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ABSTRACT: Nitrogen-doped graphitic biochar (NBC) has boosted the development of 14 

nonradical peroxymonosulfate (PMS) activation in environmental remediation. However, the 15 

specific role of nitrogen species played in NBC-based nonradical carbocatalysis remains vaguely 16 

interpreted. To pinpoint the critical nitrogen speciation, a sophisticated thermo-mechanochemical 17 

manipulation was exploited to prepare a series of NBCs with similar dimensional structure and 18 

oxygen level but different nitrogen species (i.e., dopants and vacancies). Different from 19 

conventional perspectives, the nonradical NBC-based carbocatalysis was found to be preferably 20 

determined by the nitrogen vacancies more than their parent nitrogen dopants. Raman depth 21 

analysis evidenced that a complete transformation of nitrogen dopants into nitrogen vacancies 22 

could be achieved at 800 ℃, whereby an excellent nonradical abatement of 4-chlorophenol (4-CH, 23 

90.9% removal) was found for the NBC800 with a low PMS consumption (1.24 mM). According 24 

to PMS adsorption experiments, nitrogen vacancies exhibited the highest affinity towards the PMS 25 

molecules compared to nitrogen dopants, which accounted for the superior carbocatalysis. Electron 26 

paramagnetic resonance (EPR) and Raman spectroscopic analyses indicated that the original PMS 27 

molecules were bound to positively-charged nitrogen vacancies, and the robust metastable 28 

complex (*HSO5
−) evolved subsequently via the hydrogen abstraction by adjacent persistent free 29 

radicals (PFRs). In-situ Raman techniques could be adopted to estimate the level of nitrogen 30 

vacancies associated with the polarization of electron distribution. The flexible feature and 31 

practical prospect of nitrogen vacancy based carbocatalysis were also testified in the remediation 32 

of simulated phenolic industrial wastewater. Overall, this study unravels the dilemma in the current 33 

NBC-based nonradical carbocatalysis and advances our understanding of nitrogen doping 34 

technology for next-generation biochar design. 35 

36 
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INTRODUCTION 37 

Carbonaceous catalysts is of great interest for the environmental community as they can trigger 38 

nonradical peroxymonosulfate (PMS) activation for organic remediation, which can help to reduce 39 

the chemical input and avoid the generation of highly halogenated intermediates.1-3 In principle, 40 

the primary reason to study nonradical carbocatalysis is that it can alleviate the severe surface 41 

corrosion of carbons encountered in radical-based carbocatalysis, thus fostering practical 42 

environmental application. Conventionally, transition metals were incorporated within the carbon 43 

matrix to promote their catalytic performance.4 However, inevitable metal leaching in the metal-44 

involved systems may cause secondary pollution, and the nonradical regime on metal catalysts 45 

remains debatable and is limited to only a few transition metals (e.g., Cu, Mn).5, 6 Metal-free 46 

technology rises as a game-changer to modify carbon configuration and inherent electroactive 47 

components, thus rendering nonradical carbocatalysts a comparable or even better efficacy than 48 

those of metal-based catalysts.7  49 

Heteroatoms doping refers to a technique to incorporate various earth-abundant non-metallic 50 

elements (e.g., nitrogen (N), sulphur (S), and boron (B)) into the hexagonal framework of well-51 

ordered crystalline carbon network.8 The nitrogen doping technology, which has the highest 52 

efficacy over others, has been extensively explored to facilitate the catalysis of carbonaceous 53 

materials (graphene,9, 10 carbon nanotubes (CNTs),11 activated carbon (AC),12 etc.) in the 54 

nonradical carbocatalysis. Theoretically, the incorporated nitrogen dopants (i.e., pyrrolic N, 55 

pyridinic N, and graphitic N) can either enrich the surface charge density or afford the adjacent 56 

carbon atoms a robust affinity toward peroxide bond, reducing its energy threshold to generate 57 

reactive oxygen species (ROS) bound onto the surface.13-15  58 

Recent studies have attempted to explore the mechanistic roles of nitrogen played in the 59 

nonradical peroxide activation. Ren et al. revealed the intrinsic nature of PMS activation on the 60 
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nitrogen-doped CNTs (NCNTs), where electrochemical methods verified that the formation of 61 

surface-bound metastable complex (NCNTs-PMS*) with a high chemical potential boosted the 62 

nonradical organic oxidation.16 Graphitic N with a strong affinity towards the PMS was considered 63 

as the dominant active sites on the NCNTs. However, the nonradical mechanisms on the low-64 

dimensional nanocarbons such as NCNTs may not represent the high-dimensional carbocatalysts 65 

(e.g., graphitic biochar) that possess more complicated structures. Besides, the high synthesis cost 66 

and the critical requirements for material quality currently impede the further upscaling application 67 

of lower-dimensional carbocatalysts from a sustainable perspective.17  68 

Compared with those costly low-dimensional nanocarbons, graphitic biochar shows great 69 

advantages owing to its abundant availability and readily maneuverable feature, making it an 70 

economically and industrially attractive carbocatalyst.18, 19 Zhu et al. first fabricated nitrogen-71 

doped graphitic biochar (NBC) using lignocellulosic biomass and reported the nonradical 72 

persulfate activation.20 Subsequently, Ho et al. showed the existence of surface reactive complex 73 

on the NBC similar to that on the NCNTs.21 Intriguingly, debatable perspectives remain over the 74 

origin of surface metastable complex on the NBC. The above studies regarded graphitic N as the 75 

critical active sites, 20 while Wang et al. suggested that edge nitrogen species (pyrrolic N and 76 

pyridinic N) should determine the formation of surface reactive complex on the NBC.18 Currently, 77 

the existing theoretical basis was constructed on a simplified modelling with density functional 78 

theory (DFT) which adopted hexagonal units to roughly represent the complicated biochar 79 

structure, and the disagreements were heavily placed on the scavenger experiments whose 80 

credibility was questionable in the biochar-based systems.2, 15 Further investigation and more 81 

detailed information are essential for improving the long-term development of biochar.  82 

