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Abstract 13 

Graphitic carbon nitride (g-C3N4) has enormous potential for photocatalysis, but 14 

only possesses moderate activity because of excitonic effects and sluggish charge 15 

transfer. Herein, metal-free heterostructure photocatalyst constructed by boron nitride 16 

quantum dots (BNQDs) and ultrathin porous g-C3N4 (UPCN) was successfully 17 

developed for overcoming these defects. Results showed that the BNQDs loaded UPCN 18 

can simultaneously promote the dissociation of excitons and accelerate the transfer of 19 

charges owing to the negatively charged functional groups on the surface of BNQDs as 20 

well as the ultrathin and porous nanostructure of g-C3N4. Benefiting from the intensified 21 

exciton dissociation and charge transfer, the BNQDs/UPCN (BU) photocatalyst 22 

presented superior visible-light-driven molecular oxygen activation ability, such as 23 

superoxide radical (•O2
−) generation and hydrogen peroxide (H2O2) production. The 24 

average •O2
− generation rate of the optimal sample (BU-3) was estimated to be 0.25 25 

μmol L-1 min-1, which was about 2.3 and 1.6 times than that of bulk g-C3N4 and UPCN. 26 

Moreover, the H2O2 production by BU-3 was also higher than that of bulk g-C3N4 27 

(22.77 μmol L-1) and UPCN (36.13 μmol L-1), and reached 72.30 μmol L-1 over 60 min. 28 

This work reveals how rational combination of g-C3N4 with BNQDs can endow it with 29 

improved photocatalytic activity for molecular oxygen activation, and provides a novel 30 

metal-free and highly efficient photocatalyst for environmental remediation and energy 31 

conversion. 32 

Keywords: Boron nitride quantum dots; Ultrathin porous g-C3N4; Exciton dissociation; 33 

Photocatalytic molecular oxygen activation; H2O2 production 34 
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1. Introduction 35 

On the journey to develop green and sustainable technology to resolve global 36 

problems of environmental pollution and energy shortage, photocatalytic activating 37 

molecular oxygen to superoxide radical (•O2
−) and hydrogen peroxide (H2O2) is 38 

deemed to be an ideal way [1-5]. On the one hand, molecular oxygen activation can be 39 

acquired by solar energy in the presence of proper photocatalyst wherein oxygen is 40 

reduced by photo-excited electrons [6-8]. On the other hand, •O2
− and H2O2 are all 41 

versatile clean oxidant for environmental remediation, while H2O2 is also a promising 42 

clean energy which can be applied for electricity generation in single compartment cells 43 

[9-11]. Therefore, it is of great interest to exploit solar energy to realize molecular 44 

oxygen activation, particularly in view of the environmental cost [12, 13]. Nevertheless, 45 

the lack of efficient, stable, green and inexpensive catalysts for such photocatalytic 46 

molecular oxygen activation remains a principal issue [14, 15]. 47 

Graphitic carbon nitride (g-C3N4), as a typical metal-free polymeric semiconductor, 48 

has been regarded as ideal photocatalyst in molecular oxygen activation owing to its 49 

merits of environmental benignity, facile synthesis, visible light response and excellent 50 

physicochemical stability [9, 16]. Hirai and co-workers [16] found that g-C3N4 has a 51 

great potential to produce H2O2 under visible light irradiation. Zhang et al. [17] reported 52 

that molecular oxygen can be activated from visible light of semicrystalline carbon 53 

nitride containing abundant order-disorder interfaces. Wang’s group [10] demonstrated 54 

that the combination of black phosphorus with polymeric carbon nitride significantly 55 

promotes the photocatalytic activation of molecular oxygen (•O2
− evolution and H2O2 56 

Ac
ce
pt
ed
 M
S



4 

 

production). However, bulk g-C3N4 only exhibits moderate photocatalytic activity in 57 

most cases for two well-known reasons. Firstly, bulk g-C3N4 normally generates plenty 58 

of Frenkel excitons during photoexcitation process [18]. Due to the strong Coulomb 59 

interaction between Frenkel exciton, bulk g-C3N4 presents high exciton binding energy, 60 

resulting in slow exciton dissociation and serious charge recombination [17, 19]. 61 

Secondly, because of the small specific surface area of bulk g-C3N4, even if the excitons 62 

split to free charges, the transfer of charges will be hindered [20]. And insufficient 63 

reaction active sites on the surface of g-C3N4 may also leads to the sluggish reaction 64 

kinetics. To address these challenges, various strategies have been exploited to promote 65 

the photocatalytic performance of bulk g-C3N4 [21-23]. 66 

Construction of nanostructures with special shapes, especially two-dimensional 67 

(2D) ultrathin and porous nanostructures, is considered to be an effective method to 68 

improve the photocatalytic activity of bulk g-C3N4 [24, 25]. In comparison with bulk 69 

g-C3N4, ultrathin porous g-C3N4 has shorter diffusion pathways and higher specific 70 

surface area, which accelerate the dissociation of excitons and the transfer of free 71 

charges, and provide more active sites. Hence many attempts have been made to 72 

develop highly efficient ultrathin porous g-C3N4. Zhu et al. [26] prepared single atomic 73 

layer structured g-C3N4 nanosheets through chemical exfoliation method, promoting 74 

the transfer and separation of photo-generated charge carrier. Tian et al. [27] adopted 75 

precursor-reforming strategy to synthesize the mesoporous ultrathin g-C3N4, which 76 

enhanced the photocatalytic activity toward hydrogen production. Recently, our group 77 

synthesized a series of g-C3N4 with ultrathin and porous nanostructures, which 78 
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exhibited significantly improved visible-light-driven photocatalytic performance for 79 

environmental remediation owing to the large specific surface area and efficient exciton 80 

dissociation as well as charge transfer [28, 29]. 81 

Beside microstructure modulation, implanting g-C3N4 with nonmetal materials 82 

(for example, graphene [30], carbon quantum dots [31], black phosphorus [10] and 83 

hexagonal boron nitride [32]) has also been widely investigated to elevate the 84 

photocatalytic activity. Hexagonal boron nitride (h-BN), known as “white graphene”, 85 

possesses some peculiar properties including low toxicity, high chemical and thermal 86 

stability as well as excellent charge transfer ability, and thus has aroused rising concern 87 

over the past few years [33, 34]. Up to now, different kinds of h-BN-based 88 

heterostructure photocatalysts, such as, h-BN/g-C3N4 [32], h-BN/TiO2 [35] and h-89 

