2, 4.0%), hexagonal boron nitride nanosheet (h-

213 BN-NS, 3.5%) and nanotubes (h-BN-NT, 1.6%) manifested poor catalytic activities for PMS activation. 

214 To our delight, A-Boron also outperforms the benchmark metal catalysts of Co3O4 (19.2%) as well as 

215 manganese oxides of MnO2 (59.3%) and Mn3O4 (48.2%) in Figure 2d and S4†. Besides, A-Boron exhibits 

216 a much higher activity than other transition metal oxides of NiO (59.3%), Fe3O4 (15.2%), TiO2 (4.8%), 

217 Ga2O3 (4.1%) and CeO2(3.1%). The metal-free amorphous boron stands out among the heterogeneous 

218 catalysts as a high-performance PMS activator for catalytic degradation.

219

220 Figure 2. (a) Catalytic activity of boron samples (Experimental conditions: phenol = 0.1 mM, catalyst= 

221 0.2 g/L, PMS = 3.3 mM, temperature = 25 °C); (b) specific surface areas and pore volumes of the 

222 corresponding boron samples.

223 For the investigation of the origins of boron catalysis, a series of boron samples were synthesised and 

224 evaluated in their performances (Figure 2a and S5†). A-Boron was thermally treated at different 
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225 temperatures to regulate the crystallinity and surface chemistry of the amorphous phase. As a result, the 

226 phenol oxidation efficiency gradually declines with elevated pyrolysis temperature from 400 to 1000 °C. 

227 In contrast to A-Boron with 74.3% phenol degradation, A-B-400, 700, and 1000 yield only 28.3%, 22.4%, 

228 and 10.4% phenol removals, respectively. A bulky boron crystallite (C-boron) also gives a lower phenol 

229 removal of 10.3%. Nitrogen sorption analysis in Figure 2b and S6† depicts that the specific surface areas 

230 (SSA) of boron samples increase from 10.3 m2/g (A-Boron) to 18.5 m2/g (A-B-400), and then the SSAs 

231 slightly decline to 17.9 m2/g for A-B-700 and sharply drop to 8.3 m2/g for A-B-1000. The corresponding 

232 pore volumes of the samples follow the same trends. The increases in SSA and pore volume of the 

233 annealed borons (A-B-400 and 700) are possibly due to the thermal expansion of the aggregated particles, 

234 while the decrease in the SSA of A-B-1000 can be ascribed to sintering of the boron species into larger 

235 particles (Figure S7†). More importantly, the differences in SSA and reactivity of these samples suggest 

236 that the catalytic performances of the boron-based materials are independent of the SSA and the activity 

237 may predominantly lie in the intrinsic structure and surface chemistry. 

238

239 Figure 3. (a) XRD spectra of boron samples and (b) magnified spectra of A-Boron and A-B-1000.
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240 The surface compositions and chemical states of the boron samples were analysed by the X-ray 

241 photoelectron spectroscopy. As illustrated in Figure S8†, the high-resolution B 1s profile can be fitted into 

242 three peaks locating at 186.8, 188.6, and 191.8 eV, representing for the B-B, boride, and B-O/B-OH bonds, 

243 respectively. The boride is attributed to the presence of surface metal impurities (K, Na, Ca, Mg, Figure 

244 S9†). Acid washing of A-Boron in Figure S10† impressively boosts the oxidation rate with complete 

245 phenol removal in 90 min, suggesting that the surface metal borides/oxides are catalytically inactive and 

246 elemental boron provides the intrinsic catalytic sites. Interestingly, the peak intensities of B-O/B-OH 

247 increase significantly after the thermal annealing (A-B-1000), implying the formation of new boron 

248 species. For identification of the altered surface atomic arrangement of the boron samples, the crystalline 

249 structures of A-Boron, A-B-1000, and C-Boron were analysed by XRD. As illustrated in Figure 3a, crystal 

250 C-boron displayed many peaks, most of which can be assigned to the boron facets according to the JCPDS 

251 card (No. 01-089-2777, Figure S11†). In contrast, A-Boron only manifests two major peaks at 10.1° and 

252 11.3° and several minor peaks between 17.4° to 21.6°, accounting for boron facets (Figure S12†). The 

253 relatively low intensities of A-Boron compared to C-boron may be due to the existence of amorphous 

254 phase with low crystallinity and fewer exposed facets. The amplified spectra in Figure 3b indicate that the 

255 intensities of the boron peaks slightly decrease due to the thermal pyrolysis. Moreover, several new peaks 

256 appear, which are identified to be H3BO3 (JCPDS, No. 01-073-2158) in Figure S13†. Herein, the XRD 