Especially, the critical nitrogen speciation needs to be clarified in the nonradical NBC-based 83 
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carbocatalysis. The correlation between the nonradical surface complex and the nitrogen 84 

speciation on NBC is still vaguely unveiled. Most of the studies found it hard to interpret the 85 

contradictory phenomenon that a lower nitrogen level subject to a higher treatment temperature 86 

would lead to a better catalytic performance.22-24 With respect to low-dimensional nanocarbons, 87 

this could be attributed to the decomposition of nitrogen dopants which creates more structural 88 

defects to disrupt the spin and electronic order of carbon units.25 However, raw NBC presents 89 

mediocre activity despite its high original defective level.26 It is noteworthy that, in the case of 90 

carbon nitride, the nitrogen vacancies can enhance the catalytic activity by increasing the 91 

polarization of electron distribution.27, 28 Nevertheless, little information is available regarding 92 

potential correlation between the nonradical surface complex and nitrogen vacancies.   93 

To scrutinize the critical roles of nitrogen dopants and vacancies in the emerging biochar-based 94 

carbocatalysis, we fabricated a series of NBCs with similar original defective and oxygen levels. 95 

Mechanochemical ball milling was employed as a mild surface doping process with ammonia as 96 

the nitrogen precursor. We hypothesized that the temperature-oriented annealing could readily 97 

regulate the nitrogen species in a sequential order, i.e., amino-N-dominated (< 500 ℃), pyrrolic- 98 

and pyridinic-N-dominated (500−700 ℃), graphitic-N-dominated (700−800 ℃) types, and 99 

nitrogen vacancies (800 ℃). With multiple characterization and experimental manners including 100 

Raman spectroscopy, electron paramagnetic resonance (EPR), substrate specificity analysis, etc., 101 

we proposed that the evolved nitrogen vacancies at 800 ℃ can launch the adjacent persistent free 102 

radicals (PFRs) to abstract hydrogen from the adsorbed PMS molecules, leading to the formation 103 

of surface-confined metastable complex (*HSO5
−). Overall, this work clarified the critical nitrogen 104 

speciation in the NBC-based nonradical carbocatalysis for advancing future biochar design.   105 

 106 
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MATERIALS AND METHODS 107 

Chemicals. All chemicals present in this study were of analytical reagent grade. Detailed 108 

information can be found in Supporting Information (Text S1). 109 

Preparation of Biochars with Tailored Defective and Nitrogen Doping Level. Raw 110 

lignocellulosic biomass with a low ash content, namely oak tree sawdust (N < 1 wt.%), was 111 

collected from Hubei, China without further acid washing. The sawdust was pulverized to pass 112 

through a 120-mesh sieve (particle size < 0.125 mm) and dried under 105 ℃ prior to the thermal 113 

treatment. The benchmark, defective biochar (DBC), was prepared according to the method 114 

reported in our previous studies,26, 29 where 20 g raw biomass solids were placed in a corundum 115 

jar and transferred into a tubular reactor. Under CO2 purging (100 mL min−1), pyrolysis proceeded 116 

at 800 ℃ for 2 h with a ramping rate of 5 ℃ min−1. The high pyrolytic temperature at 800 ℃ could 117 

remove all the labile electroactive components that may cause interference with the subsequent 118 

ROS identification. Rich defects could be guaranteed over the reaction between carbon matrix and 119 

CO2 (Boudouard reaction: C + CO2 → 2CO, temperature > 720 ℃) to accommodate heteroatoms. 120 

Wet ball milling as a powerful non-equilibrium processing method was adopted to tailor the 121 

nitrogen-doping level using NH3•H2O as both reductive agent and nitrogen additive.30 Specifically, 122 

2 g DBC was contained in a 300 mL Teflon jar with 100 g corundum balls (uniform ball diameter 123 

distribution of 1−3 mm). Then, 20 mL NH3•H2O was slowly transferred into a jar under nitrogen 124 

purging prior to its seal and placement in a planetary ball mill machine (Changsha Deke Instrument 125 

Equipment Co., Ltd., China). The ball milling speed and duration time were set at 600 rpm and 12 126 

h, respectively, and the rotation direction was automatically altered every 15 min to avoid solid 127 

deposition. The ball-milled DBC, denoted as the BMDBC, was dried at 60 ℃ overnight and then 128 

annealed under different temperatures (i.e., 500, 600, 700, and 800 ℃ with a ramping rate of 5 ℃ 129 
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min−1) for 1 h in N2 environment (100 mL min−1) to tune the nitrogenous species. The resultant 130 

biochars were denoted as the NBCX, where X indicates the annealing temperature. Preparation of 131 

several counterpart nitrogen-doped carbons was also conducted. The CNTs, graphite (GR), and 132 

AC were chosen as the representative carbonaceous controls with different dimensional structures 133 

(i.e., 1D CNTs, 2.5D GR, and 3D AC, respectively).31 The nitrogen-doped GR and AC were 134 

prepared following the same procedure to that of the NBCs, labelled as NG and NAC, respectively. 135 

To maintain the original tunnel structure of CNTs, the conventional doping process was selected 136 

to prepare the NCNTs (Text S2).16 The NCNTs, NGR, and NAC correspond to the nitrogen-doped 137 

carbon which possesses a lower dimension but similar defective and oxygen levels, a similar 138 

dimension despite much lower defect and oxygen moieties, and a comparable 139 

dimensional/defective structure except for its lower oxygen moieties compared with the NBCs, 140 

respectively, which serve to discern the contribution of respective electroactive components.  141 

Characterization. The detailed information about transmission electron microscopy (TEM, 142 

JEOL 2100F, Japan), Raman spectroscopy (Renishaw, UK), thermogravimetric analysis (TG, 143 

Rigaku Thermo Plus), X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, USA), 144 

etc. can be referred to Text S3. The EPR (Bruker, Germany) analysis was performed with different 145 

spin-trapping agents including 5,5-dimethyl-1-pyrrolidine N−Oxide (DMPO) and 2,2,6,6-146 

tetramethyl-4-piperidone (TEMP), and the specific experimental conditions are described in Text 147 