BN/Ag3PO4 [36] have been demonstrated with superior photocatalytic activity. 90 

Importantly, recent study of Haastrup’s team [37] has theoretically shown that h-BN 91 

can remarkably advance the rate of exciton dissociation in monolayer MoS2, indicating 92 

that h-BN have a great potential in photocatalysis. Furthermore, with the size of h-BN 93 

shrinking to the quantum dot level, the edge effects and defect centers appear on the 94 

boron nitride quantum dots (BNQDs), which endow them with fascinating fluorescence 95 

properties and excellent dispersibility [38]. Accordingly, it can be reasonably deduced 96 

that the negatively charged oxygen-containing groups on the BNQDs will attract the 97 

photo-excited holes, and thus promote the dissociation efficiency of excitons and boost 98 

the separation of charges. Similar behavior was previously observed with polyethylene 99 

glycol-functionalized graphene quantum dots [39]. However, to the best of our 100 
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knowledge, the investigation about the roles of BNQDs in photocatalysis is still limited. 101 

Inspired by the above considerations, herein we design and construct a novel 102 

metal-free boron nitride quantum dots decorated ultrathin porous g-C3N4 103 

(BNQDs/UPCN) heterostructure. The exciton dissociation and charge transfer abilities 104 

of BNQDs/UPCN are assessed by steady-state photoluminescence (PL) and time-105 

resolved photoluminescence (TRPL) techniques as well as photoelectrochemical tests. 106 

Moreover, the photocatalytic activities of BNQDs/UPCN for the degradation of 107 

oxytetracycline hydrochloride (OTC-HCl) and production of H2O2 are detailedly 108 

investigated. Finally, the reasonable photocatalytic mechanisms over the 109 

BNQDs/UPCN photocatalyst are proposed. 110 

2. Experimental section 111 

2.1. Preparation of photocatalysts 112 

2.1.1. Preparation of the ultrathin porous g-C3N4 113 

The ultrathin porous g-C3N4 (UPCN) was synthesized through a template-free 114 

precursor-surface-etching method followed by a thermal polymerization process [40]. 115 

Typically, 1.207 g of thiourea was dissolved in 60 mL of deionized water, and then 116 

2.000 g of melamine was uniformly dispersed in the thiourea solution under magnetic 117 

stirring for 30 min. The mixture was subsequently transferred into a 100 mL stainless 118 

steel autoclave with Teflon liner and heated at 180 ℃ for 20 h in an oven. The resulting 119 

product was gathered through vacuum filtration and respectively washed with 120 

deionized water and ethanol for three times, and then dried at 70 ℃ for 6 h. Finally, the 121 

precursor sample was placed in a crucible with a cover and calcined at 520 ℃ for 3 h 122 
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with the heating rate of 2.3 ℃ min-1, followed by cooling to room temperature naturally 123 

to yield the UPCN. Besides, bulk g-C3N4 (CN) was synthesized via directly annealing 124 

2.000 g of melamine at 520 ℃ for 3 h with the heating rate of 2.3 ℃ min-1. 125 

2.1.2. Preparation of the boron nitride quantum dots 126 

The boron nitride quantum dots (BNQDs) were synthesized through a facile 127 

hydrothermal procedure [41]. In detail, 0.100 g of boric acid was dissolved in 10 mL of 128 

deionized water, and then 0.034 g of melamine was added to the boric acid solution 129 

under stirring. After stirring for 20 min, the suspension was transferred into a 25 mL 130 

Teflon-lined autoclave and kept at 200 ℃ for 15 h. After cooling to room temperature, 131 

the product was gathered and filtered with ultrafiltration membrane (0.22 μm) to 132 

remove large particles. Finally, an aqueous solution containing BNQDs was obtained. 133 

2.1.3. Preparation of the BNQDs/UPCN photocatalysts 134 

The BNQDs/UPCN (BU) photocatalysts were prepared as follows. Firstly, 0.300 135 

g of UPCN was uniformly dispersed in 50 mL of ethanol and sonicated for 60 min. 136 

Subsequently, a certain volume of BNQDs solution was added dropwise to the above 137 

suspension and stirred for 24 h. Finally, after ethanol was completely vaporized, the BU 138 

photocatalysts were collected and dried in a vacuum oven at 70 ℃. BU photocatalysts 139 

with different BNQDs content designated as BU-X, where “X” denote as the added 140 

volume of BNQDs solution (X = 0.5, 1, 3, 5 mL). 141 

2.2. Characterizations 142 

X-ray diffraction (XRD) patterns of the samples were measured on a Bruker D8 143 

Advance instrument with Cu Kα radiation (λ = 0.15418 nm). Fourier transform infrared 144 
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(FTIR) spectra were collected on a Shimadzu IRAffinity-1 spectrometer using samples 145 

embedded in potassium bromide (KBr) pellets. Transmission electron microscopy 146 

(TEM) test was carried out on a FEI Tecnai G2 F20 S-TWIN electron microscope at an 147 

accelerating voltage of 200 kV. The mapping was collected on a FEI Quanta 250 148 

scanning electron microscopy (SEM) with energy-disperse X-ray spectroscopy (EDS). 149 

Atomic force microscopy (AFM) test was performed on a Bruker Multimode 8 150 

instrument. Brunauer-Emmett-Teller (BET) specific surface area were measured by 151 

nitrogen adsorption-desorption method using a Micromeritics ASAP 2020 HD88 152 

instrument. X-ray photoelectron spectroscopy (XPS) was collected on a Thermo 153 

Escalab 250Xi spectrometer with Al Kα (hv = 1486.6 eV) as the excitation source. 154 

Ultraviolet visible diffuse reflectance spectra (UV-vis DRS) were recorded on a Varian 155 

Cary 300 spectrophotometer from 350 to 700 nm (BaSO4 as reference material). 156 

Photoluminescence (PL) spectra were monitored at room temperature on a PerkinElmer 157 