257 spectra are in good agreement with the XPS analysis that impurities such as H3BO3 or B(OH)3 are 

258 generated on the surface of amorphous boron during the thermal treatment, which are possibly stemmed 

259 from the surface hydrolysis and oxidation. 
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260

261 Figure 4. HRTEM images of (a, b) for A-Boron and (c, d) for A-B-1000.

262 The HRTEM images in Figure 4a and b clearly illustrate that A-Boron presents some crystalline domains 

263 with different lattice spacings. Moreover, small regions with disorder-packed borons are also spotted 

264 between these grain boundaries. Figure 4c and d show that new layers are generated and cover the crystal 

265 boron surface after the thermal treatment, which are assigned to the oxidised boron species. This can be 

266 evidenced by the electron paramagnetic resonance (EPR) spectra, which can respond to unpaired electrons 

267 in materials with a magnetic property. Thus, for the elements in different valence states, electron density 

268 and/or local binding configurations can manifest great differences in peaking shapes and positions. 

269 Different from the crystal boron (C-boron) with a sharp peak in Figure 5a, A-Boron and A-B-1000 display 

270 shifted and broader peaks, suggesting the different electronic states of the amorphous phase. The amplified 
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271 spectra in Figure 5b show that the content of amorphous boron slightly declines for A-B-1000 and a 

272 shoulder peak emerges attributed to the new surface species, which well supports the XPS, XRD and TEM 

273 results as aforementioned. Therefore, the declined reactivity of amorphous boron after the thermal 

274 annealing can be ascribed to the formation of boron impurities, which cover the surface of amorphous 

275 boron and prevent the reaction with PMS. Figure S14† shows that boron in the high valence states (such 

276 as H3BO3 and B2O3) cannot catalyse PMS and present many inferior reactivities for organic oxidation than 

277 A-Boron. 

278

279 Figure 5. (a) Electron paramagnetic resonance spectra of the boron samples and (b) magnified spectra of 

280 A-Boron and A-B-1000.

281

282 For identifying the intrinsic reactive oxygen species accounting for phenol oxidation in the A-Boron/PMS 

283 system, in situ radical screening and capturing tests are performed. Methanol (MeOH) and tert-butyl 

284 alcohol (TBA) are utilised to selectively scavenge hydroxyl radicals (kMeOH = 9.7 × 108 M-1 s-1, kTBA = 

285 (3.8-7.6) × 108 M-1 s-1) or/and sulfate radicals (kMeOH = 3.2 × 106 M-1 s-1, kTBA = (4.0 - 9.1) × 105 M-1 s-1).41 

286 Based on the distinct reaction rate constants of the radical quenching agents toward the two free radicals, 
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287 TBA is typically used to selectively quench •OH, whilst MeOH can effectively terminate the oxidation by 

288 both •OH and SO4
•‒. As depicted in Figure 6a, the addition of TBA significantly retards the phenol removal 

289 efficiency from 74.3% to 40.2% in 120 min, suggesting that •OH is generated and contribute to the phenol 

290 oxidation. Moreover, the addition of MeOH further prohibits the oxidation with only 13.9% of phenol 

291 removal. Therefore, both sulfate and hydroxy radicals play crucial roles in the A-Boron/PMS system, 

292 which is different from the carbon/PMS systems relying on nonradical pathways by an electron-transfer 

293 regime or singlet oxygenation.42-44 Moreover, the generated ROS are in situ captured by 5,5-dimethyl-1-

294 pyrroline N-oxide (DMPO) as the spin trapping agent in the EPR analysis. The spectrum in Figure 6b 

295 confirms that •OH and SO4
•‒ are generated. The large amounts of hydroxyl radicals possibly stem from 

296 the catalytic activation of PMS by amorphous boron as well as the interconversion from sulfate radicals 

297 by water oxidation.45-47 

298

299 Figure 6. (a) Selective radical quenching tests by addition of methanol and tert-butyl alcohol. (b) The 

300 EPR spectrum of in situ radical capturing by DMPO. (Experimental conditions: phenol = 0.1 mM, 

301 catalyst= 0.2 g/L, PMS = 3.3 mM, temperature = 25 °C, DMPO = 50 mM)

302
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303 Moreover, the A-Boron/PMS system was also applied for degradation of a diversity of organic 

304 contaminants to evaluate the oxidation capacity. Figure 7 and S15† display that the amorphous boron can 

305 effectively decompose the phenolics (phenol, PHBA, PBA, and 4-CP), dyes (MO, MB and RhB), 

306 antibiotics (IBP and SCP) and other aromatic organics such as NB and BA. Of particular interest, NB is a 

307 chemical probe for hydroxyl radicals with a reaction constant of 3.9 × 109 M-1 s-1, which cannot be 

308 degraded by sulfate radicals with a relatively low reaction rate constant of < 1.0 ×1 106 M-1 s-1.48-50 The 

309 high efficacy of NB and BA removals were achieved, suggesting that a myriad of hydroxyl radicals and 

310 some sulfate radicals are produced in the A-Boron/PMS system and account for the organic oxidation. 