S4. 148 

Activity Evaluation and Analytical Methods. The catalytic activity of all the biochar samples 149 

was assessed in batch experiments using Oxone (2KHSO5ꞏKHSO4ꞏK2SO4, PMS precursor) as an 150 

oxidant in aqueous solution. Ubiquitous refractory phenolic organic pollutants omnipresent in 151 

industrial wastewater, which possess distinct electrochemical properties,32 were applied to 152 
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evaluate the nonradical carbocatalysis of the NBCs. Specifically, 100 mL solution containing a 153 

specific amount of pollutant (e.g., 100 mg L–1, corresponding to the industrial wastewater 154 

containing phenolic compounds ranging from 20 to 1200 mg L–1) was put in a 250 mL conical 155 

flask covered with foil. Subsequently, 500 mg L–1 biochar and 1 g L−1 Oxone powder (equivalent 156 

to 3.25 mM PMS) were added to initiate the reaction. All experiments were conducted at 25 ±1 ℃ 157 

with vigorous stirring at 200 rpm in an oscillator without light irradiation. Further information on 158 

the experimental protocol, analytical parameters for different organics, residual PMS, total carbon 159 

(TC) consisting of total organic carbon (TOC) and inorganic carbon (IC), in-situ Raman Analysis, 160 

etc. are available in Text S5, Text S6, and Text S7, respectively.  161 

Practical prospects. The durability of the selected NBC was evaluated based on a natural aging 162 

process (Text S8), which was similar to the pilot-scale production and storage of aged biochar in 163 

Kadoorie Farm, Hong Kong.33 Recyclability test and regeneration of spent biochar were 164 

implemented following a protocol reported in our previous work (Text S8).19 To evaluate the 165 

catalytic performance under field-relevant conditions, humic acid (HA) and several ubiquitous 166 

ions (i.e., Cl−, CO3
2−, and HCO3

−) were added as proxy of natural organic matter and background 167 

ions, respectively. The compositions of industrial phenolic wastewater were based on the previous 168 

reports (Table S7),34-36 and the measurement protocols are described in Text S9. 169 

 170 

RESULTS AND DISCUSSION 171 

Textural Characteristics of the NBCs. The SEM images in Figure S1 show that the original 172 

biochar produced from lignocellulosic biomass possessed a typical honeycomb structure with well-173 

developed macroporous feature. After ball milling, the BMDBC exhibited a disparate morphology 174 

from that of the original DBC with a smaller average size, lower macroporosity, and smoother 175 
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surface (Figure S1b). Specific surface area (SSA) of the BMDBC decreased to 246 m2 g–1 176 

compared with 366 m2 g–1 for the DBC, which might result from the collapse of porous structure 177 

as the total pore volume (Vtotal) decreased from 0.27 to 0.17 cm3 g–1 (Table S1). This phenomenon 178 

was also ascribed to the coverage of excessive nitrogenous contents. After the annealing process 179 

between 500 and 800 ℃, small improvements in the SSA (from 353 to 395 m2 g–1) and the porosity 180 

(from 0.28 to 0.31 cm3 g–1) were observed owing to the thermal cracking of nitrogen functionalities 181 

to evolve open-up pores.37 The micropore area (from 288 to 167 m2 g–1) and micropore volume 182 

(from 0.15 to 0.09 cm3 g–1) followed a deceasing trend with the increasing annealing temperature, 183 

which was in alignment with the nitrogen adsorption-desorption isotherm curves where the type-184 

Ⅳ hysteresis loops moved upwards to a relatively higher P/P0 region (Figure S2). It is expected 185 

that the textural properties of biochar matrices maintained stable because the subsequent annealing 186 

temperature did not exceed the pyrolytic temperature of original DBC (800 ℃), while the slight 187 

decrease in SSA along temperature increase might be due to the disorientation and corrugation of 188 

graphitic basal planes during thermal treatment.9 The increased average pore diameter (Dp) from 189 

2.91 to 3.59 nm and a higher mesoporous density of NBC800 (Figure S3) corroborated that a high 190 

annealing temperature at 800 ℃ led to a gradual transformation of micropores into mesopores.20, 191 

22  192 

Transition of Surface Functionalities into Dopants.  Elemental changes of the biochars after 193 

ball milling were unveiled using elemental analyser (Figure S4). Both carbon and oxygen levels 194 

showed a slight change after ball milling with NH3•H2O, while the overall nitrogen content 195 

significantly elevated from 0.04 to 0.8 wt.% (a 20-fold increase), indicating the successful 196 

introduction of nitrogen contents. The annealing process at 500 ℃ enriched the carbon level by 197 

5.44 wt.% and simultaneously decreased the oxygen level by 4.95 wt.%. This phenomenon might 198 
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result from the removal of labile surface oxygen contents that had been introduced during the wet 199 

ball milling.38, 39 With the increase of annealing temperature, the nitrogen element experienced a 200 

severe loss and declined to 0.23 wt.% for the NBC800 due to the weak thermodynamic stability of 201 

nitrogenous contents, while its oxygen level progressively increased to 6.24 wt.% due to the higher 202 

stability of ketonic −C=O.26, 40 Preservation of the ketonic −C=O was also confirmed in FTIR 203 

curves (Figure S5), where the characteristic peak at 1623 cm−1 assigned to the ketonic −C=O 204 

persisted irrespective of the temperature elevation. Other characteristic peaks including the 205 

aromatic −C=C or −C−H out of plane deformation at 886 cm−1 and the amino groups at ~3500 206 

cm−1 could be found in all biochars after nitrogen doping, while the −C=N peak located at 1498 207 

cm−1 could only be detected when the annealing temperature was higher than 600 ℃. The 208 

decreased intensity of the amino groups and the formation of −C=N over 600 ℃ implied the 209 

plausible transformation of amino functionality into the incorporated nitrogen dopants. This 210 

phenomenon might suggest that the transformation of surface amino groups into nitrogen dopants 211 

falls within the temperature range of 600−800 ℃.7   212 

Temperature-oriented Decomposition of Nitrogen Dopants. TG analysis under nitrogen 213 