LS-55 fluorescence spectrophotometer with an excitation wavelength of 320 nm. Time-158 

resolved photoluminescence (TRPL) spectra were measured on a fluorescence 159 

spectrophotometer (FLS 980, Edinburgh Instruments). 160 

2.3. Photoelectrochemical measurements 161 

The photoeletrochemical measurements were conducted on a Chenhua CHI 760E 162 

electrochemical workstation with a standard three-electrode model. Na2SO4 aqueous 163 

solution (0.2 M) was used as the electrolyte. A 300 W xenon lamp (CEL-HXF300, 164 

Ceaulight) fitted with a 420 nm cutoff filter was utilized to provide light source. The 165 

working electrode was prepared as follows: 10 mg of the sample was added into 100 166 
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μL of 25% (W/V) PVA solution under ultrasonic treatment to get slurry. Then, the slurry 167 

was coated onto a fluorine-doped tinoxide (FTO) glass (1 × 2 cm2) which was 168 

respectively precleaned by acetone, ethanol and deionized water. Finally, the obtained 169 

electrode was dried at 80 ℃ for 4 h and heated to 120 ℃ calcined for 1 h. The platinum 170 

wire and Ag/AgCl electrode were utilized as the counter electrode and reference 171 

electrode, respectively. The transient photocurrent response was measured on an 172 

applied voltage of 0 V with the light on or off. The electrochemical impedance 173 

spectroscopy (EIS) was collected on an applied voltage of 0 V with an amplitude of 174 

0.005 V over a frequency between 10-2 and 105 Hz. Moreover, Mott-Schottky curve 175 

were also recorded at the frequency of 1000 Hz. 176 

2.4. Photocatalytic degradation evaluation 177 

The photocatalytic activity of all the samples was evaluated by measuring the 178 

degradation of OTC-HCl under visible light. A 300 W xenon lamp (CEL-HXF300, 179 

Ceaulight) fitted with a 420 nm cutoff filter was utilized to provide light source. 180 

Typically, the sample (50 mg) was dispersed in 50 mL of OTC-HCl aqueous solution 181 

(10 mg L-1). Prior to irradiation, the suspension was stirred in the darkness for 30 min 182 

to reach the adsorption-desorption equilibrium [42-44]. During irradiation, about 3 mL 183 

of the reaction solution was taken out at the given irradiation time intervals and 184 

centrifuged to remove the powder, and then filtrated with a millipore filter (0.45 μm). 185 

The concentration of OTC-HCl was measured by a Shimadzu UV-2700 186 

spectrophotometer at its characteristic absorbance peak (353 nm). The degradation 187 

intermediates of OTC-HCl were identified by using a liquid chromatography coupled 188 
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with tandem mass spectrometry (LC-MS/MS) system. The detailed steps were 189 

presented in Supplementary Material. Moreover, the total organic carbon (TOC) assays 190 

were performed on a Shimadzu TOC-VCPH analyzer. To assess the stability of the 191 

sample, after one trial, the powder was gathered via centrifugation and respectively 192 

washed with deionized water and ethanol, and dried for the cycle experiment. 193 

For identifying the active species produced in photocatalytic OTC-HCl 194 

degradation process of BU-3, the trapping agents, including 4-hydroxy-2,2,6,6-195 

tetramethylpiperidinyloxy (TEMPOL), isopropanol (IPA) and 196 

ethylenediaminetetraacetic acid disodium (EDTA-2Na) were utilized to trapping 197 

superoxide radicals (•O2
−), hydroxyl radicals (•OH) and photo-excited holes (h+), 198 

respectively [45]. During the photocatalytic reaction, 5 mM of different quenching 199 

agents were dissolved in the OTC-HCl solution. The subsequent operations are the 200 

same as the above photocatalytic degradation experiment. Additionally, the electron 201 

spin response (ESR) signals of •O2
− and •OH were monitored on a JEOL JES-FA200 202 

spectrometer under visible light irradiation (λ > 420 nm), where 5,5-dimethyl-1-203 

pyrroline N-oxide (DMPO) was used as spin-trapped reagent. The concentration of •O2
− 204 

was estimated by nitroblue tetrazolium (NBT) transformation experiments. The 205 

procedure is similar to the aforementioned photocatalytic performance tests with 206 

replacing 10 mg L-1 OTC-HCl with 0.015 mM NBT. NBT concentration was analyzed 207 

by recording the absorbance around 260 nm with a Shimadzu UV-2700 208 

spectrophotometer. 209 

2.5. Photocatalytic hydrogen peroxide production test 210 
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The photocatalytic hydrogen peroxide (H2O2) production test was conducted by 211 

adding 50 mg of photocatalyst in the mixed solution containing 5 mL of isopropanol 212 

(IPA) and 45 mL of deionized water (IPA as the electron and proton donor). Before 213 

irradiation, the suspension was first ultrasonically dispersed for 10 min, and then stirred 214 

in the dark for 60 min with O2 bubbling to achieve the adsorption-desorption 215 

equilibrium. The suspension was subsequently irradiated by a 300 W xenon lamp (CEL-216 

HXF300, Ceaulight) fitted with a 420 nm cutoff filter. At given time intervals, 3 mL of 217 

suspension was sampled, centrifuged and filtrated with a millipore filter (0.45 μm) to 218 

remove the photocatalyst. The amount of H2O2 was determined by iodometry [9]. 219 

Typically, 1 mL potassium hydrogen phthalate (C8H5KO4) aqueous solution (0.1 M) 220 

and 1 mL potassium iodide (KI) aqueous solution (0.4 M) were added to the above 221 

solution, and kept for 30 min. Under acidic condition, the H2O2 molecules will react 222 

with I− to generate I3
− (H2O2 + 3I− + 2H+ → I3

− + 2H2O). The amount of I3
− was 223 

measured by a Shimadzu UV-2700 spectrophotometer at its characteristic absorbance 224 

peak (350 nm), and then the amount of H2O2 generated in the reaction was obtained. 225 

3. Results and discussion 226 

3.1. Physicochemical properties 227 

To clarify the crystal structures and chemical features of these samples, XRD and 228 