311 These results are in agreement with the radical quenching experiments. In contrast, previous studies 

312 reported that carbon-based AOPs systems are not relying on free radicals but a nonradical pathway.28  

313 Those carbon/persulfate systems typically manifest a mild redox potential with specific selectivity toward 

314 the organic substrates.28 Persulfates (PMS/PDS) tend to be activated by carbons to form a metastable and 

315 surface-confined complex that attacks the organics via an electron-shuttle mechanism and such a 

316 nonradical pathway cannot oxidise the organics with a higher redox potential (over 9.0 eV) or a poor 

317 adsorptive capacity.51-53 Herein, the boron-based oxidation is similar to the metal-catalysed AOPs systems 

318 and the surface boron atoms may chemically interact with the PMS molecule to activate the peroxide O-

319 O bond and deliver electrons via B-O bond(s) to produce highly reactive free radicals (•OH and SO4
•‒). 

320 These free radicals are capable of decomposing various organic contaminants via a series of chemical 

321 reactions such as addition, H-abstraction or electron transfer to realise a great adaptability and high 

322 mineralisation efficiency in aqueous oxidation.
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324 Figure 7. Catalytic degradation of various organic contaminants by A-Boron/PMS system. (Experimental 

325 conditions: organics = 0.1 mM, catalyst= 0.2 g/L, PMS = 3.3 mM, temperature = 25 °C)

326 Based on the XRD, EPR and HRTEM images as discussed above, it can be referred that the atoms in 

327 amorphous boron are not completely randomly distributed and some are compacted into small crystal 

328 domains/clusters with distinct exposed facets. Thus, A-Boron is proposed to be long-range disordered, 

329 however, possesses some crystalline grain boundaries in the local domains.54 The reactivity of A-boron 

330 may be dependent on the properties of these short-range ordered facets to drive the metal-free catalysis.  

331 The role of these crystal terminations in PMS activation was investigated by density functional theory 

332 (DFT) calculations in terms of the PMS adsorption onto different boron facets. As depicted in Figure 8a-

333 c, a PMS molecule is prone to intimately react with boron atoms via B-O bonds and can be directly 

334 dissociated into two parts (OH and SO4) over the boron slabs of the (1 0 0), (1 0 1) and (111) terminations. 

335 The efficient cleavage of the peroxide O-O bond in PMS (HO-OSO3
‒) implies the generation of sulfate or 

336 hydroxyl radicals on boron. The computation also monitors the electron migration from boron slab to PMS 

337 molecule. It can be observed that 0.824, 0.988 and 0.718 e were transferred to PMS from boron (1 0 0), 

338 (1 0 1) and (1 1 0) facets, respectively. The electron migration and PMS reduction further drive the radical 

339 generation. Moreover, Table S1† displays the distribution of the migrated electrons and adsorption 
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340 energies. The majority of the charge is delivered to SO4 and only a minor proportion of the electron is 

341 transported to OH. This implies the generation of sulfate ion (SO4
2‒) and hydroxyl radical (•OH), which 

342 agrees with the radical capturing (EPR) tests.  

343 In contrast, over the (0 0 1) (Figure 8d) and (1 1 1) (Figure 8e) facets, one oxygen atom would be detached 

344 from the PMS molecule and bind with two boron atoms to form a B-O-B bond, leaving a protonated 

345 sulfate ion/radical into the water solution. Therefore, these two terminations may be less reactive than the 

346 other three facets for radical production, especially for hydroxyl radicals. Since the detached oxygen may 

347 cause boron oxidation, boron in a high valence state of boron oxide (B2O3) was also investigated for PMS 

348 adsorption. As shown in Figure S16†, PMS only weakly interacts with the (0 0 1) termination of boron 

349 oxide via van der Waals attractions with a low adsorption energy of -0.14 eV, limited electron transfer of 

350 0.003 e and slightly prolonged O-O bond from 1.332 Å (free PMS molecule) to 1.333 Å. Therefore, PMS 

351 cannot be activated on B2O3 and the boron catalysis favours a reductive state for binding with the peroxide 

352 bonds and subsequent electron transfer to produce reactive radicals. Particularly, the reaction between the 

353 (0 0 1)/(1 1 1) boron facets with PMS will cause direct oxidation of surface boron, giving rise to inferior 