environment was adopted to further verify the observed gradient change of nitrogenous contents 214 

under different temperature ranges (Figure 1a). The transcending mass decay (calculated by 215 

subtracting the mass loss of the background DBC) of the BMDBC at 600 ℃ was 1.7 wt.% while 216 

those for NBC500-800 were all around 0.8 wt.%, corroborating the temperature-oriented 217 

transformation of labile nitrogen contents.41 For the temperature ranging between 600 and 800 ℃, 218 

the difference in mass decay of the BMDBC further increased to 2.2 wt.%, which indicated that 219 

the nitrogenous dopants proceeded to decompose within this temperature range. Compared with 220 

the NBC500 and NBC600 with a transcending mass decay of 1.3 wt.% and 0.5 wt.%, respectively, 221 
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those for the NBC700 and NBC800 showed only slight differences from the background, which 222 

implied that the decomposition of pyrrolic and pyridinic N should occur below 700 ℃. The 223 

transcending mass decay at 1000 ℃ was employed to estimate the graphitic N level in the NBC700 224 

(0.3 wt.%), while the TG curve of the NBC800 almost overlapped with the background, indicating 225 

a complete decomposition of nitrogen dopants at 800 ℃. The decomposition feature of graphitic 226 

N in NBC (700−800 ℃) was similar to the cleavage of sp2-hybridized carbon-nitrogen bonding in 227 

carbon nitride (740 ℃). It is likely that the formation of electroactive nitrogen vacancies, which 228 

are commonly observed in carbon nitride after the fission of sp2-hybridized C−N, might also occur 229 

within NBC. In terms of XRD patterns for biochars (Figure S6), the exothermic peak at ~625 ℃ 230 

in the DTG stemmed from the decarbonation of calcite, a common ash content in lignocellulosic 231 

biomass, which showed nearly no decay difference among biochars and exhibited no reactivity in 232 

the catalytic reaction.  233 

The N 1s XPS spectra were evaluated to further explore the compositional distribution of 234 

nitrogen dopants (Figure 1b, Figure S7, and Table S2). The transformation of nitrogen species 235 

was found to display a sequential order, i.e., the amino groups dominated when the annealing 236 

temperature was lower than 600 ℃ before its transformation into pyrrolic N and pyridinic N 237 

between 600-700 ℃, then graphitic N took over as the main nitrogen species when the temperature 238 

was increased to 700 ℃, and finally a complete decomposition of nitrogen dopants at 800 ℃ (as 239 

illustrated by the proposed transformation scheme in Figure S8). This might indicate the gradual 240 

and temperature-oriented evolution of nitrogen dopants into nitrogen vacancies. With respect to 241 

the C 1s and O 1s spectra, two critical indicators were extracted to reveal the changes of surface 242 

chemistry on NBCs. The graphitization degree (C=C/C−C, Figure S9) suggested a positive linear 243 

relationship with the increase of annealing temperature, while the carbonylation degree (C=O/C−O, 244 
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Figure S10) showed a notable elevation when annealing temperature was escalated to 800 ℃. This 245 

appealing scenario might imply that the dopant decomposition also caused the interspecies 246 

transformation of the C=O/C−O, which could be accompanied with the generation of 247 

hydroquinone-type persistent free radicals (PFRs) as the intermediate product.42 Both the well-248 

developed graphitized carbon matrix and the evolvement of the PFRs were regarded as crucial 249 

factors for the nonradical activation of PMS.43-47  250 

Evolution of Nitrogen Vacancies. The surface lattice disorder of the NBCs was inspected using 251 

non-destructive Raman depth scanning with a penetrative depth of 0.8 nm.48 Raman curves were 252 

deconvoluted into several characteristic peaks, i.e., S band at 1290 cm−1 assigned to the 253 

transformation of sp2- to sp3-hybridization in carbon lattice, D band at 1350 cm−1 assigned to the 254 

defective and disorder arrangement of carbon atoms, V1 band at 1520 cm−1 assigned to the 255 

amorphous carbon and deterioration of crystallinity, V2 band at 1545 cm−1 assigned to the 256 

semicircle ring breathing, G1 band at 1590 cm−1 assigned to sp2-hybridized aromatics with 3-5 257 

rings, and G2 band at 1620 cm−1 assigned to the highly ordered sp2-hybridized aromatics.26, 49, 50 258 

The detailed information obtained from the deconvolution is summarized in Table S3 and Figure 259 

S11.  260 

Typical indictor, namely AD/AG, was first employed to illustrate the change of defective degree 261 

on the biochar surface. As the nitrogen dopants are energetically preferable to substitute carbon 262 

atoms at the edges,13 their decomposition is likely to increase the structural disorder and 263 

correspondingly promote the increase of defective level. The decomposition of nitrogen dopants 264 

positively correlated with the density of defects owing to the formation of nitrogen vacancies 265 

(Table S3). The AD/AG value maintained at ~0.40 in most of the biochars while the NBC800 266 

showed a distinct depth distribution from the others (Figure S9f). Accordingly, the curves assigned 267 
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to surface (NBC800-surface) and below 0.8 nm (NBC800-0.8) were separately deconvoluted. The 268 

NBC800-surface showed a higher AD/AG value of 1.82 than that of the NBC800-0.8 at 0.73, 269 

indicating that the surface of the NBC800 was enriched with more defects than its inner structure. 270 

The nature of these defects was elaborated using an indicator (AD/AV) with 3.5 as the borderline 271 

value.50 The carbons with an AD/AV value higher than 3.5 was perceived to possess more vacancies 272 

as the dominant defects, while the ones with a lower AD/AV value were supposed to contain a 273 

higher density of boundary edges.51 The surface of the NBC800 was primarily dominated by 274 

vacancies with an AD/AV value of 6.01, which was higher than others ranging from 0.26−1.57. All 275 

the above results corroborated the evolvement of nitrogen vacancies from dopant decomposition 276 

in NBC800.  277 

Impact of Dopant Decomposition on Graphitic Structure. Another indicator AG1/AG2 was 278 

adopted to further describe the disorder level of sp2-hybridized carbons, which corresponds to the 279 

ratio between randomly organized and well-condensed carbon units. The original DBC and 280 