FTIR tests were performed. As displayed in Fig. 1a, XRD patterns of all the samples 229 

exhibit two similar diffraction peaks which locate at about 13.1° and 27.5°, respectively. 230 

The stronger band at 27.5° is indexed to the (002) crystal plane, originating from the 231 

stacking reflection of conjugated planes. While the weaker peak loaded at 13.1° is 232 
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assigned to (100) plane, which is associated with the repetition of nonplanar units [29]. 233 

Compared to CN, the peaks of UPCN become broader and weaker, which is ascribed 234 

to the porous and ultrathin structure of UPCN. Moreover, after loading of the BNQDs, 235 

no significant difference can be seen and no clear boron nitride peaks can be detected. 236 

The result suggests that the basic structure of these samples is tetragonal phase g-C3N4 237 

and the crystal phase and orientation of g-C3N4 have no apparent changes after 238 

modification. Meanwhile, it also indicates the low content of BNQDs on the BU 239 

samples. Moreover, Fig. 1b presents FTIR spectra of the investigated samples and it is 240 

obvious that all the samples show the similar framework. Specifically, the peak situated 241 

at 810 cm-1 is characteristic signal of triazine units, and the group of peaks between 242 

1200 and 1700 cm-1 is ascribed to the typical stretching vibration modes of C-N 243 

heterocycles. In addition, the broad peaks ranging from 3000 to 3400 cm-1 correspond 244 

to -NH and -OH stretching vibrations, indicating that some exposed nitrogen atoms in 245 

g-C3N4 are partially hydrogenated [32, 46]. No distinct peaks of g-C3N4 alter, and no 246 

boron nitride peaks on BU samples appear, further demonstrating the fundamental 247 

structure of g-C3N4 and the limited amount of BNQDs on these samples. 248 

TEM images were collected for getting the direct information about morphology 249 

and structure of the samples. From Fig. 2a and b, the prepared BNQDs show spherical 250 

morphology, and are mainly distributed in 2-4 nm with the average lateral size of about 251 

3 nm, which are in agreement with the previous report [41]. Meanwhile, in comparison 252 

with the compact bulk structure of CN in Fig. 2c, the UPCN possesses a clear thinner 253 

and porous structure (Fig. 2d). However, the original smooth surface of UPCN becomes 254 
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rough after loading BNQDs, and some dark dots and pores can be directly observed on 255 

the BU-3 sample (Fig. 2e and f). The high-resolution TEM (HRTEM) image of BU-3 256 

further reveals the presence of BNQDs. As exhibited in the insert of Fig. 2f, the dark 257 

dot from BU-3 sample has an obvious lattice fringes of 0.21 nm, which is in coincidence 258 

with the (100) facet of BN [38, 41]. Furthermore, the SEM-EDS elemental mapping of 259 

BU-3 (Fig. 2g) also certifies the existence of B, C and N elements, which are uniformly 260 

distributed across the sample. These results clearly state the tight hybridization of boron 261 

nitride quantum dots with ultrathin porous g-C3N4 nanosheets for BU-3 sample. 262 

The thickness of BU-3 was determined by AFM, and the AFM image and the 263 

corresponding height distribution profile are presented in Fig. 3a and b, respectively. 264 

As shown in Fig. 3b, the average thickness of the nanosheet is about 2.6 nm, 265 

demonstrating the ultrathin nanosheet structure of BU-3, which embodies about 7 266 

atomic layers of g-C3N4. Meanwhile, the extra 0.7 nm height can be attributed to the 267 

different layer of g-C3N4 according to the Fig. 2e [40]. Besides, Fig. 3c displays the 268 

nitrogen adsorption-desorption isotherms and the pore size distribution curves for CN, 269 

UPCN and BU-3. According to the IUPAC classification, the CN holds a type II 270 

isotherm while the UPCN and BU-3 possess a type IV isotherm, indicating the 271 

characteristics of nonporous and mesoporous materials, respectively [27, 40, 47]. The 272 

pore size distribution curves (insert of Fig. 3c) also prove these results. Moreover, the 273 

BET specific surface areas of CN, UPCN and BU-3 are measured to be 6.2, 23.2 and 274 

24.5 m2 g-1, which increase in turn and will provide more reaction active sites for 275 

photocatalysis. These results further highlight the ultrathin and porous nanostructures 276 
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of BU-3 as well as the successful introduction of BNQDs. 277 

XPS technique was utilized to analyze the surface chemical states of the samples. 278 

As exhibited in Fig. 4a, three elements of C, N and O are detected in the UPCN while 279 

four elements of B, C, N and O are found in the BU-3. The signal of O element is 280 

attributed to the chemisorbed oxygen. To get detailed chemical states information, the 281 

high-resolution XPS spectra of C 1s, N 1s and B 1s were recorded. For C 1s, as 282 

illustrated in Fig. 4b, three peaks at the binding energies of 284.8, 286.0 and 288.4 eV 283 

can be seen. The binding energy at 284.8 eV is related to the adventitious carbon 284 

contamination during the measurement [40]. The binding energies at 286.0 and 288.4 285 

eV can be ascribed to sp3-coordinated carbon (C-N) and sp2-hybridized carbon (N-286 

C=N), respectively [48]. Meanwhile, the N 1s spectrum in Fig. 4c can be divided into 287 

three peaks at 398.8, 399.5 and 401.1 eV, which are assigned to the sp2-bonded nitrogen 288 

in C=N-C, the N-(C)3 groups of skeleton, and the terminal C-N-H amino functions, 289 

respectively [29]. Compared with UPCN, the new binding energies at 398.2 and 399.2 290 

eV of BU-3 are assigned to N-B and C-N-B bonds [49]. Additionally, the B 1s spectrum 291 

of BU-3 can be deconvoluted into two peaks as shown in Fig. 4d. The stronger peak at 292 

190.6 eV is a characteristic signal for the B-N stretching vibration, while the weaker 293 

peak appearing at 191.9 eV is referred to B-O bonds, indicating the existence of oxygen-294 

containing groups on the surface of BNQDs [38, 41]. Therefore, combining with the 295 

mentioned above results, it can be concluded that the successful preparation of 296 