354 reducibility for electron migration, the formation of non-reactive boron oxides and poor stability (Figure 

355 S17†) in multiple runs. Therefore, it can be inferred by the theoretical calculation that the (1 0 0), (1 0 1), 

356 and (1 1 0) terminations provide the intrinsic catalytic sites for PMS decomposition to evolve hydroxyl 

357 and sulfate radicals for catalytic oxidation. Since A-Boron may contain some amorphous regions with 

358 randomly distributed boron atoms, a fully relaxed disordered boron cluster (B75) is also applied to mimic 

359 the amorphous boron to react with PMS. As depicted in Figure S18†, the PMS molecule can be directly 

360 cleaved into hydroxyl and sulfate groups, suggesting that amorphous boron can also serve as a PMS 

361 activator for metal-free oxidation. The adsorption energy is a significant indicator in catalytic reactions.55 
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362 Boron (1 0 1) and B75 yielded the lowest adsorption energies with -10.6 eV and -9.58 eV, respectively, 

363 implying the intimately coupling with PMS for activation. 

364

365 Figure 8. Illustrations of PMS adsorption and dissociation onto different boron facets of (a) (1 0 0), (b) 

366 (1 0 1), (c) (1 1 0), (d) (0 0 1) and (e) (1 1 1). 

367 In summary, amorphous boron is long-ranged disordered, yet some short-range ordered and amorphous 

368 boron domains co-existed in the boron samples. The electron-deficient nature of boron atoms facilitates 

369 the self-assembling into multiple interlinked polyhedra, building up to both small crystals and amorphous 

370 regions in the large boron particles. As a result, A-Boron can be used as a metal-free catalyst for PMS 

371 activation to evolve free radicals for organic oxidation. The DFT calculations indicate that both amorphous 

372 cluster and some short-range ordered terminations of the (1 0 0), (1 0 1) and (1 1 0) can effectively cleave 

373 PMS molecules with simultaneous electron transfer for production of hydroxyl and sulfate radicals, which 

374 is confirmed the by radical quenching tests and EPR capture technology. By masking the reactive boron 

375 surfaces to form oxidised boron impurities, the borons gradually lose the activity suggesting the reductive 
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376 boron surfaces are more favourable for PMS activation. Interestingly, the boron manifests a metallic 

377 behaviour in AOPs catalysis to produce free radicals rather than the nonradical pathway in metal-free 

378 carbocatalysis. Despite that both boron and carbon are reductive materials which can sacrifice electrons 

379 to peroxides, boron is an insulating material in nature, which is intrinsically different from the highly-

380 conjugated sp2 carbon network with superior electron conductivity for an electron-mediated nonradical 

381 pathway. Therefore, the boron-based system can produce highly oxidising free radicals to decompose a 

382 wide spectrum of microcontaminants with outstanding mineralisation efficiency.  

383 Conclusions

384 In this study, borons were investigated as metal-free catalysts for heterogeneous activation of 

385 peroxymonosulfate for advanced oxidation. It is unveiled that the amorphous boron can effectively 

386 decompose PMS molecules to generate reactive oxygen species for organic degradation in water. The 

387 catalytic performance of A-Boron outperforms most of the transition metals, non-carbon materials and 

388 nanocarbons, and can compete with the benchmark nonradical activator of carbon nanotubes. The radical 

389 quenching test and EPR technique unveil that both sulfate and hydroxyl radicals are generated, and 

390 hydroxyl radicals dominantly account for the pollutant oxidation. As a result, the A-Boron/PMS system 

391 can degrade a diversity of organic contaminants. The characterisation techniques suggested that A-Boron 

392 samples are long-range disordered whilst possessing some crystal terminations in local domains together 

393 with amorphous phase between the grain boundaries. Both the short-range ordered boron grain boundaries 

394 and amorphous regions may contribute to the PMS activation. However, thermal treatment of A-boron 

395 can introduce inactive boron oxide or boron acid on the surface, which will cover the active boron 

396 terminations and deteriorate the catalytic performance. The theoretical calculations further consolidated 

397 that both the amorphous boron clusters and crystal facets of (1 0 0), (1 0 1), (1 1 0) can directly dissociate 

398 PMS molecules to produce sulfate and hydroxyl radicals. The study not only envisages the insights into 
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399 boron catalysis in heterogenous reaction but also provides a novel and green AOPs system. The 

400 boron/PMS system with powerful hydroxy radicals is highly efficient for catalytic decomposition of 

401 various aqueous microcontaminants, which can provide new solutions for wastewater purification or soil 

402 decontamination by state-of-the-art metal-free catalysis without concerning about the secondary 

403 contamination by metal catalysis.
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