NBC500-700 possessed a high AG1/AG2 value, probably resulting from the nonstoichiometric 281 

nature of biochar matrices. Intriguingly, the constitutive arrangement of carbon units on the 282 

NBC800 surface was highly ordered with an AG1/AG2 value of 0.72 lower than 2.92 for NBC800-283 

0.8 (Figure 2a and Figure S9g). This phenomenon might indicate that the nitrogen vacancies, 284 

unlike armchair or zig-zag defects which cause carbon disorders, would not disrupt the graphitic 285 

integrity. 286 

Compared with the TEM images of the original DBC, BMDBC, and NBC500-700 (Figure S12), 287 

the NBC800 demonstrated a distinctive graphitic morphology, consisting of lattice fringe at 0.25 288 

nm assigned to the stacking of graphite layers, with many graphitic nanosheets distributed over the 289 

carbon surface (Figure 2b).9 The TEM images of another three nitrogen-doped carbons (i.e., NAC, 290 
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NG, and NCNTs) were also obtained for direct comparison. Graphitic nanosheets on the NBC800 291 

was more similar to those on the NAC, although the density of graphitic nanosheets on the 292 

NBC800 was much greater.  293 

Catalytic Performance of the NBCs. Catalytic activities of the NBCs were evaluated using 294 

PMS, which possesses an asymmetric structure susceptible to nonradical activation, as the oxidant 295 

in the degradation of 4-chlorophenol (4-CH, pHa = 9.41). The obtained experimental data were 296 

fitted using the pseudo-first-order model (Figure S13). The addition of PMS alone could not 297 

decompose 4-CH (Figure 3a, less than 2%). The addition of DBC only elevated the removal rate 298 

to 9.1% while 8.1% of the 4-CH could be adsorbed in the absence of PMS, suggesting a weak 299 

catalytic ability of the unmodified DBC. Although CO2 activation can create a small amount of 300 

carbon vacancies on DBC, its trivial catalytic capacity implied that the mere carbon vacancies 301 

without any cooperation with other electroactive components could not anchor the peroxide 302 

molecules, which was in a good agreement with our recent findings.26 Conventional NBC derived 303 

from the direct thermal treatment of DBC with urea also demonstrated poor catalytic performance 304 

(less than 20%), probably because the nitrogen dopants can easily release under the high-305 

temperature environment due to the nonstoichiometric nature of CO2-activated carbon matrices.52 306 

After the wet ball milling to introduce amino groups, an increase in adsorption capacity of the 307 

BMDBC towards 4-CH (Figure 3b, 18.7%) was observed owing to a higher density of basic sites 308 

on the biochar surface, but the catalytic performance was still unfavorable (20.8%). With 309 

temperature-oriented annealing to tune the nitrogen dopants, the NBC500 (adsorption 9.3%, 310 

overall removal 12.4%) and NBC600 (adsorption 11.7%, overall removal 16.3%) exhibited 311 

marginal promotion, while the NBC700 (adsorption 32.5%, overall removal 61.4%) and NBC800 312 

(adsorption 38.7%, overall removal 90.9%) showed a remarkably improved performance in the 4-313 
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CH degradation. Considering that the SSA range of NBCs (from 353 to 395 m2 g–1) was 314 

comparable to that of the starting biochar DBC (366 m2 g–1), its small influence might be offset by 315 

the formation of nitrogen vacancies under an increasing temperature which played the major roles 316 

in the carbocatalysis. 317 

Impact of Dimensional Structure Properties. The SSA and AG1/AG2 were evaluated to 318 

investigate whether the structure properties influenced the availability of active sites. Results show 319 

that the increase of SSA could be positively correlated with the adsorption/removal ratio, 320 

confirming that the SSA prompted the process of organic adsorption as expected. However, a 321 

negative relationship could be found between the values of SSA and kobs, suggesting that another 322 

temperature-dependent property governed the availability of catalytic sites over SSA (Figure 3c). 323 

The relationship between the AG1/AG2 ratio and kinetic data is plotted in Figure 3d, in which 324 

representative carbons with different dimensional structures and their nitrogen-doped materials 325 

were studied for comparison. No obvious correlation could be constructed between various 326 

carbocatalysts, while the carbons with an AG1/AG2 ratio lower than ~2 (i.e., NBC700, NBC800, 327 

CNTs, and NCNTs) manifested a much stronger promotion on both the removal rate and kobs. 328 

Those nitrogen-doped carbons that underwent temperature-oriented annealing and possessed less 329 

labile nitrogen contents displayed a lower AG1/AG2 in contrast to their starting materials. Previous 330 

studies have reported that the heteroatoms doping can significantly promote the graphitization of 331 

carbons due to the sp2-hybridization nature of nitrogen dopants,2, 18 while it is interesting to reveal 332 

in this study that the introduction of nitrogen vacancies would not disrupt the graphitic structure.   333 

Although the NAC and NBC800 possessed a similar 3D structure, their catalytic performance 334 

differed to a large extent. Compared with the NAC with low removal rate and kobs (40.6%, 0.011 335 

min−1), more efficient catalytic degradation could be reached for the NBC800 (90.9%, 0.0375 336 
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min−1) with considerable 2.25- and 3.26-fold increases, respectively. The GR was selected as a 337 

highly graphitized 2.5D carbon material with scarce defects and oxygen-moieties on the surface.53 338 

Both the GR and NGR showed trivial contribution (less than 15%) to the carbocatalysis, implying 339 

that the intact sp2-hybridization structure merely displayed an electroneutral feature with a low 340 

reactivity.1, 9 Basically, the main difference between the NBC800 and NGR/NAC lies in the 341 

refractory surface oxygen contents, which determine the surface hydrophilicity and facilitate 342 

subsequent interaction with organics dissolved in the aqueous phase. With respect to the 1D CNTs-343 

based material, Ren et al. employed electrochemical technique to unravel the electron transfer 344 

regime on the NCNTs during the PMS activation for phenols oxidation, and highlighted the critical 345 

role of nonradical surface-confined metastable complex.16, 32  346 

Substrate Specificity. Given that phenols with various functionalities possess disparate 347 

electrochemical potentials,54 substrate specificity analysis based on different phenolic structures 348 

was conducted to explore the redox mechanisms and the potential involvement of surface-confined 349 

metastable PMS complex. The phenol (PH), hydroquinone (HQ), 4-CH, and 4-nitrophenol (4-NP) 350 

correspond to the phenolic structures connected with one or two electron-donating groups (−OH), 351 

an attached halogen atom that may scavenge radicals (−Cl), and an electron-withdrawing group 352 