BNQDs/UPCN photocatalysts. 297 

Fig. 5a depicts UV-vis DRS of the as-prepared samples. The CN exhibits almost 298 
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no light absorption above 500 nm, whereas the UPCN presents elevated visible light 299 

absorption because the porous structure can promote the multiple reflection of incident 300 

light [40]. Compared with the UPCN, the absorption edge of BU samples shows 301 

somewhat blue-shift due to the existence of BNQDs, but they still hold distinct visible 302 

light absorption. The band gap energy of CN and UPCN were evaluated through the 303 

transformational Taus plots acquired from the Kubellka-Munk function. As seen from 304 

the Fig. 5b, the band gap energy is determined to be 2.56 and 2.54 eV for CN and UPCN, 305 

respectively. The UPCN possessed a narrower band gap than CN, which could be 306 

ascribed to a small amount of N self-doping [27, 40]. The valence band (VB) XPS 307 

technique was used to obtain the information of VB. From Fig. 5c, the VB potential of 308 

CN and UPCN are estimated to be 1.62 and 1.59 V, respectively. Therefore, the 309 

conduction band (CB) potential of CN and UPCN are calculated to be –0.94 and –0.95 310 

V from the formula ECB = EVB – Eg (Eg, ECB and EVB indicate the band gap energy, CB 311 

potential and VB potential) [50, 51], and the detailed band structure diagram is 312 

illustrated in Fig. 5d. 313 

3.2. Exciton dissociation and charge transfer abilities 314 

In organic semiconductors, photo-excited electrons and holes are easily bound 315 

together to generate excitons [19, 20]. However, effective exciton dissociation is 316 

necessary for photocatalysis. Herein, photoluminescence tests were conducted to study 317 

the involved excitonic processes [17, 52]. Steady-state photoluminescence (PL) 318 

technique is an important method to investigate the property of radiative recombination 319 

process. As exhibited in Fig. 6a, CN possesses a strongest emission peak at the 320 
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wavelength of 454 nm owing to the radiative recombination effect of self-trapped 321 

excitons. In contrast to CN, UPCN and BU samples present apparently reduced 322 

emission peak intensity, in which BU-3 shows a lowest emission peak at 465 nm. The 323 

dramatically decreased emission peak intensity indicates the distinctly reduced 324 

population of excitons because photoluminescence phenomenon stems from the 325 

recombination of singlet excitons [17]. It can be inferred that BU-3 photocatalyst can 326 

profit from ultrathin porous nanostructures and BNQDs, elevating the dissociation 327 

efficiency of excitons and inhibiting the recombination of charge carriers. 328 

To get the average radiative lifetime of the recombining charge carriers, the time-329 

resolved photoluminescence (TRPL) measurements were performed on CN, UPCN and 330 

BU-3 at their corresponding emission peak, as displayed in Fig. 6b. The fluorescence 331 

decay curves of them were fitted using the double-exponential function [53]: 332 

 𝑅(𝑡) = 𝐵1 𝑒𝑥𝑝(−𝑡 𝜏1⁄ ) + 𝐵2 𝑒𝑥𝑝(−𝑡 𝜏2⁄ )  (1) 333 

Where B1 and B2 are the pre-exponential factor, and τ1 and τ2 are the radiative lifetime. 334 

Obviously, both of the two radiative lifetimes of BU-3 photocatalyst are diminished. 335 

The average radiative lifetime (τave) was further calculated according to the following 336 

equation [53]: 337 

 𝜏ave =
𝐵1𝜏1

2+𝐵2𝜏2
2 

𝐵1𝜏1+𝐵2𝜏2
  (2) 338 

The τave for CN is 9.05 ns, while for the UPCN and BU-3 are 8.33 and 7.09 ns, 339 

respectively. The remarkably shortened singlet exciton lifetime evidently demonstrates 340 

promoted exciton dissociation in the BU-3 photocatalyst, which can be ascribed to the 341 

ultrathin porous nanostructures of g-C3N4 as well as the presence of BNQDs [20]. Thus, 342 
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the declination of photoluminescence intensity together with the shortened radiative 343 

lifetime certifies the increased exciton dissociation on BU-3 photocatalyst. 344 

The interfacial charge transfer behaviors were investigated by transient 345 

photocurrent response curves and electrochemical impedance spectroscopy (EIS) [54, 346 

55]. Fig. 7a depicts the photocurrent-time signals for CN, UPCN and BU-3 under 347 

several on-off cycles of illumination (λ > 420 nm). CN shows the lowest current density 348 

because of the rapid recombination of photo-generated electron-hole pairs. Meanwhile, 349 

the UPCN possesses the higher current density compared with that of CN, whereas the 350 

highest current density is presented in the BU-3. The enhanced photocurrent density 351 

validates that not only ultrathin porous nanostructures can endow g-C3N4 with highly 352 

efficient electron transfer, but also the BNQDs are in favor of its interfacial charge 353 

transfer. Additionally, EIS analysis was carried out to get further information on the 354 

charge transfer process [56]. Fig. 7b displays the EIS Nyquist plots of the three samples, 355 

the radius of arc is generally connected with the resistance at the electrode-electrolyte 356 

interface, and a shorter arc radius represents a lower charge transfer resistance [57, 58]. 357 

The arc radius of CN, UPCN and BU-3 decrease in turn, wherein the BU-3 owns the 358 

smallest charge transfer resistance, implying a higher interfacial charge transfer rate. 359 

Moreover, as shown by the bode phase spectra in Fig. 7c, the frequency peak of BU-3 360 

shifts mildly to a lower frequency compared with CN and UPCN, indicating a more 361 

rapid electron transfer process [40, 59]. 362 

Furthermore, Mott-Schottky tests were conducted to determine the charge carrier 363 

density on the samples, and the results are exhibited in Fig. 7d. The positive slopes of 364 
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CN, UPCN and BU-3 indicate that they are all n-type semiconductors with electron 365 

conduction. Therefore, the charge carrier density (ND) of the samples can be quantified 366 

from the slop of Mott-Schottky curves by the following formula [60]: 367 

 𝑁D =
2

𝑞𝜀𝜀0

d𝐸

d(1 𝐶2)⁄
=

2

𝑞𝜀𝜀0

1

slope
  (3) 368 

Where q is the electron charge (1.602 × 10-19 C), ε and ε0 represent the dielectric 369 

constant of the sample (5.25 for g-C3N4) and the permittivity of vacuum (8.85 × 10-14 370 