(−NO2), respectively (Table S4). Only the NBC700 and NBC800 that represented the NBCs 353 

functionalized with graphitic N and nitrogen dopants, respectively, were selected to proceed the 354 

substrate specificity test. As shown in Figure S14, both the NBC700 and NBC800 demonstrated 355 

higher selectivity towards those phenols functionalized with electron-donating groups. The PH and 356 

HQ could be easily removed following an order of NBC800 (92.6% and 88.3%) > NCNTs (91.2% 357 

and 86.1%) > NBC700 (68.6% and 78.1%) > CNTs (63.6% and 42.1%). It was reported that the 358 

PH and HQ are prone to donate electrons in the electron-transfer regime, while the 4-NP shows 359 
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chemical reluctance to be oxidized.32 Both the NBC700 (13.4%) and NBC800 (34.4%) 360 

demonstrated much weaker catalytic performance in regard to the 4-NP remediation. This 361 

phenomenon was similar to the catalytic behavior of the CNTs and NCNTs which followed a 362 

nonradical pathway in the 4-NP degradation, indicating a similar nonradical feature under the 363 

catalysis of nitrogen vacancies. 364 

Redox Behavior in the Carbocatalysis. The mineralization degree of the 4-CH was evaluated, 365 

as high as ~90% of the TOC could be removed in the NBC800/PMS system, while that of the 366 

NCNTs was significantly lower (76.7%) although it showed a better removal rate and kobs than the 367 

NBC800 in the kinetics study (Figure S15). This scenario might illustrate the preponderance of 368 

NBC800 over the NCNTs in the organics removal, as low-dimensional materials are generally 369 

regarded to possess fewer hierarchical porous tunnels and less adsorptive sites to retain organics.31  370 

The amount of released chloride during the catalytic reaction was also monitored to investigate 371 

the conversion of 4-CH (Figure 4a). Both the CNTs (30.3 mg L−1) and NCTs (35.3 mg L−1) 372 

showed a higher Cl− release than those for the NBC700 (16.9 mg L−1) and NBC800 (22.7 mg L−1), 373 

which might be ascribed to the anion-π interaction with NBC that mitigated the ion release into 374 

the aqueous solution.55 The smaller amount of released Cl− was conducive to the catalytic reaction 375 

as Cl− would scavenge the surface ROS (eqs. 1 and 2).3  376 

Clି ൅ ∙ OH ൌ ∙ Cl ൅ OHି, k ൌ 4.3 ൈ  10ଽ Mିଵsିଵ                                                                       (1) 377 

Clି ൅ ∙ SOସ
ି ൌ ∙ Cl ൅ SOସ

ଶି, k ൌ 3.1 ൈ  10଼ Mିଵsିଵ                                                                     (2) 378 

The attenuation trend of the PMS against time is plotted in Figure 4a. The NBC700 and CNTs 379 

consumed less than 1.0 mM PMS, which was consistent with their catalytic performance. 380 

Compared with the NBC800 with a similar catalytic activity, the NCNTs proceeding the catalytic 381 

reaction through a nonradical pathway consumed more PMS in the 4-CH degradation (1.24 mM 382 
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vs. 1.55 mM). Strong organics degradation with a low consumption of peroxide is a characteristic 383 

feature for nonradical carbocatalysis.56 The nonradical pathway is more sustainable as it only 384 

targets at reacting with electron-rich organics and consumes less PMS molecules with minimal 385 

interference from the other background constituents (i.e., pH, background ions, water molecules) 386 

and/or self-scavenging effects.2 Lower PMS consumption of the NBC800 might suggest a different 387 

nonradical pathway based on the nitrogen vacancies in contrast to the electron transfer regime 388 

reported on the NCNTs. 389 

Superior PMS Affinity of Nitrogen Vacancies. The PMS adsorption capacities of the NBCs 390 

and CNTs after 30- and 180-min mixing were measured to probe their affinity towards the PMS 391 

at the initial and equilibrium stages (Figure S16), which could reflect the density of active sites 392 

throughout the biochar matrices. Both the DBC and CNTs showed a limited PMS adsorption in 393 

the absence of nitrogen doping, and the PMS adsorption predominantly happened in the initial 394 

stage. A linear correlation could be constructed with respect to the annealing temperature, which 395 

was related to the temperature-oriented transformation of nitrogen dopants. The NBC800 (0.432 396 

mM) exhibited a nearly identical equilibrium PMS adsorption amount to that of the NCNTs (0.429 397 

mM), suggesting that the affinity of nitrogen-doped biochar towards PMS played a key role in 398 

nonradical carbocatalysis.  399 

The equilibrium PMS adsorptive capacity was further correlated with point of zero charge (pHpzc, 400 

Figure S17) and kobs to explore the underlying interaction (Figure 4b). It was concluded that the 401 

PMS adsorption mainly depended on the electrostatic force, as reflected by a good linear 402 

relationship with the pHpzc values of NBCs. A low equilibrium PMS adsorptive capacity below 0.2 403 

mM marginally initiated the catalytic degradation (grey region), while the higher catalytic 404 

capacities of the NBC700 and NBC800 could be attributed to their stronger affinities towards the 405 
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PMS (0.285 and 0.432 mM). The two-stage pattern might be caused by the varied PMS affinities 406 

of different nitrogen species. Under the temperature range below 600 ℃, the dominating nitrogen 407 

species were pyrrolic N and pyridinic N, which probably possess lower PMS adsorption energies.57 408 

Under a higher temperature range over 700 ℃, the evolved graphitic N dominated and enhanced 409 

the affinity of adjacent carbon atom to attract negatively-charged PMS molecules, while the 410 

vacancies were likely to harbor negative PMS molecules due to the creation of positive holes.58 411 

The PMS adsorption amount could positively correlate with the formation and reactivity of the 412 

metastable complex.16 Nevertheless, the NAC with the highest equilibrium PMS adsorption of 413 

0.739 mM showed an inferior catalytic performance. This might suggest that a good affinity 414 

towards the PMS on the high-dimensional carbons is not the only prerequisite to prompt the 415 

nonradical degradation.  416 

Nature of Surface Complex on Nitrogen Vacancies. EPR spectrometer was employed to 417 

measure the G factors which can signify the density of polarized unpaired electrons possessing a 418 

paramagnetic feature (Figure 5a). The characteristic peak intensity for the DBC could be barely 419 

detected, while those for the NBCs continuously increased with the temperature. The 420 

decomposition of electron-rich nitrogen dopants led to a delocalized electron distribution towards 421 

the adjacent atoms, and a positive nitrogen vacancy could be generated to interact with the negative 422 

PMS anions. A good correlation was found between the equilibrium PMS adsorptive capacity and 423 

the G factors of the NBCs, suggesting that the PMS affinity was also associated with the surface 424 

PFRs categories. The g factors for the NBC700 and NBC800 were 2.0025 and 2.0021, respectively, 425 

which were lower than 2.0038 of the NBC500 and 2.0031 of the NBC600 (Table S5). The carbon-426 

centered PFRs (Landé factor range: 2.0020-2.0030) in NBC700 and NBC800 converted from the 427 

oxygenated carbon-centered PFRs (Landé factor range: 2.0030-2.0040) in NBC500 and 428 
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NBC600,59 and exhibited a higher activity in the PMS accumulation promoting the formation of 429 

surface complex. The oxygenated carbon-centered PFRs may also contribute to the formation of 430 

surface complex on the nitrogen vacancies, as evidenced by the C=C/C−C indicator obtained in 431 

the XPS analysis. The pH values of the NBC700/PMS and NBC800/PMS systems notably dropped 432 

from 6.0 ±0.2 to 3.2 ±0.4 after the PMS addition, suggesting that the formation of surface complex 433 

accompanied with the release of protons.  434 

In-situ Raman spectra of the NBCs were analyzed to understand the nature of surface-confined 435 

complexes (Figure 5b). Four characteristic peaks at approximately 835, 880 or 1071, and 978 436 

cm−1 correspond to the metastable surface-confined complex (*HSO5
−), the PMS molecules 437 

(HSO5
−), and the sulphate ions (HSO4

−), respectively. The peak areas assigned to *HSO5
− were 438 

calculated and plotted against kobs in the 4-CH degradation. The suspension was mixed for 30 s 439 

before the launch of 532 nm laser and the scanning was faster than the normal spectrum acquisition. 440 

Thus, the intensity of *HSO5
− was primarily controlled by the availability of nitrogen vacancies 441 

on the surface of NBCs. The kobs values were found to have a good linear relationship (R2 = 0.98) 442 

with the calculated peak areas for *HSO5
−, corroborating that the nitrogen vacancies accounted for 443 

the formation of surface-confined *HSO5
− to boost the nonradical degradation.  444 

Typical chemicals, ethanol (EtOH), tert-butanol (TBA), and NaN3, were selected as the radical 445 

scavengers to differentiate the types of the surface-confined ROS in the representative 446 

NBC800/PMS system (i.e., •OH, •SO4
-, and 1O2) (Figure S18). The EtOH could promptly quench 447 

all the ROS on carbon surface or in bulk solution, while the TBA and NaN3 selectively reacted 448 

with mere •OH and 1O2 released in solution, respectively (Table S6). Results indicate that the 449 

participation of EtOH significantly impeded the 4-CH degradation while TBA and NaN3 displayed 450 

only limited scavenging effects. These results may provide an additional evidence that the surface-451 



 

21 

confined ROS should account for the 4-CH degradation, demonstrating its nonradical feature in 452 

the NBC-based carbocatalysis without relying on free radicals. It should be remarked that the 453 

addition of alcoholic scavengers can drastically affect the adsorption capacities of high-454 

dimensional carbons towards organics and peroxides, not to mention that NaN3 directly consumes 455 

the PMS molecules at a high dosage.2, 60 Therefore, the results from scavenger experiments can 456 

only serve as a qualitative proof in the mechanistic study. The EPR spectra were obtained using 457 

the DMPO and TEMP as the spin trapping agents. Weak signals assigned to all the ROS could be 458 

detected (Figures S19 and S20). Previous studies have raised concerns over the spin trapping 459 

agents which are extremely susceptible to the ROS in aqueous phase.3 The results in this study 460 

may also indicate that they could not serve as a valid evidence for the ROS formed at the liquid-461 

carbon interface. Misleading information from the scavenger experiments and EPR spectrometer 462 

might be responsible for the inconsistent interpretation in the biochar studies, especially in the 463 

presence of nonradical surface complex.1  464 

Proposed Formation Pathway of Surface Complex. Overall, the plausible carbocatalysis 465 

mechanisms in the PMS activation for the NBCs can be unveiled. With respect to the commonly 466 

reported active sites (graphitic N), the nitrogen dopants could generate a dipole moment 467 