F cm-2) respectively, and the slope refers to the liner part in the Mott-Schottky curve. 371 

According to the formula, the ND of BU-3 is calculated to be 1.65 ×1024 cm-3, which is 372 

much greater than that of UPCN (1.22 ×1024 cm-3) and CN (1.10 ×1024 cm-3). The 373 

significantly increased electron concentration in the BU-3 is indicative of the higher 374 

dissociation of excitons. This enhanced dissociation lowers the recombination of charge 375 

carriers, thereby elevating the electron concentration, which is in accordance with the 376 

above results. 377 

3.3. Photocatalytic activities and mechanisms 378 

The photocatalytic activities of BNQDs/UPCN (BU) nanocomposites were tested 379 

through the degradation of oxytetracycline hydrochloride (OTC-HCl) under visible 380 

light irradiation (λ > 420 nm). Fig. S1 demonstrates that the adsorption ratio in the 381 

darkness of all the samples are less than 3% following the adsorption-desorption 382 

equilibrium [61-64]. Fig. 8a depicts the change in OTC-HCl concentration (Ct/C0) with 383 

irradiation time over the CN, UPCN and BU photocatalysts under visible light 384 

irradiation. The C0 represents the concentration of OTC-HCl after reaching adsorption-385 

desorption equilibrium, and the Ct refers to the concentration of OTC-HCl after time t 386 

Ac
ce
pt
ed
 M
S



19 

 

of photocatalytic reaction. Meanwhile, the photocatalytic degradation efficiency 387 

(DE, %) was calculated by the following equation and shown in Fig. 8b: 388 

 DE(%) = (1 − 𝐶t 𝐶0⁄ ) × 100%  (4) 389 

Obviously, the natural photolysis of OTC-HCl in the absence of photocatalyst is 390 

negligible, demonstrating the high stability of OTC-HCl under visible light. CN and 391 

UPCN possess degradation efficiencies of approximately 31% and 52% after 60 min of 392 

photocatalytic reaction, respectively. The degradation efficiencies on the BU samples 393 

are all remarkably higher than that of CN and UPCN. With an increasing proportion of 394 

BNQDs, the photocatalytic degradation activity of BU exhibits an increasing trend. The 395 

highest photocatalytic degradation efficiency of OTC-HCl (82%) is presented in the 396 

BU-3 sample. Fig. S2 displays the time-dependent UV-vis spectrum of OTC-HCl on 397 

the BU-3, it is apparent that the intensity of characteristic absorption peak at 353 nm 398 

declines with the time prolongs. Nevertheless, the photocatalytic performance of BU 399 

decreases when the BNQDs exceed the optimal proportion, indicating that the presence 400 

of more BNQDs in this nanocomposite does not necessarily obtain the best 401 

photocatalytic performance because excessive BNQDs will depress the light harvesting 402 

ability and mask the active spots of g-C3N4. 403 

The apparent rate constant (k) for the degradation of OTC-HCl was further 404 

assessed by the following equation: 405 

 𝑘 =
ln (𝐶0 𝐶t)⁄

𝑡
  (5) 406 

As displayed in Fig. 8c, the plots of ln(C0/Ct) versus t are found to be a linear 407 

relationship, clarifying that the reaction of OTC-HCl photocatalytic degradation is in 408 
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coincidence with the pseudo-first-order model. From the kinetic curves, the k value 409 

conforms the order: BU-3 (0.0309 min-1) > BU-1 (0.0273 min-1) > BU-5 (0.0239 min-410 

1) > BU-0.5 (0.0206 min-1) > UPCN (0.0144 min-1) > CN (0.0072 min-1). The BU-3 411 

photocatalyst presents the highest apparent rate constant of 0.0309 min-1, which is about 412 

4.3 and 2.1 times than that of CN and UPCN, respectively. The enhanced photocatalytic 413 

performance is originated from the ultrathin porous nanostructures as well as the 414 

introduction of BNQDs, which can promote the dissociation of excitons and accelerate 415 

the transfer of charges. 416 

In order to understand the degradation process of OTC-HCl over BU-3 417 

photocatalyst deeply, the LC-MS/MS analysis was carried out. The MS spectra and 418 

possible intermediates products (after 60 min of degradation) is presented in the Fig. 419 

S3 and Table S1, respectively. On the basis of the LC-MS/MS results and previous 420 

reports, the possible degradation pathways of OTC-HCl are proposed and illustrated in 421 

Scheme 1. First OTC-HCl is transformed to OTC through hydrolysis reaction. Then the 422 

OTC is decomposed to OTC 1 via the loss of one N-methyl, and the OTC 1 is degraded 423 

to OTC 2 via loss of another N-methyl [65]. Subsequently, OTC 2 is decomposed to 424 

produce OTC 3 via the dehydration reaction, which further results to the generation of 425 

OTC 4 through the deamidation reaction [66]. OTC 2 can also be transformed to OTC 426 

5 via the loss of a hydroxyl group and an amino group [67]. With the loss of formyl 427 

groups, carbonyl group, hydroxyl group and methyl, the OTC 5 is decomposed to OTC 428 

6. And the OTC 7 is arisen from OTC 6 through the loss of amino groups and oxidative 429 

dihydroxylation [68]. Meanwhile, OTC can be transformed to OTC 8 by hydroxylation 430 
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process. Moreover, the TOC removal efficiency was tested to evaluate the 431 

mineralization ability of BU-3 photocatalyst. As shown in Fig. S4, the removal 432 

efficiency of TOC in OTC-HCl aqueous solution is 18% within 60 min of visible light 433 

irradiation. These results further demonstrate that the BU-3 photocatalyst has efficient 434 

photocatalytic degradation activity for OTC-HCl. 435 

Besides, the recyclability and physicochemical stability of the BU-3 in the OTC-436 

HCl photocatalytic degradation was explored. The cyclic experiments were performed 437 

and the results are shown in Fig. 8d. Clearly, a quite high OTC-HCl degradation 438 

efficiency of 77% is still achieved on BU-3 photocatalyst after four cycles of repeated 439 

use. Moreover, the physicochemical properties of the BU-3 sample after repeated use 440 

of four times were characterized by the XRD (Fig. S5a), FTIR (Fig. S5b) and XPS (Fig. 441 

S5c) techniques, and no apparent changes are observed in them. These results verify 442 

the significant recyclability and physicochemical stability of BU-3 photocatalyst in the 443 

photocatalytic degradation of OTC-HCl. 444 

To investigate the contribution of the various oxidative species generated in the 445 

BU-3 photocatalytic system for the degradation of OTC-HCl, active species trapping 446 

tests were executed through adding quenchers. Herein, TEMPOL, IPA and EDTA-2Na 447 

were employed as the quenchers of •O2
−, •OH and h+, respectively [45]. Fig. 9a and b 448 

depicts the photocatalytic degradation curves and degradation efficiencies of OTC-HCl 449 

over BU-3 photocatalyst under visible light irradiation in presence of this three 450 

quenchers. When 5 mM TEMPOL and 5 mM EDTA-2Na are added into the 451 

photocatalytic system, the degradation efficiency of OTC-HCl remarkably decrease 452 
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from 82% to 20% and to 45%, respectively. However, the presence of 5 mM IPA only 453 

reduces the degradation efficiency of OTC-HCl from 82% to 78%. These results reveal 454 

that the •O2
− and h+ are the major reactive species in photocatalytic degradation of OTC-455 

HCl for BU-3 photocatalyst, while the •OH contribute a little to the degradation process. 456 

The NBT transformation experiments were conducted for determine the amount 457 

of •O2
− produced in the photocatalytic process. As exhibited in Fig. 10a-c, for CN, 458 

UPCN and BU-3, the intensity of characteristic absorption peak at 260 nm of NBT all 459 

significantly decline after photocatalytic reaction, indicating that •O2
− is the major 460 

reactive species for the three samples during photocatalytic process. It can be obviously 461 

observed from the Fig. 10d and e that the BU-3 possesses the optimal degradation 462 

efficiency for NBT and its apparent rate constant (k) is about 2.9 and 1.7 times than that 463 

of CN and UPCN, which is owing to the increased production of •O2
−. Therefore, in the 464 

basis of the reaction relationship between •O2
− and NBT (molar ratio is 4:1), the average 465 

•O2
− production rates of CN, UPCN and BU-3 are estimated to be 0.11, 0.16 and 0.25 466 

μmol L-1 min-1, respectively (Fig. 10f). This result further confirms the enhanced 467 

photocatalytic performance of BU-3 in •O2
− formation. 468 

Meanwhile, to further assess their photocatalytic activities, H2O2 production 469 

ability under visible light irradiation over the BU hybrids were investigated. As 470 

displayed in Fig. 11a, the amount of H2O2 produced on the BU-3 is 72.30 μmol L-1 in 471 

60 min, which is higher than that of CN (22.77 μmol L-1) and UPCN (36.13 μmol L-1). 472 

Fig. S6 shows the UV-vis absorption spectrum changes of H2O2 generation of BU-3. 473 

Obviously, the absorbance at 350 nm gradually increases with the prolongation of 474 
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reaction time. This result indicates that the ultrathin and porous structure as well as the 475 

implantation of BNQDs promote the photocatalytic production of H2O2 on g-C3N4. 476 

Moreover, some control experiments were conducted for comparison. As shown in Fig. 477 

11b, the H2O2 can be hardly detected without the visible light irradiation or 478 

photocatalyst, suggesting that the photocatalysis plays a decisive role in the H2O2 479 

production process. Furthermore, the H2O2 also cannot be produced when oxygen is 480 

replaced by nitrogen gas, and the amount of H2O2 reduces significantly in the absence 481 

of IPA, demonstrating that the H2O2 is derived from the two-electron reduction of 482 

oxygen rather than the oxidation of water by the photo-generated holes. 483 

Besides, the generation of reactive oxygen species on the samples was monitored 484 

via a DMPO spin-trapping ESR technique. As shown in Fig. 12a and b, no ESR signals 485 

appear in the dark for CN, UPCN and BU-3 samples. Upon visible light irradiation, a 486 

characteristic quartet signal of DMPO-•O2
− adduct with an intensity ratio of 1:1:1:1 is 487 

detected in all them (Fig. 12a). Importantly, the intensity of DMPO-•O2
− adduct signal 488 

for BU-3 photocatalyst is stronger than that of CN and UPCN, which is ascribed to the 489 

significantly increased concentration of free electrons, promoting the generation of •O2
−. 490 

Meanwhile, a four-line ESR signal of DMPO-•OH adduct with an intensity ratio of 491 

1:2:2:1 is also detected in all of the samples (Fig. 12b), which variation trend is 492 

consistent with •O2
−. However, the VB potential of CN and UPCN are tested to be 1.62 493 

and 1.59 V, while the standard redox potential of OH−/•OH or H2O/•OH are 1.99 and 494 

2.37 V [69]. The more negative VB potential of these samples than the standard redox 495 

potential of OH−/•OH or H2O/•OH indicates that the samples cannot oxidize OH− or 496 

Ac
ce
pt
ed
 M
S



24 

 

H2O to •OH under visible light thermodynamically [70, 71]. Therefore, •OH may be 497 

originated from the reduction of •O2
− (•O2

− + e− + 2H+ → H2O2, H2O2 + e− → OH− + 498 

•OH), further demonstrating the photocatalytic production of H2O2. 499 

Based on the above results and analyses, possible photocatalytic mechanisms over 500 

the BNQDs/UPCN nanocomposite is proposed in Scheme 2. Under visible light 501 

irradiation (λ > 420 nm), the UPCN is excited to generate electron-hole pairs, which 502 

are easily bound together to form excitons because of the Coulomb interactions. 503 