(electronegativity, χC = 2.55 < χN = 3.04) with the positively-charged adjacent carbon atom to bind 468 

with the negative PMS anion, and the negatively-charged nitrogen center as the electron donor to 469 

cleave the peroxide bond via an electron transfer process (eq. 3).61 However, this process is usually 470 

low in efficiency due to the generation of by-product peroxymonosulfate anion radicals (•SO5
−) 471 

with a moderate oxidizing power.2 As evidenced in the Raman and XPS analyses, the 472 

decomposition of nitrogen dopants could lead to the formation of positive nitrogen vacancies with 473 

a polarized electron distribution over the adjacent atoms to create respective PFRs. Consequently, 474 
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the newly formed carbon-centered PFRs (major fraction, eq. 4) and the oxygenated carbon-475 

centered PFRs (minor fraction, eq. 5) attracted PMS anion to induce the generation of metastable 476 

surface-confined complex *HSO5
− through a hydrogen abstraction process, which could facilitate 477 

a high-efficiency carbocatalysis. This catalytic pathway is basically nonradical with a low 478 

consumption of the PMS molecules.  479 

                                                (3) 480 

                                                (4) 481 

                                                (5) 482 

Durability and Reusability. To evaluate the durability of nitrogen vacancy, the NBC800 was 483 

subjected to the natural aging process. Only a slight discrepancy of the 4-CH catalytic degradation 484 

was observed between the aged and fresh NBC800 (87.4% vs. 90.9%, Figure S21). EPR spectra 485 

indicated that the aged NBC800 possessed a higher G factor than that of the fresh NBC800 (2.0026 486 

vs. 2.0021, Figure S22), suggesting that the carbon-centered PFRs partly transformed into their 487 

oxygenated state due to natural rainfall and atmospheric oxidation. Although its EPR intensity 488 

moderately decreased after natural aging, it seems that the PMS affinity of nitrogen vacancy was 489 
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marginally influenced (0.401 mM vs. 0.432 mM, Figure S23), whereas the PMS adsorptive 490 

capacity of aged NBC800 deviated from the linear correlation constructed among NBCs. Therefore, 491 

the natural aging process introduced oxygen contents but hardly attenuated the nitrogen vacancy 492 

and its adjacent carbon-centered PFRs. This phenomenon also signified the chemical perseverance 493 

of nitrogen vacancy and its electroactive selectivity to specified nucleophiles. Given that the 494 

conventional electron-donating PFRs (e.g., oxygen-centered type) are unstable under synthetic 495 

procedure (> 700 ℃) and natural conditions,20, 42, 62 nitrogen vacancy on biochar can promise good 496 

flexibility to cater for the industry-specific operational conditions in practical applications.  497 

The recyclability and regeneration tests were also carried out (Figure S21). The results showed 498 

that the catalytic capacities of the spent NBC800 dropped to 54.1% in the 2nd run and 29.6% in the 499 

3rd run. The thermal annealing treatment could remediate its efficacy to 54.8%, comparable to that 500 

in the 2nd run. This might suggest that some of the nitrogen vacancies and adjacent PFRs were 501 

irreversibly consumed in the 1st run, whereas the regenerative hybrid structures including edging 502 

sites, oxygen functionalities, and sp2-hybridized basal planes accounted for the remaining 503 

carbocatalysis.58 While the formation of nitrogen vacancy can offer durable and flexible features, 504 

the deactivation mechanisms and regeneration of heteroatoms still require further evaluation in 505 

practical conditions.  506 

Treatment of Simulated Phenolic Wastewater. Seven types of simulated phenolic wastewater 507 

were configured and Types I, II, and III were indicative of the industrial wastewater containing 508 

single, multiple, and total kinds of phenols, respectively (Table S7). In Types I-1 to I-4 with 509 

respective phenolic components, their TOC and BOD degradation rates followed a similar pattern 510 

to those in the substrate-specific study, where Type II-4 containing 4-NP showed the lowest 511 

removal efficiencies (TOC: 18.7%, COD: 41.8%). Regarding the individual removal of each 512 
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phenol (Figure S25), there was only a minor drop by 14.8% in the 4-CH degradation while its 513 

TOC degradation rate declined by 40.6%. By comparing the trends in Types II and III, the 514 

involvement of electron-deficient 4-NP showed a restrained efficiency for nitrogen vacancy based 515 

carbocatalysis. These results indicated that the coexisting components in the simulated phenolic 516 

wastewater compromised to some extent the formation of surface-bound complexes, hence the 517 

mineralization extent and toxicological analysis might require future investigation.  518 

It is noted that over 70% of the inorganic carbon contents (CO3
2− and HCO3

−) was detained 519 

within the biochar matrices when single phenolic component was involved (Type I), whereas a 520 

high strength of phenolic compounds (Types II and III) occupied the active sites and led to a lower 521 

inorganics removal in the range of 16.8-22.1% (Figure S24), indicative of the higher affinity of 522 

phenolic compounds over background ions. In addition, all types of the simulated wastewater were 523 

originally non-biodegradable with the BOD/COD ratios lower than 0.02,63 while their BOD/COD 524 

ratios displayed a 26- to 105-fold improvement after the nitrogen vacancy based carbocatalysis, 525 

which shows a good prospect to be integrated with other wastewater treatment units. 526 

Environmental Implications. In this work, we proposed and implemented a hypothesis-driven 527 

manipulation over the design of NBCs to rule out the interferences from the other redox-active 528 

components on the original biochar matrices. Herein, mechanistic formation of nonradical surface 529 

complex on the NBCs was elaborated. The decomposition of introduced nitrogen dopants was 530 

found to create reactive nitrogen vacancies, which had been overlooked in the existing literatures. 531 

Further EPR and in-situ Raman analyses uncovered that the PFRs (i.e., carbon-centered and 532 

oxygenated carbon-centered types) adjacent to the nitrogen vacancies might be the essential active 533 

sites of the NBCs. The formation of surface-bound complexes was determined by the hydrogen 534 

abstraction process rather than the conventional electron transfer. The reaction rate coefficient in 535 
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the carbocatalysis was primarily governed by PMS adsorptive capacities of the NBCs, which were 536 

in alignment with the densities of the nitrogen vacancies and PFRs formed on the graphitic units. 537 

Nonradical carbocatalysis based on the nitrogen vacancies of graphitic biochar exhibited 538 

comparable efficacy to that of the commercial NCNTs-based system. Furthermore, the nitrogen 539 

vacancy based carbocatalysis showed both good flexibility and catalytic performance in the 540 

remediation of simulated phenolic wastewater. Overall, we believe that the unveiling of catalytic 541 

mechanisms in the economical and environmentally benign NBC system could deliver more fit-542 

for-purpose solutions towards sustainable and practical industrial wastewater treatment.  543 
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