However, owing to the ultrathin nanostructure, more excitons can diffuse to the surface 504 

and can be turned into dissociated. Meanwhile, the BNQDs can efficiently attract and 505 

thus accelerate the transfer of photo-excited holes in UPCN due to the presence of 506 

negatively charged edge functional groups, significantly facilitating excitons dissociate 507 

into hot carriers and depressing recombination of charges. Moreover, the ultrathin 508 

porous nanostructure is in favor of the transfer of hot electrons, thereby remarkably 509 

restraining the recombination of photo-generated carriers. With respect to OTC-HCl 510 

degradation, the hot electrons are easy to react with molecular oxygen to form •O2
− 511 

because the CB position of UPCN (-0.95 V vs NHE) is negative than the redox potential 512 

of O2/•O2
− (-0.33 V vs NHE). And the •O2

− can further react with H+ to form •OH. 513 

Finally, the produced active species (•O2
−, •OH and h+) on the surface of BNQDs/UPCN 514 

photocatalyst react with the OTC-HCl molecule, resulting in its degradation. The 515 

reaction process can be described as follows: 516 

 BNQDs/UPCN + ℎ𝑣 → BNQDs/UPCN (𝑒− + ℎ+)  (6) 517 

 𝑒− + O2 → ∙ O2
−  (7) 518 
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 ∙ O2
− + 𝑒− + 2H+ → H2O2  (8) 519 

 H2O2 + 𝑒− → OH− + ∙ OH  (9) 520 

 (∙ O2
−, ℎ+,∙ OH) + OTCHCl → products  (10) 521 

While for the photocatalytic production of H2O2, it can be generated through a two-522 

electron reduction of O2 as the CB level of UPCN (-0.95 V vs NHE) is more negative 523 

than the redox potential of O2/H2O2 (0.68 V vs NHE), and the reaction process is list as 524 

follows: 525 

 CH3CHOHCH3 + 2ℎ+ → CH3COCH3 + 2H+  (11) 526 

 O2 + 2H+ + 2𝑒− → H2O2  (12) 527 

Therefore, the improved photocatalytic performance of BNQDs/UPCN heterostructure 528 

can be attributed to the enhanced dissociation of excitons and accelerated transfer of 529 

charges, which notably promote the separation of photo-excited electron-hole pairs and 530 

advance the activation of molecular oxygen. 531 

4. Conclusions 532 

In summary, a metal-free BNQDs/UPCN (BU) heterostructured photocatalyst was 533 

successfully developed via a facile method. PL and TRPL analyses as well as 534 

photoelectrochemical test results demonstrated the intensified exciton dissociation and 535 

charge transfer. Owing to the accelerated separation of photo-excited electron-hole 536 

pairs, which can significantly elevate the concentration of hot electrons and advance 537 

the activation of molecular oxygen, the BU photocatalysts presented superior 538 

photocatalytic activities towards OTC-HCl degradation and H2O2 production under 539 

visible light irradiation (λ > 420 nm). This study sheds new light on how rational 540 
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hybridization of g-C3N4 with BNQDs can lead to excellent photocatalytic activity. 541 

Moreover, it also puts forward a highly efficient and environment friendly strategy for 542 

environmental remediation and energy conversion. 543 
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Figure captions 678 

Fig. 1. (a) XRD patterns and (b) FTIR spectra of the CN, UPCN and BU samples. 679 

Fig. 2. (a) TEM image of BNQDs and (b) corresponding size distribution of BNQDs; 680 

TEM images of (c) CN, (d) UPCN and (e and f) BU-3 (insert, HRETM); (g) SEM-681 

EDS elemental mapping for BU-3. 682 

Fig. 3. (a) AFM image and (b) the height distribution profile of BU-3; (c) Nitrogen 683 

adsorption-desorption isotherms and the pore size distribution curves (insert) for CN, 684 

UPCN and BU-3. 685 

Fig. 4. XPS spectra of UPCN and BU-3 samples: (a) total survey, (b) C 1s, (c) N 1s 686 

and (d) B 1s. 687 

Fig. 5. (a) UV-vis DRS for the all samples; (b) Band gap energy plots, (c) VB XPS 688 

spectra and (d) band structure diagrams for CN and UPCN. 689 

Fig. 6. (a) Steady-state photoluminescence spectra and (b) time-resolved 690 

photoluminescence decay spectra of the as-prepared samples. 691 

Fig. 7. (a) Transient photocurrent response curves, (b) Nyquist plots of 692 

electrochemical impedance spectroscopy, (c) Bode phase spectra and (d) Mott-693 

Schottky plots of CN, UPCN and BU-3. 694 

Fig. 8. (a) Photocatalytic degradation curves and (b) degradation efficiencies of OTC-695 

HCl under visible light irradiation (λ > 420 nm) for different samples; (c) Pseudo 696 

first-order kinetic fitting curves and the corresponding apparent rate constants (k); (d) 697 

Cycling runs for the OTC-HCl photocatalytic degradation over BU-3 photocatalyst. 698 

Fig. 9. (a) Photocatalytic degradation curves and (b) degradation efficiencies of OTC-699 

HCl under visible light irradiation (λ > 420 nm) over BU-3 photocatalyst with 700 
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different quenchers. 701 

Fig. 10. Absorption spectra of NBT solution over (a) CN, (b) UPCN and (c) BU-3 702 

under visible light irradiation (λ > 420 nm); (d) Time-dependent degradation curves of 703 

NBT over the samples and (e) the corresponding pseudo first-order kinetic fitting 704 

curves; (f) Time-dependent concentration plots of •O2
−. 705 

Fig. 11. (a) Photocatalytic production of H2O2 under visible light irradiation (λ > 420 706 

nm) over different samples; (b) Comparison of the photocatalytic production of H2O2 707 

under different conditions for BU-3. 708 

Fig. 12. ESR spectra of (a) DMPO-•O2
− adduct and (b) DMPO-•OH adduct for CN, 709 

UPCN and BU-3 under visible light irradiation (λ > 420 nm). 710 

Scheme 1. Proposed photocatalytic degradation pathways of OTC-HCl. 711 

Scheme 2. Proposed photocatalytic mechanisms in BNQDs/UPCN heterostructure. 712 
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Fig. 1 714 
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Fig. 2 717 
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Fig. 3 720 
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Fig. 4 723 
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Fig. 5 726 
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Fig. 6 729 
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Fig. 7 732 
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Fig. 8 735 
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Fig. 9 738 
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Fig. 11 744 
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Fig. 12 747 
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Scheme 1 750 
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Scheme 2 753 
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